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View of M oorea from  Tahiti. 
Photograph by George Roderick

THE MOOREA CLASS 2004

Introduction
The Moorea Class is a very special experience for undergraduates. Officially 

known as ""Biology and Geomorphology of Tropical Islands", Environmental Science, 
Policy and Management C107, Integrative Biology C158, it is a single semester long class 
spent on the island of Moorea, just 11km from Tahiti in French Polynesia. Moorea is the 
perfect teaching situation for field science -  a tropical paradise with much geology, 
oceanography, anthropology, and biology, visible all around. For the Berkeley 
undergraduates who have taken this course, Moorea changed their lives. We intend that 
this course will take these students from lecture hall into the world of professional 
biologists, geologists, or whatever, through the creation, design, and implementation of 
their own original research project. The course is designed much like a research 
expedition -  planning and supply, field reconnaissance, field research, and presentation 
of the final results. We spend three weeks in Berkeley preparing and equipping 
ourselves to go into the field in Moorea. Once there, a week or so is spent in exploring all 
the many environments and opportunities of the island and of Tahiti nearby. Then 
comes research, and Moorea holds many unique research opportunities, from the tops of 
the spectacular mountains, to the depths of the fore-reef. Unique plants and animals are 
found there, as well as rock formations, soils and human activities spanning 1500 years. 
Capt. James Cook and Mr. Charles Darwin explored these islands and came away with 
great insights. Our students have also come away from their two months on the islands 
with similar insight into scientific subjects, as well as themselves. Each student selected 
their own research topic and pursued it more ort less in their own way. Back in Berkeley 
during the last two weeks of the semester, the students finalized their work and 
delivered an oral and written presentation.

Richard B. Gump, of San Francisco department store fame, donated his land and 
facilities in Moorea (an area known locally as Ah'h'a) to the University of California 
Berkeley in the early 1980s as a site for a research laboratory. UCB faculty and students 
are indeed fortunate that he did so and that the development of the Richard B. Gump



South Pacific Research Station has been enhanced by the Gordon and Betty Moore 
Foundation over the years, so that these experiences could be available to 
undergraduate and graduate students as well as faculty researchers.

Faculty members and graduate students instructors with expertise in terrestrial 
biology, botany, marine biology, and geology, from both IB and ESPM, teach the course. 
Some of the team gave lectures at Berkeley, while others provided instruction and 
assistance on Moorea. Six faculty took part in the field instruction for several weeks 
each, and three GSIs lives and worked with the class for the entire nine weeks on 
Moorea.

The Moorea course was started in 1991 and been offered every Fall semester since 
then. Over 200 students have done research in the course on their own original projects, 
presented their results in the annual Symposium on the Biology and Geomorphology of 
Tropical Islands, and wrote scientific papers published in this series of books. These 
books are widely distributed to libraries and personnel at Berkeley, on Moorea and 
Tahiti, as well as elsewhere. Many of the students' research results have also been 
published in regular scientific journals.

Once again in 2004, the course was immensely successful. Twenty students did 
research on plants, animals, and physical processes on Moorea. It was a creative and 
stimulating experience, and it changed lives in many ways. This book presents the 
written research results produced by the class of Fall 2004.
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Reproduction, Ecoiogicai Relationships and Invasion Potential of
p/MK%a in the Opunohu Valley of Moorea

Leslie A. Bandy

Environ wen fa/ Science Po/iqy anJ A^anagewenf, (/n/verj/fy o/̂  Ca///bm/a, Fer%e/ey, Ca/i/brn/a P4720 U5L4

^b^fracf: Introduced species pose a threat to the native flora of French Polynesia. One such plant, 
the introduced orchid .SjpafAog/off/y /?//cafa has been naturalized on the island o f Moorea, French 
Polynesia. This study examines where and under what conditions this plant is growing, its mycorrhiza! 
associations and means o f reproduction and dispersal. Using this data, as well as information about S. 
plicata's invasive potential gathered in similar biogeographical regions, iS. /?//cafa's invasive potential 
on the island o f Moorea is discussed. & /7//ca?a seems to be able to reproduce through self-pollination 
and possibly through apomixis. It occurs at a range of elevations, in both disturbed and undisturbed 
sites, in communities dominated by both native and introduced species, and throughout the gradient of 
sun to shade. Based on these factors and the species' behavior in similar biogeographic ranges, this 
plant will likely increase in density and dispersal through Moorea and the rest o f the Society Islands. 
This may contribute to further displacement and possible extirpation o f native species.

Ajey *%?#f/!Og/off/.y p//cafa, naturalized species, invasive species, island biogeography,
Moorea, French Polynesia.

INTRODUCTION

/MvaFive *S%?ec/ay wi Erenc/? Eo/yway/a

The chain o f Society Islands is over 5800 
kilometers from the nearest continents and consists 
o f a chain o f small, high volcanic islands. Small 
islands distant from continental sources o f species, 
and evolutionary isolated, tend to be
taxonomically disharmonic, depauperate of
species, prone to invasion and have high rates of 
endemism (Meyer, 2004). The native flora o f the 
Society Islands is restricted to 4 families 
encompassing 12 genera and 575 vascular plant 
species (Meyer, 2004). Many o f these species are 
found nowhere else on earth (Mac ef #/., 1998).

Today, most of the remaining endemic 
species o f the Polynesian islands are located in the 
upland forests which generally have been less 
impacted by human activities than coastal zones 
(Meyer, 2004). However, these areas remain 
vulnerable to invasive species that are able to 
disperse without human help. Therefore, it is 
imperative to detect and control potential invaders 
o f the upland forests before they are able to 
displace native species (Meyer, 2004).

/nvaytve jpec/ay cAaracfenFf/ay

Invasive species, as a group, tend to have 
certain traits that make them successful. They are 
often generalists, able to inhabit a variety of

habitats under a wide variety o f conditions, tolerant 
of natural and human disturbance, fast growing, 
and able to germinate without mycorrhizae or be 
able to use ubiquitous mycorrhizae. Colonization 
o f a new geographical range often occurs without 
introduction o f their home range diseases and 
herbivores, which can contribute to greater survival 
rates. In addition, invasive species have been 
known to enlarge their niches where they are 
introduced (Richardson e? a/., 2000).

Species that become invasive also tend to 
have high reproductive rates due to early maturity, 
long reproductive stages, production o f large 
amounts o f easily dispersible seed, unspecialized 
pollinator requirements, and even the ability to 
self-pollinate or asexually reproduce. Pollination 
regimes are an under-studied aspect o f invasive 
species (Richardson e/ a/., 2000). There are many 
cases of weedy species that rely almost entirely on 
autogamy (self fertilization) and apomoxis (asexual 
seed production) (Richardson 6/ a/., 2000; Baker, 
1995).

However, the best gauge o f how invasive a 
species will be is how it has behaved in other 
places with similar biotic and abiotic conditions 
(Meyer, 2004).

The Family Orchidaceae, with 
approximately 20,000 species ranks, amongst the

l



largest plant families. Orchids are spread 
throughout the world, inhabiting deserts,
mountains, and swamps and other "extreme" 
environments. The family is well represented in 
South East Asia and nearby Pacific Islands. 
However, the family Orchidaceae is not 
represented in the native flora o f French Polynesia 
(Meyer, 2004).

Orchids tend to have developed highly 
specialized relationships necessary for 
reproduction and survival. Many species have 
obligate pollinators, a rare quality in the plant 
world (Richardson e? a/., 2000). Orchid seeds, 
which are tiny and dust-like, lack endosperm. On 
their own, they are often unable to produce energy 
needed to germinate and grow before 
photosynthesis begins. During the underground 
phase of their lifecycles, they are often dependent 
on mycorrhizal partnerships to obtain nutrients 
(Hadley, 1970).

Orchid seeds are tiny and dust-like, 
produced in great numbers and easily dispersed. 
Seed set in a single fruit is at the lowest, 2,050, but 
can be as high as 4,000,000 (Arditti and Ghani, 
2000). The seeds are easily dispersed by wind, 
water, and animals. Seeds can remain airborne for 
great distances (in one known instance, over 1,700 
kilometers) and can float on water for long periods 
of time, though salt water quickly compromises 
viability (Arditti and Ghani, 2000).

CAaracferMfKR o / 5pat/:og/oMM p/:ca?a

The orchid <%7af/:og/oMM p/:'ca?a, unlike 
other most orchids, has invasive potential. It is 
native to and commonly found in the wetter areas 
of South East Asia, Australia, and Western Pacific 
Islands (as far east as Tonga) from sea level up to 
500 meters altitude (Cribb and Tang, 1982). It has 
been naturalized throughout the neo-tropics, 
including Florida and Hawaii (Cribb and Tang, 
1982).

-Spa?/:cg/o??M p/icafa is listed as an invasive 
species in Hawaii (Hawaiian Ecosystems at Risk 
website, 2004). The family Orchidaceae is not 
native to Hawaii. However, <$. p/fcafa is known to 
form mycorrhizal associations in Hawaii; it is 
uncertain if  these mycorrhizas are necessary for 
germination and subsequent underground growth 
of the protocorms as some relationships are 
obligate while others only improve seed survival. 
(Hadley, 1970). Also unknown is whether the 
fungi are native or introduced; case studies have

described micorrhyzal introduction through the 
horticulture trade (Hadley, 1970).

3. p/icata's pollination, seed formation 
and underground phases are one of the most rapid 
of the Orchid family, attributes which make it an 
ideal study plant as well as a possible invader of 
French Polynesia (Prakash and Lee-Lee, 1973). 
Seed capsules dehisce 28 days after pollination and 
first leaves are well developed within 30 days of 
sowing (Prakash and Lee-Lee, 1973).

FftpcfAaray

Due to <$. p/icata's occurrence throughout 
tropical climates of the world, 1 think that it will be 
capable of self pollination and not have an obligate 
micorrhyzal partner. 1 expect 3. p/:cara will be 
found growing in a variety of habitats and 
conditions throughout Moorea.

METHODS 

Scurfy jite

Moorea, French Polynesia is a tropical, 
high mountain volcanic island located in the 
tropical Pacific at approximately 17°30' South and 
149*50' West, about 5800 kilometers equidistant 
from Los Angeles, California and Australia. It is 
the second youngest island in the chain of the 
Society Islands. The University o f California at 
Berkeley's Gump Field Research Station sits on the 
north coast of Moorea on the western shore of 
Cook's Bay.

Experiments were conducted and data 
collected in the Opunohu Valley of Moorea 
between October 2 and November 26, 2004. This 
location was chosen because of accessibility to 
land in both developed and undeveloped 
conditions, variety of habitats, and large 
elevational gradient. Opunohu Valley, located in 
the center of Moorea, extends from Opunohu Bay 
at sea level to over 1100 meters at the summit of 
Mount Tohiea. However, areas higher than 
approximately 240 meters are inaccessible on foot 
or by vehicle. A road leading to Marae Tetiiroa and 
the Belvedere, a popular overlook, bisects the 
Valley. The Valley is also home to Lycee Agricole, 
an agricultural school operated by the French 
Polynesian government. Surrounding these 
developed areas are forests of native and 
introduced species: /wocarpa^ J&gf/er, ^ng;op?ero.r, 
Cayaarina eqaAefi/o/iMm, Afetroyicferoy coMwa and
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TAA/FCMF ?!/;#ceM.y. Invasive non-native species 
such as PFK#MM? and

caf/vaycenF are common as well.

Dt-yfriAMfiOM Co7MfHMfH(y

Areas along the road to the Belvedere and 
above the lookout were hiked to observe 
occurrence o f *Sjp#//?og/oM/F p/ic#?#. Along and 
above the road to the Belvedere, .Sp#?Aog/offM 

plants were found above 20 meters in 
elevation. Four aggregations o f blooming 
tSpa/Ziog/cffM' p/jcaf# were found at approximately 
20 meters, 120 meters, 160 meters, and 230 meters 
in elevation. For each plant found, I recorded its 
location, altitude, GPS coordinates when possible, 
substrate, local topography (e.g., in depression, 
outcropping, incline, etc.), associated plants 
(occurring within in 1 meter on all sides), 
reproductive state (flowers in bloom, buds, dead, 
and number o f seed heads formed and dehisced), 
signs o f herbivory and disease (percent affected), 
disturbance, leaf length and visually estimated 
percent canopy cover.

MoiVay q / PeprogfMcftOM

Approximately 30 plants in bloom at these 
sites were used as subjects for a study of modes o f 
reproduction. To test & pAcafa's modes of 
reproduction, four treatments were applied to the 
flower heads after developed seed heads and older 
flowers (which may have already been pollinated) 
were removed from the plant.

1. To test for cross-pollination, pollinia were 
removed from newly opened flowers. 
Closed flower buds were also removed to 
prevent future development o f flowers 
with pollinia.

2. As a control, plants were left with 
pollinia and buds intact.

3. To test for self-pollination, unopened and 
newly opened flowers were isolated from 
pollinators using gauze (16 openings / 
linear cm).

4. To test for apomictic reproduction, as 
pollinia and closed buds were removed 
and flowers were isolated from pollinators 
with gauze (16 openings / linear cm).

For each test, subsequent visits were conducted to 
observe whether seed capsules had formed. It 
should be noted that the gauze used was not o f a 
small enough gauge to keep ants from accessing 
the flower stalks.

Treatment
Number of 
treatments

Pollinia intact/Gauzed 9
Pollinia intact 8
Pollinia removed 8
Pollinia removed/Gauzed 7

Tabie 1: Number of ptants receiving each 
treatment

Ger/Minaf/ow acroFF e/evaAona/

Though 3. /y/Fcafa was rarely seen below 
20 meters elevationin the Opunohu Valley, I 
observed the species at very high densities at lower 
elevations on Moorea's island neighbor, Tahiti. It 
may be possible that the orchid has not invaded all 
o f the possible habitats in Moorea. In order to 
observe rates of germination along elevation and 
canopy cover gradients I set out five trays o f soil 
and seeds at each o f ten sites: in both sun and shade 
at sea level, 60 meters, 120 meters, 180 meters, and 
230 meters in elevation. Each o f the trays 
contained three soil types: forest soil containing 
large amounts o f leaf litter, coastal soil with large 
amounts o f calcium carbonate in the form of shells 
and coral rubble, and soil from a road cut along the 
road to the Belvedere. Twenty seeds were placed 
on top of the soil in each tray and observed every 2 
to 4 days for 37 days for germination.

AAcarrAyza/ re/af/anF/upF

To test for obligate micorrhyzal 
relationships, 1 observed germination rates in both 
sterilized and unsterilized soils in pots at the Gump 
Station. Soils were sterilized using the pressurized 
steam sterilizer in the Gump Station's dry lab. 
Sterilized and unsterilized packets o f the three soil 
types: forest soil, coastal soil, and road cut soil 
were each put into 5 pots. Twenty orchid seeds 
were then placed on top o f the soil. The pots were 
watered with 200 mL of tap water, as distilled 
water was unavailable. The pots were numbered 
randomly and placed in an area behind the dorm in 
bright, but indirect sun exposure. The plants were 
watered weekly and germination was observed 
twice a week.

RESULTS

Co/H7HMM%y /wferacAoMF

Data was collected on seventeen & /7//cafa 
plants growing in the Opunohu Valley. No 
seedlings were found; the smallest plant (based on
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measurement of the longest leaf) measured 59 
centimeters from base to tip. On all open flowers, 
pollinia were intact. Plants were found growing 
between approximately 20 meters and 230 meters 
elevation. Thirteen of the plants were growing in 
disturbed areas such as roadcuts or edges of 
footpaths. Plants were found growing in forested 
areas (which generally have a thick layer of leaf 
litter covering the soil) on roadcuts (with no leaf 
litter) and epiphytically on moss covered tree 
branches and in the bases of evecfa,
and lithophytically in pockets of humus on rock 
outcroppings. Canopy cover ranged between 2 and 
95 percent, wtth a median of 30 percent cover.

-S' p/fcata was found with the following 
plants (in descending order based on percent cover 
in a 1 square meter area): Wede/ia tri/oAafa, 
Z%va??qpfe7*o.s /wear*M var. //neariy, 
evecta, /VepAro/epM Awn/fM/a, 5patAog/onzy 
p/fcafa, v4/Aiz/a ya/ca/oria, Dava/Aa jo/it/a var. 
jo/ido, AacAyta/pAeta MrAc(^/ia, Zygo^mw 
renca/aRan, unidentified grass species, ^ca/ypAa 
AZspi<Za, CrcwfiM ^cfapAf/a var. scfapAf/a, 
FraycwgAa iwpavaZa, Z^po/epM tewa//b/ia' 
^yzigiaw jamAoy, Zantawa cawara, Py/a'ww 
gaa/ava, aw</ Cocos aaci/era. IfcJc/ia tri/oAata 
coverage was by far the highest with an average of 
43% coverage, three times as much as the next 
most common plant, Dtcranqpferos /wear/? var. 
/wear is.

Mot/es o/" //eproc/acnoa

Treatment vs. Percent Seed Formation

Figure 1: Treatment vs. Percent Seed 
Formation

Using a chi-square test, there is no statistically 
significant difference between the control (pollinia 
intact) and pollinia intact with gauze and pollinia 
removed. However, there is a significant 
difference with the plants where pollinia were 
remove and flowers gauzed.

Based on these results:
1 5*. p/icafa does not seem to be reliant on

cross-pollination to reproduce.
-2 -S' /?/'ca?n is likely capable o f self

pollination.
^ 5*. p/icata may be capable o f apomictic

reproduction.

GerwwaPon Prs/erencey

-<4cro&y ZT/cvaPdfi Crâ Aenry

There was no difference between the rates o f 
germination each elevation. Since germination did 
not occur, the results o f this experiment were 
inconclusive.

&?// 7)pey

There was no difference between the 
rates of germination in each o f the soil types. Since 
germination did not occur, the results of this 
experiment were inconclusive.

&w Exposare

There was no difference between the rates 
of germination in the sun versus shade, though 
since germination did not occur, the results o f this 
experiment were inconclusive.

MyccrrA/za/ Ae/aAoayAip

There was no germination of any of the 
seeds in either the sterilized or unsterilized soils. It 
is unknown whether p/icata has a mycorrhiza! 
relationship that improves or is necessary for 
germination success in Moorea.

DISCUSSION

AfyccrrA/zae

Though the mycorrhiza! experiment was not 
conclusive, further investigation of existing 
literature highlighted two interesting facts:
1. In a laboratory experiment of 12 species of 

orchids, G. p/icafa formed mycorrhiza! 
association less often that the other species of 
orchids (Hadley, 1970).

2. There are cases, as in the Genus Pway in the 
Southern hemisphere, where plants have not 
been able to grow until a mycorrhizae was 
(unwittingly) introduced through soil used in 
the horticultural trade (Richardson e; a/ 
2000).
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i4nf.y

Jaffe's study o f ants feeding on secretions 
o f extraflora! nectaries of 3*. p/zc#?# discussed the 
presence o f extraflora! nectaries on buds, immature 
flowers and seed capsules as we!! as absence on 
mature flowers. He proposed that the p!ants 
exuded nectar to attract ants for protection from 
herbivores rather than as pollinators and suggests 
that ants that entered flowers interfered with rather 
than helped reproduction (Jaffe, 1989).

Po?enfz#/ VnvaytveMaM q /  3*. /y/zc#?# zn Moore#

Due to 3*. jp/zcofo's habitat, reproduction, 
dispersal syndromes, and behavior in similar 
biogeographic regions (such as Hawaii and 
Western Polynesia), it seems reasonable to say that
3. p/zc#?# has not yet reached maximum density 
and spread on Moorea. Currently, 3. p/zc#f# is 
present in low densities in the Opunohu Valley of 
Moorea as compared to the Papenoo Valley of 
Tahiti (personal observation). This species has the 
ability to grow over a large elevational gradient 
and in a wide variety o f the habitat conditions 
present in Moorea. Its reproduction syndrome does 
not seem to be dependent on a specific pollinator. 
In addition, the species may also be self-pollinating 
or apomictic, a characteristic that is found in the 
orchid family. The seeds, like other orchid seeds, 
are produced in very large numbers and can be 
dispersed through air or water or by animals. 
Though no seedlings were observed during a 45 
day period, this may be because germination 
occurs only under certain conditions or is seasonal. 
In addition, S. plicata continues to be grown as an 
ornamental plant, ensuring continued human-aided 
spread.

At this point, interrupting the spread o f 3. 
p/zc#f# may be an option. As mentioned, S. plicata 
is currently naturalized and growing at relatively 
low densities. In managing invasive species, 
especially those that produce large amounts o f 
wind-dispersed seeds, it is important to take action 
quickly. In the long run, controlling species before 
they spread saves money, resources, and habitat. 
Though S. plicata's behavior in Moorea has not yet 
caused the worry o f other invasive exotics, such as 
Miconia, as Jean-Yves Meyer said, "our most 
reliable predictor of plant invasiveness remains the 
aggressive behavior of the same species in other 
islands or countries with similar climatic and 
edaphic situations" (2004).

The orchid Spathoglottis plicata is, o f 
course, only one o f many species introduced, 
naturalized, and possible becoming invasive in the 
Society Islands. Many endemic species have 
already been extirpated and today almost half o f 
the survivors are in danger o f extinction because o f 
biological invasion (Meyer, 2004).

I f  the unique natural heritage of the island 
of Moorea and the rest o f the Society Islands is to 
remain intact, careful research and management o f 
existing native-dominated forests is necessary. 
However, as most agencies involved in 
conservation will tel! you, the limiting factor is not 
the apathy o f scientists, but the amount o f funding 
and public concern that a problem receives (Mac ef 
#/., 1998).
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PHYLOGENETIC ANALYSIS OF THE M O SS FAM ILY CALYMPERACEAE ON M O OREA , FRENCH
POLYNESIA

TAMRYA DAWN D'ARTENAY

Department of Integrative Biotogy, University of Cati/brnia, Berkeley, Caii/brnia

Abstract. Phylogenetics is fast becom ing a m ajor component in the field of conservation biology. 
Know ing the relationships of species can help m aintain diversity in our ecosystem . M osses are no 
exception to diversity. Calymperaceae is a large fam ily of mosses held together by multiple characters 
into one monophyletic grouping. In order to determ ine the phylogenic relationships of this fam ily on the 
island of M oorea, French Polynesia, I collected 48 individual colonies of this fam ily and investigated their 
m orphological characters. These characters were then analyzed using M acClade and PAUP and a 
phylogenetic tree drawn first for individuals strictly from morphological data, and then for the species 
from  m orphological and molecular data. Once these trees were finish, substrate and elevation w as 
m apped onto the individuals tree to infer ecological relationships of these species. I concluded that each 
genus and m ost species formed their own m onophyletic grouping. Also, most species occur across the 
elevations, indicating M oorea may be too sm all to lim it their spread, and most species prefer a tree to a 
rock as substrate, demonstrating better reproductive success on trees.

INTRODUCTION

M oorea is a true oceanic island in that it 
has never been connected to the mainland. 
Because of this, only a few select species have 
been  able to invade its environment. The flora 
of oceanic island is therefore a sample of many 
different types of plants that have come to the 
island only by luck and chance. Mosses, being 
one of the m ost diverse plant groups and having 
one of the best over water dispersal 
m echanism s, are a very successful oceanic island 
invader (Shaw and Goffinet 2000). Because of 
this, they have a high level of diversity on 
M oorea and other islands of Polynesia.

Calym peraceae is a large and diverse 
fam ily of m osses found most often in the 
tropical to subtropical regions. In past 
phylogenetic research, it has been nested in the 
group D icrandiae and sister to the 
O ctoblepharaceae (La Farge and M ishler 2000). 
They occur world-wide with a few species 
found in tem perate North America (Reese 1993). 
M ultiple characters hold this family together. 
O ne com m on character shared among all species 
in this fam ily is the presence of enlarged alar 
cells at the base of die leaf called cancellinae 
(W hitter 1976). In some species, this may 
account for m ore than three-quarters of the leaf 
itself, such as in the Syrrhopodon invotMtMS 
com plex. Also gemmae, asexual reproductive 
spores, can be found at the leaf apex often with a 
m odified leaf structure to support this (Reese 
2000, Reese 2001b). A third definitive character 
of this fam ily is its acrocarpus growth form. 
Individuals of this family tend to grow upright 
and no branching or creeping along the 
substrate occurs. A character of the genus

Catymperes is having elongated subm arginal 
cells located one to two layers below  the m argin 
called teniole (W hitter 1976). The Catymperes 
also share a sim ilar capsule shape. The 
sporangium capsule is shaped much like a 
bonnet, and the peristom e is not located at the 
apex of the capsule, but to the side.

My study incorporates these and other 
characters that are known to exist am ong the 
family Calymperaceae. Using these characters, I 
produced a phylogentic tree can be drawn using 
only morphological characters, and that the 
separate genera and species used in this study 
can be resolved. Once this tree was drawn, a 
separate tree using only the species characters 
was drawn and m olecular data that has 
previously been sequenced was m apped onto 
this tree. Finally, ecological characters were 
added to this tree in order to exam ine the 
ecological preferences of each species on 
Moorea.

METHODS

CoHection

Collections of all encountered m osses 
were made on over 50 sites throughout the 
islands of M oorea and Tahiti, French Polynesia 
from September to N ovem ber of 2004. For each 
individual, a GPS coordinate was taken along 
with elevation, substrate, locality inform ation, 
and a voucher photograph. For mosses 
collected of the fam ily Calym peraceae, percent 
shade, height on substrate from ground, angle of 
substrate, and aspect were recorded. Once all 
information was recorded, the m osses were 
removed from their substrate, placed into a
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brown paper bag for storage and a field number 
was assigned.

Figure 1. Map of Moorea. Black dots indicate 
approximate collection sites.

SystewMh'cs study

Specimens were hydrated using water 
and stained using analine blue. The leaves were 
then pulled off and slides made of the vegetative 
leaves, stenophyllis leaves (leaves bearing 
gemmae on the apex), and sporangia (sexual 
reproductive structures) if present. 
Measurements were taken using a 10 cm ruler 
for lengths over 3 mm, and a hemocytometer 
was used for measurements under 3 mm. 
Qualitative characters were recorded using 
notes and diagrams. Character analyses were 
undertaken using principles from Mishler and 
De Luna (Mishler and De Luna 1991). 
Characters were recorded into a spreadsheet, 
then transfer to a MacClade NEXUS file 
(Maddison, D. R. and W. P. Maddison 2000). 
This NEXUS file was then imported into PAUP 
(Swofford, D. L. 2001), for use in analyses.

fnd:'ptdMals Analysis

The first analysis ran was for the 
individual colonies. 1 began by running a 
heuristic search using parsimony. Seven 
characters were excluded (see appendix A) and 
of the remaining 16 characters, 2 were ordered 
and 14 were unordered. All characters were 
unweighted and all characters were parsimony 
informative. Gaps were treated as missing and 
starting trees were obtained using stepwise 
addition. Random taxon addition with 10,000 
replicates was used. Tree-bisection- 
reconnection (TBR) was the branch-swapping 
algorithm used. The 'MulTrees' options was not

in effect. OcfobiepharMH! aii?idn?n was used to 
root the tree.

After this analysis was run, a second 
was run with the parameters the same, but 
swapping on all trees in memory and the 
'M ulTrees' option was in effect.

Species Analysis

Next, all characters of the individuals 
was compress down into one line of characters 
for that species. A heuristic search using 
parsimony was run. Five characters were 
excluded (the ecological characters were not 
included in this data set). Of the remaining 16 
characters, 2 characters were ordered and 14 
were unordered. AH characters had equal 
weight. AH characters were parsimony 
informative characters. Gaps were treated as 
missing, and start trees were obtained using 
step-wise addition. Branch-swapping algorithm 
used was TBR. The analysis was performed 
using simple taxon addition. Trees were rooted 
using Ocio&leplMrMfH alhidam.

After this, a second analysis was run for 
the species characters. Along with 
morphological data, molecular data for each of 
the species used (Fisher 2004) was put into 
PAUP. (Caiywperes boMlay: has not been 
sequenced, and so its close relative, Calymperes 
fHawiotHense was used instead). Five characters 
were excluded. Of the remaining 738 characters, 
2 characters were ordered and 736 were 
unordered. All characters had equal weight. 97 
characters were parsimony uninformative and 
84 characters were parsimony informative 
characters. Gaps were treated as missing, and 
start trees were obtained using step-wise 
addition. Branch-swapping algorithm used was 
TBR. This analysis was performed using simple 
taxon addition. Trees were rooted using 
OcfoblepharM??! alhidam.

Ecological characters

Once these analyses were complete, the 
individuals consensus tree was put back into 
MacClade and two ecological characters, 
elevation and substrate, were traced on the tree.

RESULTS

Indioiduals Analysis

When the heuristic search was complete 
for the random taxon addition analysis, the 
shortest tree found was 78. Only one tree was 
found of this length for 10,000 replicates. W hen
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the second heuristic search w as complete, the 
num ber of trees of the same length found was 
17,665. Figure 2 is a strict consensus of these 
trees. From this consensus tree the three major 
clades of Calymperaceae can be distinguished. 
Figure 3 gives one tree from the consensus 
group that is very well resolved, with most 
Cali/wiperes polytomys eliminated.

Species Analysis

The first species analysis ran excluded 
the molecular data. The tree that was given 
from this search using random  taxon addtion 
was extremely unresolved. The shortest length 
tree found after 10,000 replicates was a length of 
35. This was found for 71 trees. These 71 trees 
were retained in memory and used for the next 
search using sim ple taxon addition. This search 
found 72 trees from 14,696 rearrangements of 
the trees. The strict consensus of these 72 trees 
is pictured in Figure 4. The m ajor clades are 
som ew hat present, but extrem ely unresolved.

The second species analysis w as run 
including the m olecular data. The shortest tree 

length found for this analysis was 296. This was 
found for only one tree, this tree is picture in 

Figure 5. N otice how  w ell resolved this tree is, 
all m ajor clades are separates out, and no 

polytomys occur. Eco/ogica/ Characters

Substrate — M ost clades occurred as 
epiphytes on trees, especially the clade 
including the M itthyridium  and Syrrhopodon. 
The clade of Cah/wiperes w as the only clade that 
had rock dwelling specim ens in it. These appear 
to be grouped according to species.

Elevation -  A few  trends were found in 
the map of the elevation character on the tree. 
The MiffhyridiMm/Syrrhopodon clade tended to 
have member above 400 feet elevation. A few 
Calymperes clades tended to occur at sim ilar 
elevations as well. For exam ple, TD013, TD078, 
TD054, TD071, and TD 069, all m em ber of a 
single m onophyletic group, occurred above 400 
feet elevation.

MifMyrKfHifH

Ca/ymperfs

Figure 2. Strict consensus of 17,665 most 
parsimonious trees of length 78 from the 
Individuals data set.

C. faMcnsc

C. complex

C. fffifrMfn/C schmidM complex
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DISCUSSION

Syrrhopodon &anl:s::

Syrrliopodon ^an^su is the only one of its 
genus included in this study because it is the 
only one occurring on Moorea and the only one 
collected. S. l?an^s:: is included in a larger 
grouping called the S. involMfMS complex (Fisher 
2004). This complex shares similar characters 
with one another and is distinct from other 
members of Syrriu)p(K?OH.

In my individuals analysis, the two 
individuals of S. banRs::' (TD006 and TD061) 
formed their own monophyletic grouping. They 
were more closely related to the MiffhyndiMW! 
clade than they were to the Caiywperes clade. 
The tree of the individuals analysis matched the 
analysis by species including the molecular data. 
The S. banls:': fell into a monophyletic grouping 
including the two MifthyridiMMi species, just as it 
did in the individual analysis.

The placement of S. ItanAs:: found in my 
analysis is consistent with findings of La Farge 
and Mishler (2000). In this study, S. ban^si: was 
more closely related to the M:'tfhyrK%:H?w genus 
than the Ccly wiperes, matching my results.

Figure 3. Sample of one tree from the consensus 
tree. Calywperes appears much more resolved.

Figure 4. Species analysis excluding molecular 
data. Only Calymperes is forming monophyletic 
grouping. M ost are in polytomy.

Figure 5. Species analysis included molecular 
data. No polytomys seen. All major clades in 
distinct monophyletic groupings
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Figure 6. Substrate specimen was found on. 1 
indicates an epiphyte on a tree, 2 indicates it was 
found on a rock. Color shaded accordingly.

Figure 7. Elevation individual w as collected at. 
1 indicates found betw een 0 and 199 ft, 2 
betw een 200 and 399 ft, 3 betw een 400 and 799 
ft, and 4 is 800 ft and above.

A nother interesting finding of the La 
Farge tree is that Syrrhopodon incomplefes is more 
closely related to the CaJyniperes than to S. 
ban^su, dem onstrating a paraphyly in the genus 
SyrrTiopodon. S. ban^s::' should not be considered 
a SyrWiopodon at all if it causes this paraphyly. 
Perhaps a new  genus name for the S. invoiMfMS 
com plex should be proposed.

The two individuals of S. i?an^sa shared 
sim ilar ecological preferences as well. Both 
individuals were found above 400 feet elevation 
and they w ere also both found as epiphytes on 
trees. A lthough the two individuals included in 
this study w ere both found above this elevation, 
Brent M ishler (personal contact) has witnessed 
this species grow ing near sea level. And so, 
elevations that occur on M oorea may not be 
high enough to lim it S. &an%si: on this island. I

never witnessed an S. &anA5H grow ing other than 
an epiphyte. Reese's findings (2001a, S. 
MiuohtfMS =  S. ^anAsa) agree w ith this. Nine out 
of ten observed specim ens were found growing 
as epiphytes, while only one was found on 
rocks. This may be an im portant part of S. 
&%M%sn's ecology, that it needs to grow  as an 
epiphyte and cannot survive easily on soil or 
rocks.

Miffhyndmni spp.

Two species of MiffhyndiMwi are 
included in this study, M . and M.
coMSfncfMMi. These are the only two species of 
MiffhyndiMMt that occur on M oorea. Seven M. 
obfMs^hMM (TD009, TD 012, TD014, TD015, 
TD039, TD062, TD024) and three M. coMsfncfMwi

11



(TD003, TD011, TD065) were included in this 
study.

In my individuals analysis, the two 
species separated out and formed their own 
monophyletic groupings. This is good support 
for the monophyly of the two species. The 
individuals of the same species were more 
ciosely related to each other than to members of 
the other species.

My species tree, including the molecular 
data, gives the same groupings for MdMyn'diHfn 
as the individual analysis. This makes a good 
correlation between the morphological data for 
the individuals and the molecular data of the 
species.

M. o&fusi/oh'MW and M. consfr:c?M?n also 
appear in a monophyletic grouping in La Farge 
and Mishler (2000). Since both of my trees 
correspond with the finds of La Farge and both 
studies were done independent of each other, 
this is very strong support for the monophyly of 
these two species with respect to the other 
species included in this study.

The way the ecological characters 
mapped onto the individual analysis tree was 
also very interesting. AH were
found as epiphytes on trees, just as the S. hanks::. 
This is consistent with finding by Reese (2001a). 
He states that MiMhyn'diHw: is most often found 
on a bark substrate. This may be a part of their 
ecology in that they cannot grow on a rocky 
substrate. Also, no M. ohfMsi/bhMn: were found 
below 400 feet. This may be due to samphng 
error as well, but on my field trips, none were 
ever witnessed below this elevation. The M. 
consfricfum, on the other hand, were found at 
almost all elevations. The elevation restriction 
on M. o&fMsffbhn:?: may be a factor of their 
ecology as well, but more studies would need to 
be conduct to prove this.

Cait/fMceres

Sources on the amount of Gdymperes 
diversity on Moorea are conflicting. Whitter 
(1976) claims that there are only four species, 
while De Sloover (1994) states that there are 
seven. The disagreement in number of species 
may be caused by the time span between the 
two accounts. Perhaps another look at the 
species on Moorea, even from this study, may 
help narrow down how many species really 
inhabit this island.

The individual analysis for Calymperes is 
difficult to read. Very few clades seen in the 
consensus tree of this analysis separates out into 
monophyletic groups. One of these is the C 
faMense (TD013, TD078, TD054, TD071). But

one individual of C. hddteMse (TD049) comes out 
in the C. grae^eMMM complex. Two individuals 
(TD068, TD081) of C. bordny; group together, but 
the other two individuals of this species (TD018, 
TD007) fall in completely separate clades. C. 
feHeraw has a similar pattern. Two individuals 
(TD017, TD036) form a monophyletic
assemblage, but the other members of this 
species (TD033, TD048, TD021) fall into different 
clades. C. sc^wddt:: has no monophyletic 
assemblage at all. It has three members (TD041, 
TD044, TD066) that fall in with C. fenerM?n, 
forming the C. sc!:?w:df:: and C. feneruw: complex, 
while the other two (TD045, TD069) are very far 
distances from one another. C. seems
to be the most distinct of the clades of 
Gdymperes. AH individuals of C. grae#enM:n 
(TD063, TD067, TD037, TD046, TD057, TD052, 
TD080, TD050, TD058, TD073, TD051, TD043, 
TD060, TD079) fell into a single monophyly, 
although two other individuals (TD045, TD049) 
not of this species were included in this 
grouping.

The reasons that this genus grouped the 
way it did in the individuals analysis may be 
caused by the characters I used. Many of the 
characters among the individuals of this genus 
were the same, or the data for that character was 
missing. This is a very simHar looking genus 
morphologically. Also, this unresolveness may 
have occurred with the other genera in this 
study, but only one Syrrhopodon and two 
MiMhyndiMm species were used. It is probably 
more useful to look at the species analysis 
including molecular data for the Gdywperes in 
order to see better resolution.

In my analysis for species including 
molecular data, all polytomys were resolved. C. 
schmidt:: appeared as sister to all other species in 
Gdymperes. This is similar to one of the clades of 
C. schmidf:: found in the individuals analysis. 
One interesting find for this tree is that it is 
similar to La Farge and M ishler's tree (2000). C. 
faMtense and C. grae^wua: were sister to each 
other on La Farge's tree, as well as on my 
species tree. One startling finding of the species 
analysis was that C. boulay: and C. fewerMfH 
formed a monophyletic group. This may had to 
do with one of my morphological characters. 
Both of these species lack teniole, while all other 
species of Gdymperes in this study have teniole.

Turning to the mapping of the 
ecological traits onto the individuals tree, for 
substrate, Ctdymperes was the only clade with 
members occurring on rocks. In fact, only C. 
falufeHse and G occurred on rocks.
Three out of four C. fah:fense individuals and six 
out of sixteen C. graven::??: individuals of this
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study were found on rocks. This finding is 
consistent with Reese (2001a). For C. fcTiifense, 
he found that 58% of his specimens occurred on 
rocks or soil, the rest occurred on some sort of 
vegetation. For C. 27% occurred on
rocks or soil. C. fenerMwt was always found as an 
epiphyte. C. and C. sdiTMidfu were not
included in his study. These finding may 
indicate that these are the only two species 
occurring on M oorea that can inhabit a rocky 
environm ent. This means that they can possibly 
exploit more niche than other CalyMiperes, 
m aking them more successful competitors.

CalyTfip^res occurred throughout all 
elevations observed on Moorea. All individuals 
of C. fahifense were from elevations above 400 
feet. It may be that this species cannot grow 
low er than this. C. faMfense was noticeably more 
prevalent on the tops of the ridges, such as 
Three Coconuts Pass, than any other place on 
M oorea. AH other species were found 
throughout the elevations and no correlation is 
seen betw een species and elevation.

In conclusion, I found that each genus in 
the family Calym peraceae represents a single 
m onophyletic group. M. coMSfncfMMi, M.

and S. !?an^sn form monophyletic 
groupings as well. Calyniperes was difficult to 
resolve w ithout molecular data, and the trees of 
the individual and species analysis do not match 
exactly. Few  species of Ca/yMiperes share similar 
ecological characters across species. Elevation 
and substrate often vary across the individuals 
in this study, although a few, such as C. fa/Hfense 
have a tendency towards high elevations and a 
rocky substrate.
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APPENDIX A

1. Suffice o/ Cell; I =  manunillose, 2 =  papillose, 3 =  smooth. The surface of each non-canceHinae cell has a 
single bump on the surface, manunillose, multiple bumps, papillose, or no bumps, smooth(Eddy 1990).

p Figure 8. Surface texture of non-cancellinae cells
M " ^ ° "  smooth of Calymperaceae. M ultiple bum ps are
,—f——s—, ________  papillose, a single bump is mammillose, and no

bump is smooth.

2. Hyaloct/sf pore type.' 1 =  basal ovate, 2 =  central rounded, 3 =  basal irregular, 4 =  basal transverse. W hen the 
cell wall of a Calymperaceae is stain with analine blue solution, a hole that was created when the cells of 
the cancellinae lysed, can be seen. The shape of these holes fall into the following categories: basal ovate, 
at the end of the cell closest to the base of die leaf in a circular shape; central rounded, at the center of the 
cell in a circular shape; basal irregular, at the end of the cell closest to the base of the leaf in an none 
rounded shape; basal transverse, at the end of the cell closest to the base of the leaf in a rectangular shape 
stretching laterally across the cell(Edwards 1980).

Figure 9. Shapes of hyalocyst pores in Calymperaceae.

3. Costa: 1 =  percurrent, 2 =  excurrenf. The costa or midrib of leaf of the stenophyll may be: excurrent, 
extending past the apex the leaf ; or percurrent, stopping at or just before the apex of the leaf(W hitter 
1976).

Figure 10. Costa Types. Excurrent, costa 
extends beyond leaf apex, Percurrent, costa ends 
at or before leaf apex.

4. Margin border type; 1 =  wide hyaline border, 2 =  narrow hyaline, 3 =  teniole, 4 =  border absent. Margins may 
have a border of hyaline or clear cells that is less than 6 cells thick, narrow; or between 6 and 18 cells thick, 
wide; possess elongated cells one or two cell layers from the lateral edge of the margin, teniole; or possess 
none of these characters(Whitter 1976).

5. Margin shape; 1 =  plane, 2 = curved. The shape of the edges of the leaf may be flat or plane, they may be 
curved(Whitter 1976).

Figure 11. Margin shape. Edges are flatten 
( <") *) (plane) or curved.

14



6. Margin thichness; 1 =  thich, 2 =  Min. M argins may be one ceH layer, thin or more than one cell layer, 
thich( W hitter 1976).

7. Margin serration: 1 =  present, 2 =  absent. M argins may have cells that extend and cause serration of the 
leaves, or are smooth along the edges(W hitter 1976).

Figure 12. M argin Serration. Left— teeth shaped 
edge of leaf, called serration. Right— sm ooth 
edge.

sy.dEds.

8. Shape of vegetative cancellinae; 1 =  tapered, 2 =  rounded. Enlarged cells at the base of the leaf, cancellinae, 
m ay be ronnded or tapered toward the costa(W hitter 1976).

9. Shape of stenophyllis cancellinae; 1 =  tapered, 2 =  ronnded. 
may be ronnded or tapered toward the costa(W hitter 1976).

Enlarged cells at the base of the leaf, cancellinae,

Figure 13. Shape of cancellinae. Left— cells at 
top of cancellinae are rounded tow ard the costa. 
Right— cells at top of cancellinae are tapered 
toward the costa.

10. Ratio of Vegetative canceMinae length to leaf length: 1 =  below .5, 2 =  above .5. W hen the cancellinae length 
is divided by the total length of the leaf, it is either above .4, or below .4(W hitter 1976, Eddy 1990).

Ratio of Vegetative Canceiiinae Length to Leaf
Length

Figure 14. Ratio of vegetative cancellinae length to total leaf length.
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11. Ratio o/ S^enophyH cance//mae length to /ea/length: 1 =  Mow .2, 2 =  2-.35, 3 =  above .35. W hen the 
cancellinae length is divided by the total length of the leaf, it is either below .2, in between .2 and .35, or 
above 35(Whitter 1976, Eddy 1990).

Ratio of Stenophyiiis Canceiiinae Length to Leaf
Length

Individuals

Figure 15. Ratio of stenophyiiis cancellinae length to total leaf length

12. Type q/̂  steMophyih's leaves (only present in excurrent taxa): 1 =  rod-llhe, 2 =  tabe-lihe, 3 =  channeled, 4 =  
absent. Stenophyiiis leaves, gemmae producing leaves, have three forms of excurrent costa, rode-lihe: thin 
and straight costa, tube-lihe: infolded wings of lamina along the excurrent costa, and channeled: having 
lamina wings that form channels on either side of the costa(Reese 2000).

Figure 16. Stenophyll type. Left— Rod-like, no 
laminal cells along edges. Middle— Channel
like, laminal cells curve forming a channel 
lateral to costa. Right—Tube-like, laminal cells 
curve up enough to form a tube like structure.

Rod-bkt ChMntl-iih Tube-tike

o ^  ^
13. Gemmae shape: 1 =  obclaoafe to/as/form or claoafe, 2 =  filiform to monilifbrm. EXCLUDED: based on non- 
discretness of character states. The states were too similar to tell apart for some individuals. For 
example, filiform was very similar to obclavate in certain individuals(Reese 2001b).

Figure 17. Gemmae Shape. Top Left—  
Subfusiform, apex of gemmae is tapered while 
base is wide. Top Middle— Obclavate, apex and 
base of gemmae tapered. Top Right— Clavate, 
apex of gemmae is wide and base is tapered. 
Bottom Left—Filiform, rectangular shape and 
very elongate, not molded to spores contained 
inside. Bottom Right— Moniliform, round 
shaped and very elongate, molded to spores 

O  vUv contained inside.
o  
o  
o  
o  
o

14. Gemmae size: I  =  .25mm and greater 2 =  /ess than .25mm. Measured from longest point on gemmae. The 
gemmae were either longer than .25mm or shorter than .25mm. EXCLUDED: This state was excluded 
because size varied among gemmae of the same individual. It can be attributed to the age of the gemmae 
and so this, is not a suitable character to use for this study(Reese 2001b).
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15. Gemmae sny^ace textnre; 1 =  smooth, 2 =  warty. The surface texture of the gem m ae was either sm ooth or 
bum py which was caiied warty (Reese...). EXCLU D ED : Although a useful character, not enough 
individuals varied in this character to merit being included in this study(Reese 2001b).

w.dy smooth Figure 18. Gemmae surface texture. Left—
Gemmae with a w arty exterior. Right—
Gemmae with a sm ooth exterior.

16. Gemmae color; 1 =  green, 2 =  other. Gemmae were mostly green, but a few  w ere of reddish or brow n. 
EXCLU D ED : The color of the gemmae also varied with age. The older the gem m ae w ere the less green 
in color it became. This character therefore lacked a discrete state, and so m ust be excluded(Reese 2001b).

17. Gemmae appendages; 1 =  present 2 =  absent. Gem mae may possess appendages: long, thin cells extending 
from gem m ae ends, or not(Reese 2001b).

18. Geynynae occurrence: 1 =  >10, 2 =  <10. Gemmae occurred in either bunch that w ere greater than or less 
than ten gem m ae per stenophyll. EXCLUDED: This character varied with different leaves on the same 
individual. Some leaves had more and some leaves had less on the same individual, and so this character 
had to be excluded because it lacked a discrete state(Reese 2001b).

19. Sporangium capstde length: 1 =  below .3mm, 2 =  .3-.31mm, 3 =  aboue 3.1mm. Sporangium, the sexual 
reproductive organ of spore dispersal, has different capstde lengths, head of the sporangium  where the 
spores are stored.

Sporangia Capsuie Length

<ndividua!

Figure 19. Sporangia capsule length in millimeters

20. Sporanginm/capstde type; 1 =  bonnet or 2 =  ronnded. 
tapered at the end, or ronnded at the end.

Sporangium capsule shapes may be bonnet shaped,

Figure 20. Capsule Type. Top— Bonnet-shaped, 
characteristic of m ost Calymperes. Bottom —  
Rounded capsule, characteristic of m ost other 
non-Calymperes taxa.
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21. CoHSinch'oH o/Lea/Apex; 1 =  present, 
before the top(Whitter 1976).

be constricted a few cells

Figure 21. Constriction of leaf apex. Left— leaf 
without a constricted apex. Right— leaf with a 
constricted apex, present especially in 
Mitthyridium constrictum.

Mosses are known to grown on a number of 
as epiphytes on trees, or growing on 

during the analysis. This was mapped

22. Substrate.' 1 =  epiphyte on tree, 2 =  growing on roch. 
different substrate. The most popular growth forms are growing 
rocks. EXCLUDED: This is an ecological character, not to be used 
onto the tree later to show what individuals were found on the different substrates(Reese 2001a).

2 =  absent. The apex of the leaf may

23. Elevation; 1 =  0-199%  2 =  200-399%  3 =  400-900%  4 =  900/t  and above. EXCLUDED: This is also an 
ecological character. This was mapped onto the tree later to show what individuals were found at the 
different elevations on Moorea.

Elevation of individuai

1400  - i  

1200  -
+ + + + * + *

B r e a k  P o i n t
_______________________________ _______________________________________ —80 0  -

+ + + + + W  . . + + + +  ^
60 0  -  

40 0  - r  B r e a k p o i n t
B r e a k  P o i n t

O  -

---------------3*  *  —

0  10  20  30  40  50

individua)

Figure 22. Elevation of the individuals in feet.

APPENDIX B 

Character Matrixes

Table 1. Matrix fo r ! Characters.

Character 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

S.banksii 3 4 1 2 1 2 2 1 1 2 3 ? 1 2 1 2 2 2 7 ? 2

M.obtusifolium 2 1 1 1 1 2 1 2 2 1 2 4 2 2 1 1 2 1 7 ? 2

M.constrictum 2 3 1 1 1 2 2 2 2 1 3 4 1 1 1 1 1 2 2 2 1

C.tahitense 1 1 2 3 1 1 1 2 2 1 2 1 1 2 1 1 1 1 7 7 2

C.graeffenum 1 1 2 5 1 1 2 1 1 1 2 1 2 2 1 1 2 1 1 2 2

C.schmidtii 1 3 2 3 1 1 2 1 1 1 2 1 2 2 1 1 2 1 1 2 2

C.boulayi 1 1 2 4 1 1 2 1 1 1 2 3 1 2 1 1 2 1 1 3 2

Ctenerum 1 3 2 4 1 1 2 1 1 1 2 1 1 2 1 1 2 1 1 2 2

O.albidum 3 5 1 1 2 1 2 3 3 3 4 4 7 7 ? 7 7 7 2 1 2
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Table 2. M atrix for Individuals Characters, including ecological characters

Character 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
TD003 2 3 1 1 1 2 2 2 1 1 3 4 1 1 1 1 1 2 7 7 1 7 ?

TD006 3 4 1 2 1 2 2 1 1 2 3 7 1 2 1 2 2 2 7 7 2 1 4
TD007 1 1 2 4 1 1 2 1 2 1 2 1 1 2 1 1 2 1 1 2 2 7 4
TD009 2 1 1 1 1 2 1 2 2 1 3 4 2 2 1 1 2 1 7 7 2 1 4
TD010 1 4 2 5 1 1 2 1 1 1 2 1 1 1 1 1 2 2 7 7 2 1 3
TD011 2 3 1 1 1 2 2 2 2 1 3 4 1 2 1 1 1 2 7 7 1 1 3
TD012 2 1 1 1 1 2 1 2 2 1 2 4 1 2 1 1 2 1 ? 7 2 1 3
TD013 1 3 2 3 1 1 1 2 2 7 2 1 1 2 1 1 1 1 7 7 2 2 3
TD014 2 1 1 1 1 2 1 2 2 1 2 4 1 2 1 1 2 1 7 7 2 1 3
TD015 2 1 1 1 1 2 1 2 2 1 2 4 2 1 1 2 2 2 7 7 2 1 4
TD017 1 4 2 4 2 1 2 2 2 7 1 1 1 2 1 1 1 1 7 7 2 1 1
TD018 1 4 1 4 1 1 2 1 1 1 2 1 2 1 1 1 2 1 7 7 2 1 2
TD020 1 3 2 5 1 1 2 1 1 1 1 1 2 2 1 2 2 1 1 2 2 2 4
TD021 1 3 2 4 1 1 2 1 2 1 2 1 1 2 1 1 2 1 7 7 2 1 1

TD022 1 1 2 3 1 1 2 1 1 1 2 1 2 1 1 1 2 1 7 7 2 2 1
TD024 2 1 1 1 1 2 1 2 2 1 3 4 2 2 1 1 2 1 7 7 2 1 4
TD033 1 2 2 4 1 2 2 7 1 7 2 1 1 2 1 1 2 1 ? 7 2 1 1
TD036 1 3 2 4 1 1 2 7 1 7 2 1 1 2 1 1 1 1 7 7 2 1 2
TD037 1 2 2 5 2 1 2 1 1 1 2 3 1 2 1 2 2 1 7 7 2 2 3
TD039 2 1 1 1 1 2 1 2 2 1 2 4 2 1 1 1 2 1 7 ? 2 1 4
TD041 1 2 2 3 1 2 2 1 1 1 1 1 1 1 1 1 2 1 7 7 2 1 2

TD043 1 1 2 5 1 1 2 1 1 1 2 1 2 2 1 1 2 1 7 7 2 1 2

TD044 1 3 2 3 1 2 2 1 1 1 2 2 2 2 1 1 2 1 7 7 2 1 2

TD045 1 3 2 3 1 1 2 1 1 1 1 1 2 2 1 1 2 1 1 2 2 1 3
TD046 1 3 2 5 2 2 1 1 2 1 1 2 1 2 1 1 2 2 1 1 2 1 3
TD048 1 1 2 4 1 1 2 1 1 1 3 1 2 2 1 1 2 1 1 2 2 1 4
TD049 1 1 2 3 2 1 1 1 1 1 2 1 1 2 1 2 1 1 7 7 2 2 4
TD050 1 1 2 5 1 1 2 2 1 1 2 1 2 2 1 1 2 1 1 2 2 1 2

TD051 1 1 2 5 1 1 2 1 1 1 2 1 2 2 1 1 2 1 1 2 2 1 2

TD052 1 1 2 5 1 1 2 1 1 1 2 1 2 1 1 1 2 1 1 1 2 1 2

TD054 1 1 2 3 1 1 1 2 2 1 2 7 1 2 1 1 2 1 7 ? 2 2 3

TD057 1 1 2 5 2 1 2 1 1 1 2 1 2 2 1 2 2 1 1 1 2 1 2

TD058 1 1 2 5 1 1 2 2 1 1 2 1 2 1 1 1 2 1 1 2 2 1 2

TD060 1 1 2 5 1 1 2 1 1 1 2 1 1 1 1 1 2 1 1 3 2 2 2

TD061 2 4 ? 2 1 2 2 1 7 2 ? 7 7 7 7 ? ? ? ? ? 2 1 3

TD062 2 1 1 1 1 2 1 2 2 1 2 4 1 2 1 1 2 2 ? 7 2 1 3

TD063 1 3 2 5 1 1 2 2 2 1 1 1 2 1 1 1 2 1 1 3 2 1 3

TD065 2 3 1 1 1 2 2 2 2 1 2 4 2 1 2 1 2 1 2 2 1 1 1

TD066 1 2 2 3 1 1 2 2 1 1 2 1 7 7 7 7 ? 7 1 2 2 1 1

TD067 1 3 2 5 1 1 2 1 1 1 2 1 2 7 1 1 2 1 1 3 2 1 3

TD068 1 1 2 4 1 1 2 1 1 1 2 3 1 2 1 1 2 2 1 3 2 1 4

TD069 1 4 2 3 1 1 2 2 1 1 2 1 1 1 1 1 2 1 1 3 2 1 4
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Character
1 7 3 4 5 6 7 8 9 10 11 12 13 14 i s 16 17 18 19 20 21 22 23

TD071 1 4 7 3 1 1 1 7 1 7 1 1 1 2 1 1 2 2 ? ? 2 1 4

TD073 1 1 ? S 1 1 2 2 1 i 2 1 2 2 1 1 2 1 ? 7 2 2 3

TD078 1 1 2 3 1 1 1 7 2 7 2 1 1 2 1 1 1 1 7 7 2 2 3

TD079 1 1 2 5 1 1 2 7 1 7 2 7 2 1 1 1 2 1 1 3 2 1 3

TD080 1 1 ? 3 1 1 2 7 1 7 2 i 1 1 1 1 2 1 7 7 2 2 2

TD081 1 1 7 4 1 2 2 1 1 1 2 3 2 2 1 1 2 1 7 7 2 1 2

O.atbidum 3 5 1 1 2 1 2 3 3 3 4 4 7 7 7 7 7 7 2 1 2 7 7
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HABITAT PREFERENCES OF THE AVIAN COMMUNITY ON THE 
ISLAND OF MOORE A, FRENCH POLYNESIA

PAUL DURST

Department of Integrative Biology, L/nipersify ofCaii/brnia, Berkeley, 94720, USA

Abstract. Islands are known to be hotspots for biodiversity. H ow ever, the lack of 
resources often lim its the number of successful species. This is especially true for the 
avian population on the island of M oorea, French Polynesia. Only 36 types of birds are 
found on the island, and very little is know n about their habitat preferences or 
interactions betw een species. I set out to do a habitat preference study for all of the birds 
on the island. O ver the course of three weeks, 1 w ent to fifty different sites, com prised of 
five different habitat types, and recorded all the species of birds found there. N M S and 
M RPP tests show ed that there was a great difference in the makeup of the com m unities 
in different habitats. These differences are obvious in  some cases, but provide some 
surprising results that give hope for the survival of the endemic birds on the island.

Key words.' Moore#, Endemic birds, Habitat pre/erence, Introduced birds, Conservation

INTRODUCTION METHODS AND MATERIALS

Islands are know n to be hotspots for 
biodiversity. The isolation of the islands 
leads to a high rate of endemism not seen 
anyw here else. W hile this sometimes leads 
to hundreds of different species in a 
relatively sm all space, this is not so for 
birds. On the island of Moorea, French 
Polynesia, there are only 36 types of birds, 9 
of w hich are endem ic to the island. About 
half of the birds are native to the island, and 
the other half have been introduced to the 
island over the course of human history 
(Rives and Thibault 1975). Two of the 9 
endem ic birds on the island are endangered, 
and 3 others are considered very rare. 
H um an developm ent is constantly 
endangering the habitat of these native 
birds. Very little work has been done on 
these birds, due to the inaccessibility of the 
island, and the relatively small populations 
of the birds found there. I set out to study 
the habitat preferences of the birds on the 
island, and the interactions between the 
birds. Since the introduced species are so 
specialized, I hypothesize they w on't be 
found anyw here outside of their native 
habitat, w hile the introduced species will 
occupy a m uch broader range due to their 
generalist tendencies.

Study Sites

Research was conducted on the island of 
M oorea, Society Islands, French Polynesia 
(Fig. 1). I chose five m ajor habitat types: 
forest, cultivated land, inhabited land, 
coastal strand and open w ater. Five sites 
w ithin each habitat type w ere surveyed.

Forest

The forests of M oorea are spread over 
the entire island, and found at most 
elevations. Inocaypas, Hibiscus, Neonaaciea, 
Metrosideros and C#SM#rin# m ake up the 
m ajor ground cover in the forests.

FlG. 1. Sites observed in this study.
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TABLE 1. List of sites, locations, elevations and habitat types at each site.

Site Location Elevation Habitat Type(s)

3 Coconut Grove 17.54947062" S, 
149.84009924° W

400 m Forest

Vaiare-Paopao Trail 17.52122059° S, 
149.80128226° W

350 m Forest

Belvedere 17.54202657° S, 
149.83187652° W

240 m Forest

Marimari Kellum's 
Plantation

17.51535973°S, 
149.68213128° W

10 m Forest

Afareaitu 17.54952621° S, 
149.77795989° W

100 m Forest

Lycee Agricole 17.53008157° S, 
149.83660255° W

100 m Agriculture

Paopao Valley 17.51758058° S, 
149.81576532° W

15 m Agriculture

Opunohu Valley 17.52563731° S, 
149.8418766° W

10 m Agriculture

Gump Research 
Station

17.49647062° S, 
149.83270846° W

0 m Open W ater, Agriculture, 
Coastal Strand

Paopao Plantation 17.50063728° S, 
149.81660235° W

15 m Agriculture

Maharepa 17.48341463° S, 
149.80687624° W

0 m Inhabited

Vaiare 17.05338735°S, 
149.78020947° W

0 m Inhabited

Hauru 17.49814057° S, 
149.91213312° W

0 m Inhabited

Haapiti 17.56063726° S, 
149.87187684 W

0 m Inhabited

Paopao 17.50841462° S, 
149.82193234° W

0 m Inhabited

Tem ae Beach 17.49785959°S, 
149.75687582° W

0 m Open Water, Coastal Strand

Tem ae Lake 17.47814062°S, 
149.77576494° W

0 m Open W ater, Coastal Strand

Ecole de Voile 149.77576494° S 
149.84937262° W

0 m Open W ater, Coastal Strand

Maharepa Pharmacie 17.48477063°S, 
149.83154346° W

0 m Coastal Strand

Shrim p Ponds 17.51925054° S, 
149.84993259° W

5 m Open W ater

AgrtctdfMre

Agriculture is an important part of the 
economy on Moorea. Pineapple is the major 
crop, but a wide variety of produce is grown 
on the island including taro, bananas, 
coconuts, and vanilla. The size of the fields 
varied from 15 square yard plots to several 
acre plantations, all consisting of one or two 
crops.

inhabited Land

While there are no large cities on the 
island, many small towns dot the coastline 
of the island. Several of the larger towns 
support the important tourist industry. The 
towns support scattered palm trees, grass 
lawns and various flowering bushes.
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Coasfai Strand

The coastal strand consists of small 
grasses, hibiscus and different palm trees.

Open Wafer

W hile the island hosts few fresh w ater 
sources, the ocean supports a diverse 
seabird community that nests on M oorea 
and Tahiti. All the sites were either on the 
ocean, or in salt-water pools.

Measuring Species Frequency

Each site was visited twice, once in the 
early m orning (5AM-7AM) and once in the 
late afternoon (4PM-6PM). At the site, 1 sat 
for a half hour recording every species seen 
or heard w ith a simple presence absence 
test. W ind speed, cloud cover, distance 
from  a fresh water source, and distance 
from  the ocean were also recorded.

Statistical Analysis
A  m ulti-response permutation 

procedure (MRPP) using PC-ORD (McCune 
and M efford 1999) was used to measure 
sim ilarity w ithin habitats. An MRPP uses a 
priori groups, and measures the distance 
betw een points within the groups. A 
chance-corrected within-group agreement 
(A) is calculated to describe effect size 
independent of sample size. Expected and 
observed deltas are also calculated, as well 
as the probability of finding a smaller delta 
(p). The Sorensen distance measurement, 
and the n /  sum (n) weighting of groups were 
used, and the data matrix was rank 
transform ed.

A non-m etric multidimensional scaling 
ordination (NMS) using PC-ORD (McCune 
and M efford 1999) was used to examine 
com m unity structure. The Sorensen 
distance m easurem ent was used, and the 
real data w as run 5000 times with a stability 
coefficient o f 0.00001, 50 iterations to 
evaluate stability, and a maximum of 100 
iterations. A  Monte Carlo test with 100 
iterations w as run, and the scores were 
varim ax-rotated for the graphs.

An analysis of variance (ANOVA) was 
used to determ ine the relationship between 
habitat and species richness, percent native 
species, and num ber of endem ic species.

Species richness and elevation were 
exam ined with a linear regression.

RESULTS 

Species Richness

The average species richness stayed 
relatively constant betw een the habitats (Fig 
2). The open w ater habitat, w ith an average 
species richness of 7.31, had a slightly higher 
species richness than the other habitats, 
w hich w ere all around 6. No significant 
correlation w as found betw een habitat type 
and species richness (p=0.178).

The average percentage of native 
species varied significantly (p<0.0001) 
across habitats (Fig 3). The coastal strand, 
developed area, and forest all had about 7% 
native species. The open w ater habitat had 
14.4% native species, and the agriculture 
habitat only had 1.2% native species.

The average num ber of endem ic species 
in each habitat varied significantly (p<.0001) 
as well (Fig. 4). N o endem ic species were 
found in developed sites, and very few were 
found in agriculture sites, w hile the forest 
sites averaged m ore than one endem ic 
species.

No significant correlation w as found 
betw een species richness and elevation 
(r'=-2).

Similunfy of Sites within Habitats

The MRPP test found that the 
agriculture habitat w as the least variable 
group (average w ithin-group distance =  
0.105), and the open w ater habitat was the 
most variable (average within-group 
distance =  0.388). The value of A  =  0.376. 
The observed delta w as 0.310 and the 
expected delta was 0.450. The probability of 
a sm aller or equal delta w as less than p =  1 x
10-s.

The NM S ordination produced a 3- 
dimensional solution w ith a final stress of 
13.762 (Fig. 6a-c). Testing the orthogonality
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Nh/lS Ordination of Sites

A x is l
Fig. 6a. N M S ordination piot of the sites, axes 1 and 2

A x is l

Fig. 6b. N M S ordination piot of the sites, axes 1 and 3
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FlG. 6c. NM S ordination plot with species, axes 1 and 2

of the axes, which tests the independence of 
the axes, showed that axes 1 and 2 are 98% 
axes, showed that axes 1 and 2 are 98% 
orthogonal, and axes 2 and 3 are 84% 
orthogonal.

DISCUSSION 

Species Richness

The species richness was relatively 
constant across all habitats. Most habitat 
types had a species richness around 6, and 
the open w ater habitat was slightly higher. 
This difference is caused by the large 
number of species found only in the open 
water habitat. Thirty minutes may be too 
long of a study period. With more time, it is 
possible that the richness numbers for the 
different habitats will become more similar. 
An abundance estimate rather than an 
observation of presence and absence would 
make my method more robust to accidental 
visitors

The percentage of native species within 
a habitat is a much better indicator of the

community makeup, because the native 
birds tend to be more specialized than 
introduced species. M ost of the aquatic 
birds are native (Rives and Thibault 1975), 
so the percentage of native species is much 
higher in the open water where aquatic 
birds dominate (Fig. 3). In the agriculture 
habitats, there are very few native plants. 
The introduced birds are less specialized, 
and are able to take advantage of the non
native plants much better than the native 
birds. Native land birds tended to be found 
in native habitat, such as the forest, or 
gardens where native plants were grown 
(Fig. 3).

The endemic species of Moorea showed 
the least amount of variability in habitat 
preference. Nine species of bird are 
endemic to Moorea (Rives and Thibault 
1975). Three of them are shorebirds, and the 
rest are land birds. O f these endemic 
species, only four were ever noted (the 
Pacific black duck, Pacific reef heron, Tahiti 
kingfisher, and the grey-green fruit-dove). 
Endemic birds inhabit a very small portion 
of the island. Endemic species were never
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spotted in the developed areas, only once 
spotted in the coastal strand, and only twice 
spotted in the agriculture habitat. The 
endem ic species are rarely seen away from 
their native habitat. Since the native habitat 
tends to be the forest, developers of the 
island need to take the survival of these 
species into account when expanding the 
hum an settlem ents on the island.

Elevation is generally believed to affect 
species richness, but my study did not find 
this to be the case on Moorea. W hile 
richness is much higher at lower altitudes 
(Fig. 5), there doesn't appear to be any 
decrease after 100 feet. Richness actually 
increases slightly after 350 feet. This may be 
due to a lack of replication, as well as the 
lack of high elevations on the island (the 
highest peak is 1200 m, and the rest are all 
less than 1000 m).

Sungarity of Sites within Habitats

The M RPP indicates a high correlation 
betw een sites within the habitat groups. In 
com m unity ecology, an A  value of >0.3 is 
considered significant (McCune and 
M efford 1999). The A value for the MRPP 
w as 0.376, and the average distance between 
the sites w ithin a habitat is also quite low, 
ranging from  0.105 to 0.388. These results 
show  that the sites within a habitat are 
closely related, and that the habitats are 
distinct from  each other.

The positioning of the species on the 
N M S plot agrees with the results of the 
MRPP. Looking at the plot of axis 1 and axis 
2  (Fig. 6a), the upper portion of the plot 
contains the aquatic birds, while the lower 
portion contains birds that tend to be found 
farther aw ay from  the shore. Axis 2 may be 
related to the distance from  the shore. The 
plot of axis 1 and axis 3 appears very similar 
to the plot of axis 1 and axis 2 (Fig. 6b). The 
lack of orthogonality between axes 2 and 3 
indicates that axis 3 is also related to the 
distance from  the shore. Axis 1 is not 
correlated w ith any recorded variable. 
These groupings show that the land birds 
are associated with sites on land, while the 
sea birds are associated with sites on the

water. One exception to this grouping is the 
Tahiti petrel. The Tahiti petrel w as only 
found in the forest, despite the fact that it is 
a sea bird. The Tahiti petrel nests inland on 
the island, and spends its days far out at sea, 
so the only observations o f the bird were in 
the forest early in the m orning before it left, 
or in the evening after it returned.

Som e observations give hope for 
endem ic species. T he m yna w as spotted at 
every site except in  the forest. This study 
backs up findings on other islands (Brook et 
al 2003), and is good new s for endemic 
species. M ynas have been  know n to prey on 
the eggs of other bird species (Long 1981) 
and if they are avoiding the forests, then the 
endem ic species are safe from  a bird which 
has caused concern on other Pacific islands. 
The Pacific black duck w as only spotted 6 
times. Black ducks are believed to be 
shorebirds, but tw o of the spottings were in 
an agriculture habitat. A nother duck in the 
Pacific showed the sam e tendency to utilize 
hum an developm ents (Reynolds 2004), but 
the grey duck had never been closely 
observed. The black duck is a species 
endem ic to M oorea, and the sightings in a 
habitat different from  its norm al one could 
m ean that it is expanding its range, which is 
a positive sign for the survival of the 
species.

My study only scratches the surface of 
the birds on M oorea. Each species of bird 
could be studied in  m uch m ore detail, as 
well as each habitat. A bundance estimates 
would provide a better understanding of 
individual species preference. The 
interaction betw een native and introduced 
species would be another piece to study. 
Tire swamp harrier is thought to have 
contributed to the extinction of at least one 
species on the island (Rives and Thibault 
1975), and other introduced species are also 
encroaching on the land of native birds, and 
studying these interactions could be critical 
to the survival of the endem ic species. The 
effects of hum an developm ent on the island 
are possibly the m ost im portant components 
that require attention. Tracking native bird 
populations in developing areas over 
several years would give us a better idea of 
the im pact hum ans are having on the island.
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The arrival of humans on Moorea 
forever changed the landscape and the 
makeup of the island (Holdaway and 
Jacomb 2000, Athfield et al 2002, Athfield et 
al 2002, Burley et al 2002). A large number 
of species have gone extinct since the arrival 
of the Europeans, and an unknown number 
were eradicated before that. Minimal 
conservation studies have been undertaken 
in the last 50 years (Blanvillain et al 2003, 
Blanvillain et al 2002, Martin et al 2002), but 
several species remain critically endangered. 
Understanding where species are found is 
only the first step in preventing further 
extinctions. Hopefully studies such as this 
one will provide information necessary to 
continue these important conservation 
efforts.
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APPENDIX A

TabZe o/aZZ birds present on ZZie ZsZawd (* denotes a species not observed during the study)

Scientific Name 
Macronectes giganteus* 
PZerodroma r. rostrata 
Pu/Jinus padficas*
Pu^Snus Zberminieri cZicZiroaŝ  
Paninas ZZzerminien ^ZicZtroas 
SaZa ZeucogasZer pZoZas*
SaZa s. ra&ripes*
FregaZa minor paZmersZoni* 
FregaZa a. arieZ 
EgreZZa sacra 
Anas saperciZiosa 
Circas approximans 
GaZZas gaZZas 
Porzana Z. Zabaensis*
PZaoiaZis dominica/uZva 
Namenias ZaZiiZiensis 
HeZerosceZas incanas 
SZema bergii crisZaZas 
SZema ZanaZa*
Anoas stoZidus piZeaZas 
Anoas ZenairosZris minaZas* 
Gygis aZba Candida 
CoZamba Ziuia 
GeopeZia sZriaZa 
PZiZinopas parparaZas /rater 
Zdrodynamis ZaiZensis 
CoZZocalia Zeacopbaeas* 
HaZcyon venerata yoangi 
Hirando ZabiZica*
PycnonoZas ca/er 
AcrocepbaZas c. ZongirosZris* 
AcridoZberes ZrisZis 
ZosZerops Z. ZaZeraZis 
EsZriZda asZriZd 
Loncbara casZaneoZborax 
EmbZema ZemporaZis

English Name Location/ Status
Giant Petrel Sea bird
Tahiti Petrel Sea bird
Wedge-tailed Shearwater Sea bird
Audubon's Shearwater Sea bird
White-tailed Tropicbird Sea bird
Brown Booby Sea bird
Red-footed Booby Sea bird
Great Frigatebird Sea bird
Lesser Frigatebird Sea bird
Pacific Reef Heron Endemic shore bird
Pacific Black Duck Endemic shore bird
Swamp Harrier Introduced land bird
Jungle Fowl Introduced land bird
Spotless Crake Endemic shore bird
Pacific Golden Plover Migratory shore bird
Bristle-thighed Curlew Migratory shore bird
Wandering Tattler Migratory shore bird
Great Crested Tern Sea bird
Grey-backed Tern Sea bird
Brown Noddy Sea bird
Black Noddy Sea bird
Fairy Tern Sea bird
Rock Dove Introduced land bird
Zebra Dove Introduced land bird
Grey-green Fruit-dove Endemic land bird
Long-tailed Cuckoo Migratory land bird
Tahiti Swiftlet Endemic land bird
Tahiti Kingfisher Endemic land bird
Pacific Swallow Endemic land bird
Red-vented Bulbul Introduced land bird
Tahiti Reed-warbler Endemic land bird
Common Myna Introduced land bird
Silvereye Introduced land bird
Common Waxbill Introduced land bird
Chestnut-breasted Mannikin Introduced land bird
Red-browed Firetai! Introduced land bird

(information obtained from h ttp ://www.m anu.pf/E  MOOREA.html)
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APPENDIX B

FieM gMi&^br birds on Mooraa

WHITE-TAILED TROPICBIRD: Very targe w hite bird, usually seen over the ocean o r  canopy on  
M oorea, long forked tail.

GREAT FRIGATEBIRD: Very targe btack bird, usually seen over the ocean, distinct forked tail, soars 
very slowly.

PACIFIC REEF HERON: Large bird, can be black or w hite (usually black), flies low  to the ground, 
found in or around water, usually stands much taller than other birds, can tuck its head in to look 
like a large duck

PACIFIC BLACK DUCK: Medium sized bird, wings sparkle green when flying, usually seen around 
water, call is a norm al quack

SWAMP HARRIER: M edium  sized bird, seen high over the island circling slow ly, has a golden 
brown underbelly, can be confused w ith brow n noddy in flight, but flies m uch slow er

JUNGLE FOWL: M edium  sized brown bird, usually has a red crest, found on the roads, in the 
forest, and in the bushes around the island, only flies for short distances, distinctive clucking and 
crowing

PACIFIC GOLDEN PLOVER: Small, brown shorebird w ith a white underbelly w ith brow n spots, 
found w ading on the shore, has a blunt, short black beak, and round body

BRISTLE-THIGHED CURLEW: Sm all brown shorebird, sim ilar in coloration to the plover, has a long 
curved beak, is slim m er than the plover

WANDERING TATTLER: Sm all brown shorebird, sm aller than the curlew  or plover, has a beak 
sim ilar to the plover, but longer, makes a cackling cry w hen flying

GREAT CRESTED TERN: M edium  sized w hite sea bird, seen over the w ater o r shoreline, has a black  
cap  on its head, grey underbelly, m akes a call like a duck, but harsher

BROWN NODDY: M edium  sized shorebird, completely brown, seen in developed areas as well as 
open w ater and shoreline, usually in groups of at least two or three, flies faster than the swamp 
harrier, m akes a harsh call that almost sounds like a frog

FAIRY TERN: Small white sea bird, seen flying over the water and shoreline, the only completely 
w hite bird on M oorea, smaller than the crested tern

ROCK DOVE: Sm all grey bird found in developed areas, usually found in groups, som etim es with 
the zebra dove

ZEBRA DOVE: Small grey bird, seems to have black stripes on its back, found all over the island, 
call is a coo sim ilar to the fruit dove, but starts quickly and slows down

GREY-GREEN FRUIT-DOVE: Small white bird with green wings, found prim arily in the forest, call is 
a coo sim ilar to the zebra dove, but it starts of slowly, and speeds up
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LONG-TAILED CUCKOO: SmaH brown forest bird, has white spots and a long tail, m akes a cuckoo 

sound like its name

TAHITI KINGFISHER: Small blue forest bird, has a long broad beak and a white underbelly, makes a 

very distinct and harsh series of calls

EBC-VBMIED BULBUL; Smaii Mack bird found alf over the island, has a red
L h e r s  sticking up. making it took disheveied, usuaiiy in groups, nukes a harsh sound stmiiar 

to the myna but less grinding

COMMON MYNA. Smaii brown bird with a biack head and yeiiow beak ^  
everywhere around the istand except the forest, usually in groups makes a very harsh grab g 
call; most unfamiliar calls around the island are either the myna or the bulbul

S.LVEMYB Very smail green bird with a white u n d e rb u y  and white rings around its eyes, m akes 

a short call "see" that drops in pitch at the end

COMMON WAXBILL: Very small brown bird with a red strip across its face, usually found in  Hocks, 

call is a short loud cheap

CHESTNUT-BREASTED MANIKIN: Very small bird with a black face, grey head, blue beak, and white 

belly

RED-BROWED FIRFTAIL: Very small brown bird, darker than the common waxbill, has a red strip 
^  ^  ^  a  red p L t  on its taii, makes a caii similar to that of the com m on waxbtii
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On the Aquatic Adaptation of Invasive M illipedes to the 

Streams in Moorea, French Polynesia

BRADFORD G. FISHER

infeprafire Biology, LBiirersify o^C%ii/b77Ha, Ber/ceiey, Caii/bmia 94720 USA

Abstract. Three species of miHipedes (Giyp/iitdMS granatatas, Oxides gracitis, and 
Siphonop/iora sp.) inhabit the riparian habitats of Moorea, French Polynesia. Because 
these species were introduced by hum an activities, it is difficult to determ ine whether 
they have adapted to a semi-aquatic lifestyle or simply expanded their distribution to 
stream s because the freshwater ecosystem  in M oorea has few native detritivores. These 
three species were subjected to timed subm ersion experiments and hydraulic stress 
experim ents. Transects were also perform ed to determine their population densities 
relative to their distance from streams. M illipedes of the genus Siphonop/iora were able to 
tolerate the longest period of time subm erged, while G. granMlafas w ere able to tolerate 
the least. These results did not support the results from the hydraulic stress experim ents 
or the transects. The hydraulic stress experim ents and stream bank transects suggested 
that the species Sipbonophora sp. are the least aquatically adapted w hile G. grayudafMS are 
the m ost aquatically adapted. From this I hypothesize that the m illipedes inhabiting 
stream  banks in Moorea are not adapted to the aquatic environm ent, but have expanded 
their ecological roles.

Key words; Miiiiipcdc; Dipiopoda; Moorea, French Polynesia; aquatic; semiaquafic; 
Glyphiulus granulatus; Oxidus gracilis; Siphonophora sp.

INTRODUCTION

M illipedes are known throughout the world 
and m ost live in damp areas under leaf litter or 
rocks. They feed alm ost exclusively on decaying 
plant m aterial, but are infrequently the dominant 
detritivores in an ecosystem  (Hopkin and Read 
1992). M illipedes are not known for being 
invasive species, but in some cases they can 
becom e troublesom e pests and cause significant 
econom ic dam age in a new ecosystem (Baker 1978, 
H opkin and Read 1992).

Because m illipedes inhabit damp areas it is 
not surprising that some species have adapted to a 
sem i-aquatic lifestyle. One such example is the 
m illipede Gonographis adisi (Pyrgodesmidae, 
Diplipoda), w hich is native to the inundation 
forests of the A m azon (Adis 1986). The juvenile 
and subadult stages are capable of surviving 
subm ergence for 5-6 months annually, however 
the adults cannot survive submergence for more

than a few days. Gonograpbi. adisi does not 
become dorm ant but rem ains fully active for the 
entire time it is subm erged (Adis 1986). In 
southern Europe three unrelated species of 
miHipedes appear to have convergently adapted 
mouthparts for living around subterranean bodies 
of water. Enghoff (1985) hypothesized that their 
mouthparts are used to filter nutrients out of the 
cave water. Sim ilar to other arthropods some 
millipedes have developed plastron respiration 
(Adis 1997, 1998, 1999). This adaptation allows 
them to obtain oxygen directly from  the w ater and 
reduces their reliance on terrestrial environm ents 
for respiration.

MiHipedes inhabiting French Polynesia are 
relatively understudied. There are at least three 
species inhabiting the island of M oorea (17°30' S, 
149°50' W ), which is a part of French Polynesia 
and located in the South Pacific. These species are 
Oxidus gracitis (Polydesm ida Paraxosom atidea), 
Gtyphiatas gr#MMi%fMS (Spirostreptida
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Canbalopsidae), and SiphoMoplwra sp. 
(Siphonophorida Siphonophoridae). More species 
are present on the main island of Tahiti (Adis 
1998), and more may be present on Moorea as 
well. They are not native to the island and were 
introduced, but when or how is unknown. All 
three species are present in most forested areas of 
the island, but occur in especially high density in 
riparian areas.

Because the degree of aquatic adaptation of G. 
granHiafMS, O. gracilis, and S:pf:onopf:ora was 
unclear I determined their relative degrees of 
adaptation to an aquatic environment, if any at all. 
First I did a submersion experiment and then a 
hydraulic stress experiment to determine the 
species relative ability to cope with different 
aspects of an aquatic environment. Then I took 
transects along stream banks to see if the 
population densities of these three species 
supported the data from the laboratory 
experiment.

MATERIALS AND METHODS 

Species Descriptions

GiypiiiMiMS granMiafMS are approximately 2-2.5 
cm in length and 3 mm in width. They have small 
heads, round tubular bodies, and more than 50 
segments. They are dark brown in coloration, but 
many individuals have a pale red stripe running 
around each segment (Fig. la).

Oxidas gracilas are approximately 1.5-2 cm in 
length and 3 m m  in width. They have hard lateral 
projections on each segment giving them a distinct 
appearance compared to G. granMiafMS and adults 
have a total of 20 segments. They range from 
black to cream  in coloration, with some 
individuals having pale lateral projections and 
dark colored bodies (Fig. lb).

Siphonophora sp. are approximately 1.5-2 cm in 
length and 1 m m  in width. They can be easily 
distinguished from  O. gracilis and G. grannlafMS 
because they are much smaller than either of these 
species. Their heads (Fig. lc ) are wider than the 
width of their body, they have round tubular 
bodies, and m ore than 50 segments. They are light 
brown in coloration (Fig. Id).

Fig. 1. (a) These are thee Oxidas gracilis 
millipedes, largest of the three species examined 
for this study, (b) This is an O. gracilis millipede 
with 20 segments. This individual has very 
distinct lateral projections because they are 
brightly colored, while the head and body are 
dark. Do not confuse the broad lateral 
projections with the millipedes thin legs because 
these too are brightly colored, (c) This is the head 
and (d) body of a millipede from the genus 
SipiiOHopiiora. Notice the large head, eyes, and 
antennae indicative of this genus.
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Specimen Collection

AH the specimens used in experimentation 
were collected at sites on the north side of the 
island from locations they had been found to be 
abundant. Because a large num ber of subjects 
were required, they were not collected 
system atically. O. gracilns were collected from the 
stream  running through the Kellum botanical 
garden. The Kellum property is just east of the 
head of Ophuohu bay, and the stream can be 
reached by taking the trail that travels east of the 
banana plantation on the property. G. grannlafns 
and Sip/ionopTiora were collected from a stream 
running along the road to the Belvedere. The 
stream  is directly east of the only marae w ith a 
parking lot along this road. Siplionopliora were 
also collected from streams crossing the trail to 
Three Coconuts Pass, which is in the interior 
portion of the island south of the agriculture 
school. Approxim ately one to two hundred 
millipedes w ere collected at a time. They were 
housed in 2 L plastic containers. The plastic 
containers had a 2 cm  layer of dirt on the bottom  
and were filled % full of damp leaves. The leaves 
and dirt were collected from the same location the 
m illipedes were collected at. M illipedes were 
used in experim ents either the day or the day after 
they were collected to minimize any effects of 
captivity.

Submersion Experiment o/* three Millipede Species

The m illipedes were submerged for 1-40 hours 
and their survivorship was recorded. The subjects 
w ere placed in 300 m l clear plastic cups. The cups 
had a 1 cm  layer of clean gravel on the bottom. 
The gravel had been thoroughly washed 
beforehand to rem ove any particulate m atter that 
could dissolve in  water. The millipedes were 
given at least ten m inutes to acclimate to the cups 
before the cups were filled w ith unfiltered tap 
w ater. Some subjects would float on the top of the 
w ater w hen the cups were first filled. These 
individuals w ere pushed below the surface of the 
w ater to break the surface tension, after which 
they w ould sink to the bottom.

The num ber of m illipedes per cup varied by 
species to approxim ate an equal am ount of 
biomass in each cup. Siplionopliora sp. were 
submerged seven to a cup because they are the 
smallest, O. gr%ciins w ere five, and the G. 
granidafus w ere four because they are the largest. 
About 100-150 m illipedes w ere submerged at a 
time and at regular intervals a group of 
approximately 15 individuals were removed from 
their cups. The tim e interval separating when 
groups were rem oved varied by species because I 
knew from trial tests approxim ately how  long 
submersion w ould take to kill 100% of a test 
population. G roups of Siplionopliora were 
removed every 2.5 hours because they were likely 
to be most tolerant to subm ersion, O. g ra d e s  were 
removed ever 1.5 hours, and G. gran Hiatus were 
removed every hour because they were likely to 
be the least tolerant to subm ersion (Table 1). As a 
pilot for future research the submergence 
experiment described above w as repeated in 
oxygenated w ater using an electric aerator. It was 
performed on four m illipedes of the species G. 
gr%Mid%fMS in one cup, and they were kept 
submerged for ten hours.

After the subm erged m illipedes were 
removed from the cups they w ere allowed to lay 
out on a flat exposed surface for at least one hour, 
allowing them to recuperate. If after this period 
they were unable to craw l they were recorded as 
dead; if they had m oved at all they were recorded 
as living. The tim e subm erged and how  many 
survived was recorded. A regression analysis was 

performed for each species to determ ine an LTso 
(time required to kill half of the sample).

Hydraulic Stress Experiment

All three species of m illipedes were subjected 
to hydrologic stress and their respective tolerances 
were recorded. A  m illipede was placed on a large 
flat rock and left undisturbed until it began to 
crawl (approxim ately 5-10 seconds). A 1.3 cm 
internal diam eter hose pointing at the m illipede 
was then turned on at the low est w ater pressure 
possible (approxim ately 5 ml/s). The water 
pressure was then slow ly increased by
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TABLE 1. This table describes the submersion experiment design, providing details on how 
the millipedes were submerged relative to each other. G. grantdafMS were submerged for 
0-18 hours at one hour intervals and 4 millipedes per cup. O. gracilis were submerged for 
0-30 hours at 1.5 hour intervals and 5 millipedes per cup. SiphonopiMra were submerged 
for 5-40 hours at 2.5 hour intervals and 7 millipedes per cup. The num ber of m illipedes 
per cup varied between species because the species were different sizes and I wanted to 
approximate an equal amount of biomass in each cup. The intervals for removing 
millipedes varied between species as well because I knew their approximate tolerances to 
submersion from trial experiments. The percent survival is also included, but will not be 
discussed until later.
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20 1 100 15 1.5 100 14 5 100
20 2 100 15 3 100 14 7.5 100
20 3 100 15 4.5 100 14 10 100
20 4 90 15 6 83.33 14 12.5 100
20 5 75 15 7.5 100 14 15 100
20 6 85 15 9 69.23 14 17.5 92.86
20 7 55 15 10.5 86.67 14 20 92.31
20 8 45 15 12 63.64 14 22.5 71.43
16 9 75 15 13.5 56.25 14 25 57.14
16 10 56.25 15 15 80 14 27.5 26.67
16 11 31.25 15 16.5 42.86 14 30 33.33
16 12 18.75 15 18 50 14 32.5 42.86
16 13 31.25 15 19.5 23.08 14 35 7.69
16 14 3.75 15 21 26.67 14 37.5 0
16 15 0 15 22.5 7.14 14 40 0
16 16 6.25 15 24 0
16 17 0 15 25.5 0
16 18 0 15 27 0

15 28.5 0
15 30 0

approximately lOml/s until the millipede lost its 
grip on the rock and was swept off. The millipede 
was placed exactly 8 cm from the mouth of the 
hose. The millipede was allowed to crawl some 
distance away from this location, but since the 
direction the millipede moved was assumed to be 
random the average distance between millipede 
and hose mouth for all the trials was 8 cm. If the

millipede crawled more than 3 cm from its 
placement location the experiment was halted and 
restarted (Fig. 2). This procedure was done with 
25 individuals of the species G. gramdafas, 10 
individuals of the species O gracilis, and with 4 
individuals of the species SiphoHopitora sp. The 
experiment was also done three times with each
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was placed in the indicated area and left undisturbed until it began to craw l (approxim ately 5-10 
seconds). The hose was then turned on at the low est w ater pressure possible (approxim ately 5 ml/s). 
The w ater pressure was then slowly increased by approximately 10 ml/s until the millipede lost its 
grip on the rock and was swept off. Immediately afterward the flow rate (mL/s) from  the hose was 
measured by tim ing how  long it took the hose to fill a 0.5 L graduated cylinder w ith a stopwatch.

individual m illipede and an average was taken of 
these three trials.

Im m ediately after the millipede lost its grip on 
the rock the flow  rate (ml/s) from the hose was 
m easured by tim ing how long it took the hose to 
fill a 0.5 L graduated cylinder w ith a stopwatch. 
This procedure w as repeated three times for each 
tim e the experim ent was performed and an 
average of the three measurements was taken. A 
t-test w as then done to determine if the two 
species had significantly different tolerances to 
hydraulic stress.

Stream Baw^ Transects

To determ ine the abundance of the three 
m illipede species in relation to streams, I did 
transects in tw o locations in the Opunohu

watershed. The first transect w as done 
im m ediately to the south of the first stream 
crossing as one travels east on the cross island 
road. The second transect w as done on a stream 
running along the road to the Belvedere. The 
stream is directly east of the only m arae with a 
parking lot along this road (Fig. 3).

Both transects began at the w aters edge and 
extended perpendicularly aw ay from the stream. 
One quadrat was taken every half m eter from the 
waters edge to the channel rim  (the outer edge of 
the channel carved out by the stream). Beyond the 
channel rim  one quadrat w as taken every meter 
until the forest became too dense to continue. The 
quadrats were 25 cm x 25 cm  and placed directly 
on top of the transects. In each quadrat all the 
detritus was carefully rem oved and searched for 
millipedes. In addition approxim ately one
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FlG. 3. (a) The island of Moorea (17°30' S, 
149°50' W ) is a part of French Polynesia and 
located in the south pacific, (b) This map is a 
magnification of the square in Figure 2a. The 
dots represent the two locations for stream bank 
transects in the Opunohu watershed. Transect 
one on the cross island road is indicated by the 
northern maker, and transect two on the road to 
the Belvedere is indicated by the southern 
marker.

centimeter of the top soil was removed and 
searched for millipedes. The number of 
millipedes of each species was recorded for all 
quadrats.

RESULTS

Submersion Experiment of three Millipede Species

The three species of millipedes had differing 
survivorships w hen submerged for prolonged

periods of time. G. grauulatHS was the least 
resistant with a maximum survivorship of 16 

hours and an LTso of 9.2 hours; O. gracilis had a 

maximum survivorship of 22.5 hours and an LTso 
of 15.4 hours; and Siphonophora was the most 
resistant with a maximum survivorship of 35 

hours and an LTso of 28.3 hours (Fig. 4). None of 
the four millipedes from the oxygenated water 
experiment survived their 10 hour submersion 
period.

Hydraulic Stress Experiment

The average flow rate at which individuals of 
G. gnmuiafus (8.78 ml/s) and individuals of O. 
gracilis (7.00 ml/s) were able to cling to a rock was 
significantly different (t-test, p=.0044). The flow 
rate necessary to wash Sipltonopltora off a rock on 
the other hand was so low that it could not be 
accurately measured w ith the available equipment 
(Table 2).

Hydraulic Stress on Tw o Millipede Species

Glyphiulus Oxidus
granulatus______ gracilis

Average Flow 
Rate (ml/s)

78.7 70.0

Sample Size 25 10

Standard
Deviation

7.60 7.32

Standard Error 1.52 2.31

p value .0044

TABLE 2. The flow rates (ml/s) required to
wash two species of millipedes off a smooth 
flat rock. This was designed to approximate 
the millipedes relative ability to forage under 
running water. A t-test showed they the 
average flow rates were significantly 
different. The flow rate necessary to wash 
SipEonopEora sp. off a rock was too small to 
be accurately measured with the available 
equipment.
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FIG. 4. Over 150 individuals from each of three species of m illipedes w ere subm erged. A t regular 
intervals sm all groups of millipedes from each species were removed from  subm ersion and their 
survivorship was recorded. The lethal time curves show that these species clearly have differing 

tolerances to submersion. The LTso for S:p?iOM(?p/ior% sp, Oxi'dns grades, and G/yphudMS granMhzfMS are 
28.3 hours, 15.4 hours, and 9.21 hours respectively.

Stream B%nh Transects

The stream  bank transects revealed that 
Siphonophora sp. were present in increasing 
num bers as one m oves farther from the stream. G. 
granulatus on the other hand were present 
approxim ately evenly both far an<k close to the 
stream . Since only two O. gracilis were found, 
both in one quadrat, no trend could be seen in 
their population density relative to the stream 
(Fig. 5).

DISCUSSION

Submersion Experiment of three Millipede Species

The subm ersion experiment showed that 
m illipedes o f the genus Siphonophora were able to

survive subm ersion the longest of the three 
species while G. granalains w ere able to survive 
for the least am ount of tim e. This finding suggests 
that Siphonophora are the best adapted to aquatic 
environments and G. granMhifMS are the least 
adapted.

It is possible these m illipedes are obtaining 
oxygen directly from  the w ater by plastron 
respiration (Adis 1997, 1998, 1999) and are only 
dieing when the oxygen in  their cup is depleted. 
The millipedes in the oxygenated cup were 
submerged for approxim ately long enough to kill 
70% of the population in non-oxygenated water. 
None of the four m illipedes in the oxygenated cup 
survived; if they w ere obtaining oxygen from the 
water they would probably be able to survive 
submerged for significantly longer in oxygenated 
water than in non-oxygenated water. Because
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the stream, and too few O. gracilis were found to determine any trend.

the millipedes' survivorship was not significantly 
increased in oxygenated water, it is unlikely they 
are getting any oxygen directly from the water. 
The submersion experiment with oxygenated 
water was only done with one species and the 
replication was low, so this evidence is inadequate 
to make any definite conclusions.

There are some other complications with this 
experiment, including that many species of 
millipedes produce toxins (including cyanide) to 
deter predators (Conner 1976 and Duffey 1976). 
Given the presence of multiple stressed millipedes

and the small volume of water, these toxins could 
build up overtime and poison the millipedes 
themselves. Any number of other factors could be 
affecting the millipedes survivorship: the
unfiltered tap water could be subtly different from 
the stream water they are used too, material on the 
gravel could potentially be forming a solution 
with the water, or the lack of organic matter that is 
plentiful in their natural environment.
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Hydraulic Stress Experiment

Both G. granuiatus and O. gracilis were able to 
withstand a substantial amount of water flow 
before losing their grip on a rock, while 
SipEonopEora was able to tolerate almost no water 
flow. If ability to remain attached to a rock under 
flowing water is to be taken as adaptation to an 
aquatic environment, then these results do not 
support those from the submersion experiment. 
In fact they show the opposite of the submersion 
experiment, which suggested that SipBonopBora 
was the most aquatically adapted and G. 
granufHfMs the least.

G. granulafus likely had a slightly higher 
tolerance than O. grades because it is slightly 
larger on average and has smaller segments and 
therefore more legs per body size. Although 
SipBonopBora sp. have the most legs per body size 
they may have a low tolerance to water flow 
simply because they are much smaller than the 
other two species.

The hydraulic tolerances of G. gramdafMs and 
O. grades were close, but statistical analysis 
showed they were significantly different. This is 
to be expected though because they are different 
species. The higher tolerances of G. granulafus 
likely allow them to forage in areas that are 
exposed to higher flow rates than O. grade's. It is 
possible though that the differing tolerances of 
these two species are not significant enough to 
justify any claim towards varying adaptation to an 
aquatic environment.

Sheam BanA Transects

SiphonopBora were present in higher 
densities further from the water's edge, while G. 
graHtdafMs was distributed evenly relative to the 
stream. The distribution of SipBonopBora 
correlates with the data collected from the 
hydraulic stress experiment because a millipede 
species unable to cling to a substrate under 
running water would benefit from being in areas 
that are not prone to flash flooding (outside the 
stream channel). The distribution of SipBonopBora 
however does not correlate with the data from the 
submersion experiment because SipBonopBora was

the species found to be m ost capable of surviving 
submersion. If SipBonopBora were aquatically 
adapted it should be present in increasing density 
as one moves towards the stream, instead of away 
from it.

Conclusion

One possible explanation for the data gathered 
in the submersion experiment, hydraulic stress 
experiment, and stream bank transects is that 
these three species of millipedes are aquatically 
adapted in different ways to efficiently partition 
the available riparian detritus. In this case 
SipEonop^oro sp. would be able to feed for long 
periods of time in very slow moving water 
because they can tolerate submergence for the 
longest time, but would not have access to food 
resources in faster flowing water because they 
would not be able to rem ain attached to the 
substrate. G. gramdafMS on the other hand would 
have access to the most resources because it had 
the highest tolerance to water flow, but would not 
be able to forage for as long underwater because it 
had the lowest tolerance to submergence. O. 
gracilis would fall between the other two species in 
both duration of submerged feedings and access 
to submerged detritus.

Another explanation for the data is that 
these millipedes are not adapted to an aquatic 
environment any more so than their native 
populations. In this case these three introduced 
millipede species are taking advantage of 
nutritional resources in and around the streams 
because it is plentiful and within their capability 
to obtain it. They were able to survive extended 
submersion because of their native habitats. They 
all live in the detritus and soil of tropical regions, 
and so must be able to survive temporary 
submersion following heavy rain storms 
(Penteado 1986). This explanation is the more 
likely of the two because all three species are 
present in most forested areas of the island. They 
only occur in especially high densities in riparian 
areas because more nutritious food is available 
there.
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EFFECTS OF SUN EXPOSURE ON ARTHROPOD SUCCESSION AND 
DECOMPOSITION RATES ON CHICKEN CARCASSES IN MOOREA,

FRENCH POLYNESIA

BRIAN N A L. GAARD

Integrative Biology, University Berkeley, California 94720 USA

TH etaathropod su ccession  p attern  and the d eco m p o sitio n  p ro cess o f ch icken  
carcasses in tw o contrasting zones of shade and sun were studied on the tropical island of M oorea, 
French Polynesia. Five chickens w ere sam pled from, observed and w eighed in  each o f the zones, 
sun and shade, from  O ctober 14-27, 2004. A lthough there w ere som e taxa that appeared to favor 
one of the zones, the arthropod d iversity  for each zone w as not sig n ifican tly  d ifferent. This 
zonation preference by som e arthropods w ould be helpful in determ ining if the carcass had been 
m oved. The decom position process and biom ass rem oval process w as m uch  faster in  the sunny 
sites, and this in  turn influenced the insect succession rate and the rate o f larval developm ent, 
w hich w ould be som ething to consider w hen calculating the PM I. Som e taxa norm ally associated 
w ith the decom position process on continental m ainlands w ere m issing from  this experim ent, but 
further studies need to be conducted in order to determ ine if they are absent from  the island fauna 
or if they w ere m erely absent from  this study. Tw o species o f C alliphorid ae larvae w ere the 
principal decom posers, appearing to out-com pete the other fam ilies o f D iptera, b u t this m ay vary 
seasonally.

Key Words; Forensic entomology; arthropod succession; decomposition; Moorea, French Polynesia

IN TRO D U CTIO N

In the forensic field there are several 
m ethods em ployed to determ ine the tim e of 
d e a th  o f  a co rp se : ch e m ica l a n a ly s is , 
b a cterio lo g ica l and h isto log ical ind ications, 
and biological evidence (Sm ith 1986). Forensic 
e n to m o lo g y  u ses b io lo g ica l e v id en ce  to 
estim ate the post m ortal interim  (PM I), or the 
d u ra tio n  th a t the b o d y  h as b een  d ead  
(A nderson and VanLaerhoven 1996, Catts and 
F lask ell 1990, Sm ith  1986). By com bining 
k n ow led g e o f local arthrop od  p op ulations, 
their in teractions w ith decom posing rem ains, 
their developm ental biology, and the influence 
the lo cal en v iron m en t has on their rate of 
developm ent, a fairly accurate estim ate of the 
P M I can  be reached (Sm ith 1986, Byrd and 
C astner 2001). A lthough the im plications of 
forensic entom ology studies generally are used 
in  th e  le g a l sy stem  fo r so lv in g  crim es 
in v o lv in g  h u m a n  d e a th s , few  s u c h  
d e c o m p o s it io n  and fo re n s ic  en to m o lo g y  
stu d ies  are perform ed on hum an cadavers. 
Instead , in  ord er to ascertain the colonization 
rate and d ecom position  effects of arthropods

in a particu lar region, anim al hosts are often 
substituted.

A nim al rem ains go through a series of 
definite decom position stages, each of w hich is 
asso cia ted  w ith  sp e c ific  grou p s o f in sects 
(Payne 1965, Byrd and C astner 2001). The close 
association  b etw een  arth ro p o d  pop ulations 
and stages o f d ecom p o sitio n , taxa v isit the 
corpse in p redictab le p attern s o f succession  
(Payne, 1965). H o w ev er, th ere  are m any 
facto rs  th a t in flu e n ce  th e  d eco m p o sitio n  
process and the arth rop od s th at occur w ith  
each stage. V ariations in  clim ate, tem perature, 
insect density, av ailab ility  of nutrients, and 
type of terrain  are all v ariab les that can alter 
larv al d ev elo p m en t, th e  ty p es o f in se cts  
attracted  to the rem ains, and decom position 
and predation rates (e.g. Sm ith  1986, Early and 
G off 1986, A nderson and V anLaerhoven 1996). 
All of these factors m ust be kept in m ind when 
determ ining the age of a corpse.

Because of th is variab ility , arthropod 
succession differs greatly based on geographic 
region (A nderson and V anL aerhoven  1996).
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For this reason it is im p ortant to study and 
cre a te  a  d a ta b a s e  th a t  c a ta lo g u e s  th e  
d eco m p o sitio n  p ro ce sses  for each  reg io n  
(A n d erson  and V an L aerh o v en  1996). T h is 
specific in form atio n  can  then  be applied  to 
decom position  stu dies and used in  forensic 
cases.

T ro p ica l is la n d s  are o f p a rticu la r 
interest in  decom positional forensic studies for 
m any reasons. A lthou gh  som e studies have 
been  done on  arthropod succession  in  other 
tropical c lim ates and is lan d s (e.g. Com aby 
1974, Jfron  and C artfn  1981, Avila and G off
1998), no studies have thus far been perform ed 
on the Society  Island  o f M oorea. It is very 
im p o rta n t  to  c o m p ile  a d a ta b a se  fo r 
d e c o m p o s it io n  o n  th is  is la n d  b e ca u se  
arthropod species d iffer from  elsew here and 
arthropods associated w ith carrion m ay differ. 
A lso , o ften tim es trop ical system s resu lt in 
insects not usually  associated  with carrion to 
be active a t the carcass  site  (Sm ith  1986). 
A dditionally , c lim ato logical differences such 
as high hum idity and tem peratures year round 
as w ell as a pronounced w et and dry season 
m ay affect insect activity (e.g. Jiron and Cartfn 
1981, C om aby 1974). There are also intrinsic 
d ifferen ces th a t island s have in relation  to 
m ainlands. Islands have different taxonom ical 
r e p re s e n ta t io n  th a n  c o n tin e n ts  d u e to 
colonization events and the invasion of species 
and this creates taxonom ic disharm ony. This 
disharm ony m ay lead anim als to increase their 
niches and for this reason I hypothesize that 
an im als n ot u su ally  associated  w ith carrion 
m ay appear in  islands.

M y s tu d y  exam in ed  som e o f the 
factors that affect the decom position processes. 
In addition to looking at the effect of the island 
arth rop od  sp e c ie s  in  re la tio n  to m ainland  
studies that have been  conducted, I looked at 
the e ffec t th e  d eg ree  o f lig h t has on the 
decom position rates and arthropod succession. 
The island o f M oorea is covered with invasive 
and non-invasive p lant species and, as is true 
w ith  m any tro p ica l p lant species, m any of 
these p lants prod uce vast am ounts o f shade. 
H ow ever, it  is  a lso  true that there are large 
areas lack in g  sh ad e, such as the plantations 
around the is lan d , and areas where invasive 
w eed s co v er th e  ground w ith  little or no 
canopy cover. Som e insects prefer light (they

are positively  heliotropic) and som e shun the 
light (they are negatively  helio trop ic) (Sm ith
1986). I w ish to d eterm in e if  the arth rop od s 
th at co lon ize a carcass w ill vary  in  typ e a t 
d ifferen t sites th at are  exp o sed  to v ary in g  
am ounts o f sunlight and w hether arth rop od s 
w ill colonize the bod ies a t d ifferent rates and 
effect decom position rates.

M ETH O D S AND M A TERIA LS

O n O ctober 14, 2004 ten  dead chickens 
w ere acq u ired  from  a lo ca l v en d o r. E ach  
ch icken 's initial w eigh t w as taken  and it w as 
triple bagged and transported  to the study site  
w ithin tw o hours o f its death. Tw o zones w ere 
set up: one to test carcasses in  the su n  and the 
other in  the shade. F o r each  zone, shade or 
light, three rep licate an im als w ere p laced  on  
2.54 cm^ w ire m esh platform s, one anim al w as 
p laced  on  a 2 .54  cm^ w ire  m esh  w eig h in g  
platform , and one control anim al w as p laced 
on the ground. The 2.54cm ^ w ire m esh  below  
the carcass has been  show n to allow  su fficient 
contact w ith  the ground so as n ot to in terfere 
w ith the colonization of arthropods (A nderson 
and V anL aerhoven  1996). A ll o f the anim als 
w ere cag ed  to p re v en t th e  in terfere n ce  o f 
vertebrate scavengers. C ages w ere constructed  
w ith  P V C  or m etal fram es w rap p ed  in  tw o 
layers o f chicken w ire. T he cages w ere staked 
dow n to the ground w ith  U bars. Each  of the 
study sites w as a t least 10 m eters from  the 
others in order to ensure the independence of 
the sam ples. Sam p les w ere  taken  from  the 
rep lica tes  every  d ay w h erea s  th e  co n tro l 
ch ick en  and w eig h in g  ch ick e n  w ere  o n ly  
v isually  assessed. T he control ch ickens w ere 
included in the study to ensure that the act o f 
sam pling or w eighing carcasses d id  not affect 
the ra te  of d e co m p o sitio n  o r a rth ro p o d  
co lo n iza tio n . T o  ad d  a fu rth e r  co n tro l 
m easure, two days before the study started , a 
three-inch deep layer of d irt collected  from  one 
location  w as laid  dow n at each  o f the study 
sites in  order to provide a uniform  substrate 
and allow  organism s a lread y  p resen t in  the 
dirt a chance to reach an equilibrium .

Study area

T he study w as p erform ed  at the U C  
B erkeley G um  Statio n  ju s t  in land  o f C o o k 's
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Bay on the northern edge of M oorea, an island 
of French Polynesia. The station, situated on 
the w est side of the bay near the m outh, 
includes a botanical garden w here the study 
w as conducted from  O ctober 14-27, 2004. At 
the tim e the study was conducted the garden 
had not yet been com pleted, and large patches 
of undisturbed bare dirt bordered by either 
fichus trees or invasive w eeds (Wedih'a su. and 
Mamordica sp.) w ere chosen as the research 
sites for the study.

Decomposition Process

D ecom position rates w ere determ ined 
by visu al and o lfactory assessm en t o f the 
chicken carcasses. The color of each chicken's 
skin , the sm ell from  0.165 m , and a b rief 
description of the texture and state of the body 
w ere recorded. This inform ation w as used to 
d eterm in e the d ecom p osition  stag e of the 
carcass as described by Avila and G off (1998) 
and Sm ith  (1986). The stages used w ere fresh, 
b lo at, activ e  decay and p ost decay. The 
rem ains stage was never reached in this study. 
The defining characteristics of each are given 
in  the follow ing table. Photographs of various 
stages o f d ecom position  w ere taken  and a 
description of the photograph was recorded.

Arthropod succession

Sam pling from  the replicates included 
visual observatio n , collection  o f arthropods 
from  the body and su rrounding area, and 
collection o f arthropods from  the dirt and leaf 
litter under and around the body. Sam ples 
w ere taken from  each anim al twice on the day 
after carcass placem ent and once a day for the 
fo llow ing tw elve days. The chickens w ere 
sam pled in  the sam e order every day, so the 
sam ple tim es w ere approxim ately at the sam e 
tim e every day, betw een 8:00 and 13:00.

Before rem o v in g  the extern al cage, 
visual observations and notations of arthropod 
activity in and around rem ains w ere m ade at a 
distance. W hat organism s w ere present, w here 
they w ere, and their ap p ro xim ate  num bers 
w a s n o te d . M a jo r  lo c a tio n s  o f in s e c t  
infestations w ere recorded  as w ere im m ature 
stages such as eggs, larvae, pupa, pupal cases, 
and cast larval sk in s. A lso , any arthrop od  
predation  and w h ere and w ith  w hom  it  is 
o ccu rrin g  w as re c o rd e d . A ll n o tic e a b le  
arthropod activity w ith in  ten feet o f the body 
w as recorded, in clu d in g  fly ing, resting , and 
crawling arthropods.

After the cage w as carefu lly  rem oved, 
aerial sam ples w ere collected first. Insects from  
above the corpse w ere collected w ith  an aerial 
net and placed in  a labeled  killing jar (labeled 
w ith: collector, date, s ite  num ber, hour, and 
any specific location inform ation). The net w as 
p laced  over the co rp se  to ca tch  a ll fly in g  
insects flying above and landing on the body. 
This process w as repeated  four to six tim es at 
each site w ith a short b reak  in betw een  each  
attem pt to allow insects to settle again.

T em p eratu re d ata  p erta in in g  to the 
chicken and the insects resid ing in  or on it was 
recorded next. The body surface tem perature 
w as recorded by p lacin g  the therm om eter 
under the top w ing of the chicken so it w as in 
co n ta c t w ith  the r ib  cag e. U n d erb o d y  
tem p eratu re w as reco rd ed  by  p lacin g  the 
therm om eter under the bod y of the chicken. 
In those instances in w hich  a m ass of m aggots 
w as present, the therm om eter probe w as stuck 
in to  the center and the tem p eratu re for the 
m aggot mass was recorded.

C o llectio n  o f a rth ro p o d s from  the 
corpse w as perform ed next. Eggs, larvae, and 
adults feeding on the corp se w ere collected

TABLE 1. Decom position Stage Descriptions Used the Determ ine D ecom position Phases of 
Chicken Carcasses in Moorea, French Polynesia___________________________________________
Stage Description
Fresh
Bloat
A ctive D ecay 
Post Decay

Carcass appears fresh and is decom posing internally
Carcass sw ollen by gas and smell of decaying flesh
Carcass black, body collapses as gases escape, odor of decay very strong
Carcass drying out; only skin, cartilage, bones and feathers rem ain.
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w ith forceps and separated into four different 
vials depending on w here they w ere collected: 
head, body, anus and underbody. Except for 
the eggs, all specim ens w ere put im m ediately 
into 80 percent alcohol and labeled. Eggs were 
placed into em pty vials and taken back  to the 
lab  to b e  reared  to ad u lth o o d  for la ter  
identification. Eggs w ere placed into an em pty 
ice cream  container on top of a one-inch layer 
o f d irt and under a scoop of w et cat food. The 
top w as cut off the container and covered in a 
fine m esh  and stored  in  an outside closet. 
W hen adults em erged they w ere left for a few 
hours until their full color developed and then 
they w ere put into vials of alcohol.

The last sam pling to be done at the 
re p lic a te  s ite s  w as to  s if t  th ro u g h  the 
su rro u n d in g  d irt and le a f littler u nd er the 
body and up to five feet aw ay from  the body 
looking for arthropods. These specim ens were 
co llected  and p laced  in to  labeled  v ia ls  of 
a lco h o l. In  the lab o ra to ry  all arth rop od  
sam ples w ere identified to the highest level of 
taxonom ic resolution possible.

T h e  e x tern a ! cag e  o f  the co n tro l 
chickens w as never rem oved. Sam pling at the 
c o n tro l s ite  in c lu d e d  o n ly  the v isu a l 
assessm en t o f the scene, w ith  no sam pling  
from  the body.

Bfomass redaction

In  o rd e r to  d eterm in e the rate  of 
b io m a ss rem o v al over tim e, the w eigh in g 
ch ickens (one a t each  zone) w ere m easured 
d aily . T he o u ter cage w as rem oved and the 
w eigh ing p latform  w ith  the body on it w as 
lifte d  on to  th e  scale . T he w eigh t o f the 
platform  w as m easured at the end of the study 
and th e  tru e  w eig h t lo ss  o f the ch ick en  
recorded. D ecay curves w ere then plotted by 
graphing the day num ber of days postm ortem  
and the p ercen t of the carcass rem aining at 
that time.

Weather Data

W ea th er data w as co llected  at the 
control sites, and, given the close proxim ity of 
the sam ples to  each  other, it w as assum ed that 
this data w as sim ilar to all o f the replicates in

that particu lar zone, shade or light. A m bient 
air tem perature at both  0.33 and 1.33 m eters 
above the body along w ith  ground  surface 
tem perature next to the cage w as recorded. 
R ela tiv e  h u m id ity  an d  d ew  p o in ts  w ere  
estim ated using a psychrom eter. C loud cover 
w as v isu a lly  estim ated  in  p e rce n t cov er. 
Rainfall w as m easured in graduated cylinders 
w ith  a 3cm  d iam eter and  m ea su red  in  
m illim eters. W ind sp eed  w as m easu red  in  
miles per hour.

RESULTS

FIG. 1. Rates of Biom ass Loss of C hicken 
Carcasses in Sunny and Shady Z ones in  M oorea, 
French Polynesia.

Decomposition process results

A lthough the ch ickens in  the shade 
zone and those in the sun zone underw ent the 
follow ing d ecom position  stag es at d ifferen t 
tim es and for differing durations, the physical 
processes and decom positional characteristics 
were the sam e (Refer to Table 1).
Fresh
At this stage the chickens rem ained com pletely 
in tact, w ith  e lastic  sk in  and  the feath ers 
attach ed  to the bod y. T h e  h ead s o f the 
chickens were the natural red coloring and the 
skin of the body w as a cream y flesh color. The 
eyes w ere intact and of norm al solidity. There 
w as no sm ell from  w ithin 0.165 m eters of the 
body.
Bloat
The bacteriological activ ity  occu rrin g  inside 
the ch ickens resulted  in  sev era l n oticeab le  
effects . The gases p ro d u ced  b y  in tern a l 
bacteria  caused the bod y to b lo a t, and this
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bloatin g  w as m ost n oticeab le  in  the neck, 
a b d o m e n  and  g e n ita ! re g io n s . W h en  
depressed, the flesh of the body felt as though 
it w as fu ll o f gas and not firm  and solid . 
Soun d s o f escaping gases could  be heard  
w hen the flesh w as depressed and m any of 
the chickens had liquid bow el m aterial leaking 
from  their anuses and blood bubbling from  
their noses. Also because of this bloating, the 
sk in  and feathers began  to slough  off the 
bod ies. D uring this stage the eyes of the 
ch icken s began  to liquify . T he skin  o f the 
bod ies turned a bright green color and the 
flesh and appendages of the heads began to 
turn  b lack . T he genital and anal regions 
turned a very deep green and grey color and 
w ere w et w ith internal juices. A  faint odor of 
p u trid  flesh  could  be sm elled  from  0 .165  
m eters w hen the bodies were undisturbed, but 
w hen the bodies w ere lifted up the sm ell w as 
quite strong.
Decay
T he b lo at stage ended w hen the num erous 
m aggot feeding holes provided a pathw ay for 
the gases to  escape. In one instance, the 
pressure o f the escaping gasses pushed ou t 
w hat appeared  to be a fully developed egg, 
w hich  the fem ale chicken had been holding 
in sid e her before  her death. The sm ell o f 
rotting  flesh  and am m onia w as very strong 
from  0.165 m eters, even before the chickens 
had been  lifted . The skin rem ained a d ark 
green  around the anus as other parts of the 
bod y  beg an  to turn  black. Later, the flesh  
beginan to dry out but rem ained slightly m oist 
and rotting. Skin and feathers sloughed off the 
bod ies in  larg e am ounts, particu larly in the 
shady sites.
Post Decay

Figure 2. A m bient and Body Tem peratures 
o f Chicken Carcasses in the Sun

Ambient Temp. vs. Body Temp

Figure 3. A m bient and Body Tem peratures of 
Chicken Carcasses in the Shade

ambient temp. vs. body temp, in the shade
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The sm ell from  w ith in  0 .165  m eters o f the 
ch ickens w as m ild , b u t the so il ben eath  the 
chickens, w hich had been saturated w ith decay 
liquids, had a m ed iu m  sm ell. M o st o f the 
feathers of the bod ies had been  sloughed off, 
and those that rem ained w ere w ing and tail 
feathers. W hat rem ained of the body w as the 
skeleton  covered  in  taught, dry flesh . T he 
flesh had dried  ou t com p letely  and  turned  
dark and light brow n in color. The consistency 
of the flesh that rem ained w as either that of 
m eat jerky or paper m ache.

Biomass reduction results

R ates o f b io m ass lo ss for the tw o 
zones, shade and light, w ere very d ifferent. 
T h e w eig h ts  o f b o th  w e ig h in g  ch ick e n  
carcasses rem ained stable for the first tw o days 
of the study and leveled o ff to a fairly constant 
w eight on the fifth  of the study for the shade 
chicken and the fourth day of the study for the 
su n  ch ick en . H o w ev er, it  is  th e  period 
betw een during w hich the rates of w eight loss 
are d ifferent. T he carcass in sun had only 
about 30 percent o f the carcass rem aining by 
the third day of the study and zero percent (a 
negligible am ount that could not be detected 
by the sca le  b e in g  u sed ) o f th e  carcass  
rem aining by the fourth  day. The carcass in 
the shade had a m ore gradual w eigh t loss, 
losing about 20 percent o f the carcass every 
day until the six th  day. T he su n  carcass 
leveled off to an  average of 4.5  percent o f the 
carcass rem aining after the fourth day w hile 
the carcass in  the shad e leveled  o ff at an 
average of 30 percent of the carcass rem aining 
after the fifth day.

Arthropod Succession Results
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Figure 4. Rainfall levels at Shady and Sunny 
Sites of D ecom position Study in  Moorea, 
French Polynesia

rainfaHinmm

Dsunny sites 
a shady sites

days postmortem

A  to ta l o f  a t le a s t  19 fa m ilie s  
rep resen tin g  12 ord ers w ere recovered from  
decom posing rem ains in the sun. A total of at 
least 22  fam ilies rep resenting 11 orders w ere

recovered  from  d ecom p osin g  rem ains in  the 
shade (see A ppend ix A  for a com plete list o f 
taxa recovered from  th is study). T he greatest 
taxonom ical diversity occurred from  3 to 6 and 
8 to 11 days postm ortem  in the sun and 3 to  4 
and 10 days p ostm o rtem  in  the shade. T h is 
p eak  in  the n um ber o f taxa occu rred  in  the 
decay stage for each  zone and one day in  the 
p ost d ecay  stag e fo r th e  su n n y  sites. T h e  
d u ra tio n  of d eco m p o sitio n  sta g es and the 
d om inant taxa affilia ted  w ith  each  stage are 
lis ted  in  T a b le s  2  and  3 . D ip te ra  an d  
C o le o p te ra  w e re  th e  d o m in a n t o rd e rs , 
com p risin g  49%  and 17%  o f the total taxa, 
respectively.
The first insects to arrive at the carcasses w ere 
ants (Form icidae), and they rem ained active at 
the carcasses for the d u ration  o f the study.

Table 2. Stages o f D ecom position and D om inant Arthropod Taxa A ssociated W ith  C hicken
C arcasses in  the Shade 

D ays Since
D eath D ecom position Stage Taxa D evelopm ental Stage

0-1 days Fresh Formicidae A dult
Calliphoridae sp eciesl A dult
Calliphoridae species 5 Adult

2-3 days B loat Formicidae Adult
Calliphoridae species 1 Larvae
Calliphoridae species 2 Adult

Calliphoridae species 1 A dult
Calliphoridae species 5 A dult

4-10 days D ecay Formicidae Adult
Staphylinidae speciesl A dult
Staphylinidae species2 A dult

Derm estidae species Adult
Calliphoridae sp eciesl Larvae
M uscidae species Larvae
Cltrysowya ra/i/acies Larvae
Calliphoridae species 2 A dult
Calliphoridae species 1 A dult
Calliphoridae species 5 A dult
M uscidae species 11 A dult

Hemiptera speciesl Adult

11-14 days p ost decay Formicidae Adult
Derm aptera species 2 Adult
Derm estidae species Adult
Oirysomya ra/t/acics Larvae
Faniidae species Larvae
Calliphoridae species 1 Adult

Calliphoridae species 5 A dult

Syrphidae species Adult
M uscidae species 11 A dult
Hemiptera speciesl A dult
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They w ere observed craw ling over and under 
the b od y , craw ling  arou n d  the site , and 
carrying lice from under the chicken's feathers 
aw ay from  the scene. As the carcass shifted  
from  the fresh to the b loat stage, they w ere 
observed gathered around the liquefying eyes, 
and the blood seeping from  the nostrils and 
the anus. The ants were also busy gathering 
up and carrying away eggs that had been laid 
near and in the anus, on the head, and in the 
m outh and nose, on top of and beneath the 
feathers, and on the underside of the body. 
C alliphoridae species 1 adults were the first 
flies to appear flying above and landing on the 
carcasses at both  the sun and the shade sites. 
T hey continued to be present until the post 
d ecay  stage, b u t their num bers peaked on 
eith er the second or third day of the study, 
reaching estim ated numbers of 20 to 50 flies.

C alliphoridae species 4 adults also appeared at 
the beginning o f the decom position process in 
both the sun and the shade and rem ained into 
the b loat phase. Calliphoridae species 5 adults 
w ere found in the sun and the shade sites 
th ro u g h o u t the study. V ario u s sp ecies o f 
M uscidae, Sarcophagidae and Phoridae adult 
flies  b eg an  to appear not long a fter the 
C allip h orid s. Sarcophagidae sp eciesl w ere 
fou n d  m ostly  in  the sh ad e early  in  the 
decom position process of the bloat and decay 
s ta g e s , th o u g h  th ere w ere  a co u p le  o f 
o ccu rren ces o f it in  the p o st decay stage. 
A lth o u g h  so m e D ip tera  seem ed  to  be 
associated  w ith  a p articu lar zone, m any of 
them  show ed no preference for the su n  or 
shade.

As early as the bloat stage, third instar 
C alliphoridae species 1 m aggots were found in 
both  the sun and the shade. The maggots were 
first visible residing in the m outh, throat, anus 
and under the w ings. A lso at this tim e the 
C a llip h o rid a e  sp ecies 2 ad u lts ap p eared , 
sh o w in g  no p referen ce for shade or light. 
C a llip h o rid ae  Chn/sofnya ru/i/bcies m aggots 
w ere also sighted as third instar m aggots in a 
couple o f cases as early as the bloat stage, but 
they  occured  m ostly  in the decay stage and 
continue on until the post decay.

N ot u ntil the decay stage did spiders 
begin  to appear on the carcass and around the

body. A lthough sp id ers w ere found in both 
zones, they w ere found m ore frequently in the 
shade. C ollem bolans w ere found running on 
the body and underneath the body in both the 
su n n y  and sh ad y  s ite s  a t th is  stag e  o f 
d e v e lo p m e n t. A ls o  at th is  tim e  th e  
Staphylinidae began to appear under the body. 
Staphylinidae species 1 w ere found exclusively 
in  th e  sh a d e , th o u g h  th e  re s t  o f th e  
Staphylin idae species show ed no preference. 
D e rm e s tid a e  b e e t le s  b eg a n  to  a p p e a r  
underneath the carcasses in this stage in  both 
the sun and the shade. Calliphoridae species 1 
and Chrysow!ya ru/i/acies m aggots continued to 
inhabit the body, th o u g h  they had m igrated  
from  the open orifices o f the body to craw ling 
th rou g h o u t the en tire  b o d y  and the in n er 
cavities. Tow ard the end  of the decay stage 
they beg an  d rop p in g  b elo w  the bod y and 
burying them selves in  a thin layer of topsoil. 
O nce all o f the other m aggots had m igrated  
from  th e  b o d y , th e  M u scid a e  sp e c ie s  2  
m aggots appeared, but only in  the shady sites. 
They w ere found cling ing  to w hat w as left o f 
the carcass and a few  persisted  into the post 
decay stage. It w as in  the decay stage that the 
H em ipterans first appeared , and one species 
w as asso cia ted  only  w ith  the shad y sites 
(H em iptera species 1).

M illipedes occurred  frequently in  the 
sun tow ard  the end o f the decom positiona! 
p ro ce ss . T h ey  w e re  fou n d  in  m a sse s 
u nd erneath  the carcass on top o f the d irt 
during the post decay period. A lso exclusively 
in  the su n  w as the cen tip ed e sp ecies w hich  
w as found in the d irt ben eath  the carcasses. 
Isopods occurred in b o th  the sun and shady 
sites in  the post decay stage, but m uch m ore 
frequ en tly  in  the sun. B oth  ju v e n iles  and 
adults w ere found, and num bers varied  from  
ju st a few  to a large population. D erm aptera 
sp ecies w ere found  in  the la s t sta g es o f 
decom position beneath  the body. W hile one 
species w as evenly d istribu ted  betw een  the 
shade and  sun sites, one species w as found 
alm ost exclusively  in  the su n  (D erm ap tera 
species 1). A nthicidae and M eloidea beetles 
each occurred once at th is stage, visiting only 
the sh ad y  sites. F a n n iid a e  m ag g ots also  
appeared during this stage once all o f the other 
m aggots w ere absent from  the carcass. They 
were only found three tim es throughout the 
study, occurring tw ice in the shade and once in
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Table 3. Stages o f D ecom position and Dominant A rthropod Taxa A ssociated W ith Chicken 
Carcasses in the Sun

D ays Since
Death D ecom position Stage Taxa D evelopm ental Stage
0-1 days Fresh Formicidae Adult

Calliphoridae species 1 Adult
Calliphoridae species 5 Adult

2-3 days Bloat Formicidae Adult
Calliphoridae species 2 Adult
Calliphoridae species 1 Adult
Calliphoridae species 5 Adult
Calliphoridae sp eciesl Larvae

4-6 days D ecay Formicidae A dult
Derm aptera speciesl Adult
Staphylinidae species2 Adult
Derm estidae species Adult
Calliphoridae species 2 Adult
Calliphoridae species 1 A dult
Calliphoridae species 5 Adult
Calliphoridae speciesl Larvae
ChrysoHiya ru/i/ades Larvae

7-14 days p ost decay M illipede speciesl A dult
M illipede species2 Adult
Centipede species Adult
Formicidae Adult
Isopod Adult
Derm estidae species Adult
Chyysonn/H ru/I/ades Larvae

the sun. M u scid ae species 11 occurred alm ost 
exclusively in  the shade during the decay and 
post decay stages.

D u ring  the late decay stage and post 
decay stages, C alliphorid ae species 1 maggots 
w e n t in to  p u p a tio n  w h ile  the Ch?yso?nya 
ru/i/acies m aggots w ere still underneath the 
chicken in  the dirt. H ow ever, not many 
C allip h orid ae sp ecies 1 pupa w ere observed. 
Chrysomya ru/i/acics pupa w ere found as early 
as the decay stage, but they occurred m ostly in 
the p o st d ecay  stage, and there w ere m any 
p u p a d iscovered . Pupa w ere found one day 
earlier in  the su n  than  in  the shade, the sixth 
and  se v en th  d a y s  p ostm o rtem . Muscidae 
p u p a  w e re  m o s tly  fou n d  la te r  in  the 
decom position process, and only in the shade.

N ew ly em erged adult flies w ere found 
at the sites in  b o th  the sun and the shade in the 
p ost decay stag e. A gain, they were found in 
the sun a day earlier that in  the shade (10 and

11 days postm ortem ) for all but one site. These 
new  adult flies surrounded the site  in large 
n u m bers, e ith er res tin g  o n  the cag e and  
surrounding vegetation  or craw ling  beneath  
the body. M any of the flies w ere incapable of 
fly in g  and their co lo rs w ere n o t y et fu lly  
developed. H ow ever, there w ere also m any 
flies th at w ere ab le  to fly  b u t had  not y et 
traveled away from  the site. Sk inks occurred 
m ostly in  the final stages o f d ecay  in  b o th  
shady and sunny sites and w ere frequently  
observed eating these very susceptible new

adults that covered  the site . T h e Syrp hid ae 
species was found only in the shady sites and 
only in the post decay stage.

*A t the tim e o f th is  stu dy arth rop od s w ere 
defined  to the lo w est taxon om ic resolu tion  
possible. How ever, m any of the identifications 
of these arthropods can be better defined w ith 
m ore tim e in order to be m ore helpful in future
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studies. Specim ens are being heid at the Essig 
M useum  of Entom oiogy at UC Berkeley

Weather data results

A t the shady sites the am bient tem perature 
and the body tem perature of the chicken were

the sunny sites w ere also higher than those in 
the shady sites. The m aggot m asses w ere also 
present at the sunny sites for tw o days at each 
site, w hereas the m aggot m asses w ere present 
at the shady sites for either three or five days.

DISCU SSION

closely  tied  (the b iggest d ifference w as 7.2° 
C elsius) w hereas in the sunny sites the body 
tem perature of the chicken w as usually m uch 
h ig h er than  the am bien t tem p eratu re (the 
b ig g est d ifferen ce  w as 19.4° C elsiu s). The 
average am bient tem peratures w ere 28.4°C in 
the shade and 30.7°C in the sun. The average 
body tem peratures w ere 28.7°C in the shade 
and 38.8°C in  the sun.

T h ro u g h o u t the stu d y  it ra in ed  on three 
occasions. AH three tim es the levels of rain 
(m easured in m m ) w ere h igher in the sunny 
sites than  the shady sites that w ere protected 
by dense foliage.

M ag g o t m ass tem p era tu res a t the 
su n ny sites w ere on average eight degrees 
higher than  the m aggot m ass tem peratures in 
the shady sites. The am bient tem peratures at

Arthropod succession

T h e arth ro p o d  su c c e ss io n  p attern  
o b serv ed  in th is  stu d y  is s im ila r  to  the 
progression  observed in forensic entom ology 
stu d ies th ro u g h o u t the w orld  (e .g . P ayne 
1965). The C alliphoridae D iptera w ere the first 
flies associated  w ith  each  carcass, follow ed 
c lo se ly  by  flie s  in  th e  S a rco p h a g id a e , 
M u scid ae , and  P h o rid a e  fa m ilies , am ong 
others. A s the corpse continued to progress 
through the decom positional process, the flies 
w ere  rep la ced  w ith  th e  m em b ers o f the 
C o leo p tera  o rd er and  o th er so il-d w e llin g  
arthropod s. T h is basic m odel of arthropod 
su ccession  occurred  at both  the shady and 
sunny sites, albeit at different rates.

A lth o u g h  th e  b a s ic  a r th ro p o d  
succession  pattern  in  m y study follow ed that

Table 4. M aggot M ass Tem peratures and Am bient Tem peratures at Shady and Sunny Sites of
Chicken D ecom position Study in M oorea, French Polynesia
SUN M AG GOT MASS A M BIEN T DIFF.

TEM PERA TU RE (°C) TEM PERA TU RE (°C) BETW EEN
A VERA G ES

Site 2 ,1 0 /1 6 30.1 26.2
Site 2 ,1 0 /1 7 40.5 26.4
Site 2 ,1 0 /1 8 27.6 26.9
Site 3 ,1 0 /1 6 26.9 26.2
Site 3 ,1 0 /1 7 30.7 26.4
Site 3 ,1 0 /1 8 37.4 26.9
Site 3 ,1 0 /1 9 36.4 28.4
Site 3 ,1 0 /2 0 32.7 28.5
Site 5 ,1 0 /1 6 29.9 26.2
Site 5 ,1 0 /1 7 32 26.4
Site 5 ,1 0 /1 8 27.2 26.9
Average 31.7 26.8 4.9
SH A D E
Site 6 31 28.0
Site 6 37.5 34.0
Site 7 36.2 28.0
Site 7 42.2 34.0
Site 8 43.7 34.5
Site 8 43.3 28.0
Average 38.9 31.1 7.8
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o f is lan d s and m ain lan d s th ro u g h o u t the 
w orld, there w ere som e d u es that indicated 
th a t m y resu its  w ere  co n sisten t w ith  the 
unique features previously  found on  islands. 
A rgu ably , the in creased  ro le o f ants is an 
ex am p le  o f a b ro a d e n in g  o f n ich es and 
gen eralizatio n . H ow ever, I th ink  the m ore 
lik ely  ex p lan atio n  is  th at ants in  trop ical 
en v iron m en ts, w h eth er island  or m ainland, 
ten d  to  p la y  an  in cre a se d  ro le  in  the 
d eco m p o sitio n  p ro ce ss  (Sm ith  1986). In 
H aw aii it  has also b een  found that som e taxa 
that are associated w ith  carrion on m ainlands

are absent (Early and G off 1986). I did not find 
any H isterid ae , Scarabidae, non-Form icidae 
H ym en op tera, T rogid ae, A cari, Ephydridae, 
Sepsidae or Lepidoptera, to ju st nam e a few  of 
the taxa  th a t are norm ally  associated  w ith  
ca rrio n  th a t w ere  ab sen t from  m y study. 
H ow ever, because m y study w as not large and 
com prehensive enough to get a com plete list of 
arthropods associated  w ith carrion in M oorea 
it cannot y et be determ ined if any im portant 
taxa are m issin g . I  th ink  that w ith further 
studies it w ould be discovered that like Haw aii 
M oorea has low  species diversity com pared to 
m ainlands and that this w ould be reflected in 
m issing  taxa th a t norm ally  frequent carrion 
(Early  and G o ff 1986). A nother sim ilarity  
betw een H aw aii and M oorea is that Chrysomyg 
ru/i/acies ap p ears to  be one of the dom inant 
m aggot species associated w ith decom position 
in  both  o f the island s (Illingw orth 1923). Also,
C. ru/I/acies is considered to be one of the m ost 
reliable arthropods used in estim ating the PM I 
(G o o d b ro d  a n d  G o ff  1 9 9 0  c ite d  by 
Baum gartner (1993).

T he p resen ce  of ants in  m y study is 
in te re s tin g . T h e  ro le  o f an ts in  the 
d e c o m p o s it io n  p ro ce ss  h as b een  h ig h ly  
contentious. P u tm an  (1978) argued that ants 
only play a ro le  in  the decom position process 
if  the c a rca ss  is  lo cated  clo se to  a nest. 
N um erous stu d ies located in tropical regions 
have observed the presence of ants throughout 
m uch of the decay  process (e.g. Cornaby 1974). 
H ow ever, E a rly  and  G off (1986) conducted 
decom p osition  studies at tw o sites in  tropical 
H aw aii and  found  ants to play a large role in 
the d ecom p o sitio n  of one carcass but not the 
other. M y resu lts in  M oorea show  ants to be 
very active a t  the carcass sites. They w ere

am ong the first insects to  arrive at the carcass 
at all o f the sites, and th ey  rem ained  present 
th ro u g h o u t th e  s tu d y . T h e ir  ro le  in  the 
d e c o m p o s it io n  p r o c e s s  r a n g e d  fro m  
necrophagous sp ecies feed ing  on the carcass 
itself to predator sp ecies feeding on the other 
insects attracted  to  the rem ain s . T he ants 
preyed on lice, eggs, m aggots, pupa and new ly 
hatched flies in  m ass. E arly  and G o ff (1986) 
also show ed in  one stu d y  th at an ts retard ed ' 
Diptera developm ent and decom position  rates 
because o f their in ten se p red ation . W hether 
th e  a c t iv ity  o f th e  a n ts  a ffe c te d  th e  
decom position rates or behavior o f the Diptera 
in m y study is not clear because all o f the sites, 
sh ad e an d  su n , w ere  in h a b ite d  by  an ts . 
H ow ever, a t the site w here the ants established 
a nest on site a t the beginning o f the study, the 
D ip tera  la rv ae  rem a in e d  co n fin e d  to the 
internal cavities o f the b o d y  and w ere rarely 
seen craw ling about the bod y  as they w ere in 
other sites. Perhaps this behavior resulted as a 
m eans o f avoiding p red atio n  by  the ants. In  
order to determ ine the full effect o f the ants in 
M oorea decom p osition  stu d ies, an exclusion  
experim ent would need to be perform ed.

A nother in teresting  notation  about the 
ant behavior in  m y stu d y  is the developm ent 
of nests and colonies at the carcass sites. A t 
one of the sites in  the shade, an ts located the 
carcass im m ediately and appeared  to establish 
a nest underneath it. T hey began  covering the 
carcass w ith  particles of d irt especially  around 
the head, anus and legs. A t another site in  the 
sun ants did this very sam e thing, bu t though 
they had discovered the carcass on  the first 
day of the study they d id n 't begin  to cover the 
carcass w ith  dirt or build  a nest on  site until 10 
d ays p o stm o rte m , o n ce  th e  c a rca ss  w as 
a lre a d y  c o m p le te ly  d ry . T h is  sa m e 
p h en o m en a has b e e n  o b se rv e d  in  o th er 
tropical studies (C ornaby 1974). It is possible 
that th is developm ent o f  an t co lo n ies at the 
carcass s ite s  cou ld  b e  u se fu l in  fo ren sic  
investigations. G off and W in (1997) estim ated 
the P M I of a b o d y  b y  lo o k in g  a t the 
developm ent of a Form icidae colony. Because 
the ants in  M oorea seem  to be very  closely  
associated w ith carrion, it  is possib le that this 
may be a very successful pathw ay to pursue.

Blow flies have b een  sh ow n  to be the 
m ajor in itial d ecom p o sers in  m an y  stu dies,
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and m ine w as no exception (De Souza and 
Linhares 1997, Baum gartner and G reenberg 
1985, Putm an 1983 cited  by G oodbrod and 
G off 1990). A ithough many arthropods w ere 
a ttra cte d  to the rem ain s , the p rin c ip a i 
decom posers in  the process w ere the tw o 
sp e cies  o f C aH iphorids. H ow ever, o th er 
studies have indicated that oftentim es m any 
other fam ilies of D iptera are involved in the 
decom position process, usually Sarcophagidae 
and M uscidae larvae. This m ay lead one to 
ask w hy I sam pled so m any Sarcophagid and 
M uscid adult flies from  the carcass w hen their 
larv a l rep resen ta tio n  w as so m in im al or 
com pletely  absent. This is n ot a com pletely  
unique experience, as other studies have found 
various D iptera v isiting the carcass and not 
b reed in g  on the ca rca ss  (D e So u za and 
Linhares 1997).

B lo w flies (C allip h orid ae) and flesh  
flies (Sarcophagidae) are both  necrophagous 
fly species that u tilize the sam e food source, 
resu lting  in  m uch com petition. D enno and 
C o th ran  (1976) found th at w hen b lo w fly  
p o p u la tio n s on a carcass  are a r tif ic ia lly  
re d u ce d  the d e n sity  o f th e  f le sh  fly  
pop ulations is m ultiplied by a factor of six. 
T h is su g g ests th at Sarcophagid populations 
m ay be lim ited  due to in tense com petition  
w ith various blow fly populations. Perhaps in 
order to lim it this com petition each fam ily has 
developed a niche, as blow flies prefer to breed 
in  w arm er season s w hereas Hesh flies are 
lim ited  to co ld er seaso n s (D e Souza and 
L inhares 1997). It has also been  found that 
certa in  fly sp ecies prefer d ifferen t sizes o f 
carcasses, and perhaps this p reference is a 
resu lt o f n iche p artitioning (e.g. D enno and 
C othran  1975, D avies 1990, D e Souza and 
Linhares 1997). The results of my pilot study, 
w h ich  w ere con d ucted  w ith  a very sm all 
juvenile chicken, support this idea. The sm all 
c h ic k e n  w as o n ly  in h a b ite d  by  th e  
C a llip h o rid a e  sp ecies 1 m ag g ot and the 
Chrysom ya ru /i/a d e s  w as never p resen t. 
H ow ever, in decom position studies that have 
been  perform ed  on chicken carcasses, both  
C a llip h o rid s  and Sarco p h agid s have been  
found to inhabit the carcass (H all and Doisy 
1 9 9 3 ) .  T h is su ggests that the absence o f 
Sarcophagidae larvae in  my study w as not a 
m atter o f carcass size, but rather som e other 
factor that lim ited Sarcophagidae's ability  to

com pete w ith C alliphoridae. M y explanation 
for the lack of Sarcophagidae larvae is that the 
tem perature w as h igh , a ch aracteristic  th at 
favors blow fly o v ip osition  and d evelop m ent 
(D esouza and L in h ares 1997, B au m g artn er 
1993). H ow ever, because tem peratures in the 
tropics are usually  h ig h  as com pared to the 
extrem e d ifferen ces in  tem p eratu re  in  the 
se a so n s  o f te m p e ra te  z o n e s , Calliphorid 
species have been  found to be able to breed 
year round (C om aby 1974, J^ o n  1979 cited by 
J(gon and C a rt^ t 1 9 81). H ow ev er, th e ir  
densities have been  show n to fluctuate w ith  
season in the tropics (C om aby 1974, J^ o n  1979 
cited  by J^ o n  and C a r t^  1981). In M oorea 
year round air tem peratures vary betw een 24 
and 29 degrees C elsius (as com pared to Brazil 
w here the coolest m onth is below  18°C and the 
w arm est m onth  is ab o v e 22°C ), w hich  are 
relatively w arm  tem peratures as com pared to 
the seasonal variatio n  in  tem perate clim ates 
and  ev en  o th e r  tr o p ic a l e n v iro n m e n ts  
(m oorea.intercontinental.com ). If b low flies are 
b reed in g  y ear ro u n d  in  M o orea p erhap s 
Sarcophagids can never com pete w ith them , at 
least w hen it com es to  sm all carcasses. It 
w o u ld  b e  in t e r e s t i n g  to  c o n d u c t  
decom position stu d ies y ear round and see if 
Sarcophagidae larvae ever inhabit carcasses or 
if they are being out com peted by blowflies.

It w ould also be interesting to conduct 
further experim ents in  ord er to  see if  o th er 
sp e c ie s  o f C a llip h o rid a e  ev er o ccu r on 
c a rc a sse s . N o t o n ly  d o es th e  fa m ily  
Calliphoridae confer a reproductive advantage 
in M oorea because o f the high tem peratures, 
b u t the sp ecies Chrysom ya ru /i/ad es a lso  
a p p e a rs  to  h a v e  s e v e r a l c o m p e tit iv e  
advantages over o th er sp ecies. Its  h eav ily  
sclerotized  fleshy p rotu berances, w hich are 
quite developed in  the later instars, may assist 
in subduing prey (Illingw orth 1923). Also, this 
species has very strong m outhhooks that are 
used to pierce the flesh  o f o ther m aggots in 
o rd er to e x tra c t flu id  (Illin g w o rth  1923). 
A lth o u g h  f i r s t  in s ta r s  a re  e n t i r e l y  
necrophagous, in  its la ter stages C. ru/i/ades 
often becom es predaceous on other D ipteran 
larvae or cannibalistic, consum ing first instars 
of its own species (Illingw orth 1923, Goodbrod 
and G off 1990). N ot only has C. ra/i/ades been 
observed preying on other m aggots, but it has 
also been  noted that C. ra/i/ades have been
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d iscovered  d riv in g  p rim ary  iarvae of their 
ow n and d iffe re n t sp ecies o ff the carcass 
(Baym gartner 1993). Perhaps these predacious 
tendencies explain  w hy C. ru/i/acies is affected 
le ss  by  c o rp se  d e p le tio n : they  have an 
altern ative food source (G oodbrod and G off
1990). O nly recen tly  did C. ru/i/acies m igrate 
from  their p lace o f orig in  in  the O ld W orld 
trop ics (B au m g artn er and G reenberg  1984). 
Since then  they have spread  throughout the 
N ew  W orld to H aw aii and South, Central and 
N orth  A m erica (B eu m gartner and G reenberg
1984). Because it has not been  docum ented in 
M o o rea  th ere  is  no w ay to  tell w h en  C . 
ra/i/acies w as firs t in troduced  to the Society 
Islands, how ever it m ay be safe to assum e that 
it w as fa irly  recen tly . W hether or not the 
introduction of the species w as recent or not, it 
is q u ite  p o ssib le  th a t th is  C allip h orid  has 
q u ick ly  co m e to  d o m in ate  o th er D ip tera  
sp e c ie s . W ith in  ju s t  fiv e  y ears o f th e ir  
in tro d u ctio n  in to  C osta  R ica, C. rM/i/acfes 
b ecam e the d o m in a n t fly  sp ecies in  som e 
regions (B aum gartn er and Jfron, unpublished 
data cited by B aum gartner 1993). It has been 
show n in  several laboratory experim ents that
C. ra/i/acies severely  increases the m ortality of 
som e o th er C a llip h o rid ae  species and m ay 
drive them  to extin ction  (G oodberg and G off
1990). In an  island  habitat like M oorea, w here 
sp ecies d iversity  is already lim ited, it may be 
easy for C. ra/i/ac:es to dom inate other species. 
T hou gh  I never observed any predation by the
C. ra/i/acies, m y resu lts defin itely  support the 
idea th a t th is  sp ecies dom inated the carcass. 
A lso , p erh ap s C. ra/i/acies' predacious and 
com p etitive tend encies explain  why so few of 
the C allip h orid ae species 1 pupa w ere found. 
It is p ossib le  that they w ere either consum ed 
by  C. ra /i/acfes or d riven  from  the carcass 
b efo re  they  h ad  fu lly  d eveloped  and w ere 
ready to pupate.

A n o th e r  e x a m p le  o f  r e s o u r c e
p a rtitio n in g  and  in tersp ecific  com petition is
the p resen ce  o f the Fanniidae and M uscidae 
larvae. F an n iid ae species larvae w ere found 
in h a b it in g  th e  c a r c a s s e s  la te  in  th e
decom p osition  process after the Calliphoridae 
larvae had m igrated  from  the carcass. Fanniid 
f lie s  a re  u s u a lly  co n sid ered  to co lon ize 
carcasses late in  the succession of insects, and 
m y r e s u lts  s u p p o r t  th is  (Sm ith  1986). 
I n h a b it in g  th e  c a r c a s s  la te r  in  th e

decom position process w h en  the feeding is not 
as ideal m ay be a d ev e lo p m e n t th a t cam e 
about in ord er to  a v o id  co m p etitio n  w ith  
C alliphoridae larvae. T h e M u scid ae species 
larvae also inhabited  the carcasses only after 
the C alliphoridae larv ae w ere gone, b u t they 
only frequented the carcasses  in  the shad e. 
There are tw o id eas th a t cou ld  exp lain  the 
presence o f the M u scid ae sp ecies only  in  the 
shade. It could be th a t th is sp e cies  strictly  
preferred the carcasses in  the sh ad e. O r, it 
could be that this sp ecies ap p ears late in  the 
arthropod succession to avoid  com petition  but 
chose to inhabit the sh ad y  carcasses because 
they were farther behind  in  the decom position 
process and a m ore ap p ealin g  food source to 
D iptera larvae.

Im portant d ifferences betw een  the tw o 
zones in this study are w orth  noting  as they 
could have im portant im p lication s in forensic 
investigations. In p ast stu d ies on  the effect o f 
sun exposure on carrion  it has b een  noted that 
Calliphorid larvae rem ain  longer a t the shaded 
sites (Shean et al. 1993). M y data concurs w ith 
these findings as rates o f  larval developm ent 
w ere faster in the su n  and the appearance of 
new ly hatched flies w as so o n er in  the sunny 
sites. Because o v ip o sitio n  occu rred  on the 
carcass at the sam e tim e, the carcasses m ust 
have been equally attractive to both  species of 
D iptera. It has been  noted  th at the tem poral 
arthrop od  su ccessio n  o n  a co rp se  can  be 
affected  by  the s ta r tin g  p o in t o f D ip tera  
o v ip o sitio n  o r by  d iffe r e n c e s  in  ca rca ss  
decom position rates, as w ith  m y study (A vila 
and G o ff 1998). In  th is  s tu d y  o v ip o sitio n  
occurred at the sam e tim e, b u t the presence of 
sequ en tia l a rth ro p o d s w as in flu e n ce d  by 
d ifferen ces in  d e co m p o sitio n a l p h ases and 
a cce le ra te d  la rv a l d e v e lo p m e n t  d u e to 
tem perature differences. T he arthropod fauna 
and decom positional p h ases for the chicken 
carcasses in  the sh ad e  and  su n  w ere very  
sim ilar, but the tim ing at w hich  each  of these 
phases occurred w as very d ifferent, a t least in 
the early stages. For th is reason, it w ould be 
im p ortant to co n sid er the co v erag e  of the 
corpse and exposure to  su n  w h en  estim ating 
the PMI.

O th e r  d if fe r e n c e s  in  th e  ta x a  
inhabiting  the ca rca sse s  in  d ifferen t zon es 
could also have im p ortant legal im plications.
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If the M uscidae species larvae truiy do only 
inhabit shady areas then this w ould be a good 
indicator species. A lso, the M uscidae species 
11 p re ferred  on ly  the sh ad e. H ow ever, 
because it did not iay eggs it w ould be hard to 
note its presence after the carcass had been 
m oved. P erh ap s if the carcass sizes w ere 
la r g e r  th e re  w o u ld  b e  so m e ia rv a i 
rep resen ta tio n  from  th is sp ecies and this 
w ould aiso be helpful in determ ining if the 
body had been  m oved from  the shade to the 
sun. The species that preferred the sun were 
the D ipiopoda and C hiiop oda, bu t because 
they usually use carcasses for environm ental 
protection and not reproduction, they may not 
be indicative species. This zonation preference 
by som e arth ro p o d s w ou ld  be help ful in 
determ ining if a body had been moved.

Weather

The observed differences betw een the 
d ecom position  and insect developm ent rates 
betw een  the tw o zones w ere due m ostly to 
d iffe r in g  en v iro n m en ta l co n d itio n s . The 
sunny sites had higher am bient, ground, body 
and m aggot m ass tem peratures. A ll o f these 
tem p eratu res are in terco n n ected ; the h eat 
created  by d irect sunlight acts as a catalyst, 
heating the carcass directly and so stim ulating 
larval developm ent and activity w hich in turn 
crea tes h ig h er m ag g ot m ass tem p eratu res 
(Shean et al. 1993). Larval developm ent is 
highly sensitive to changes in  heat, and these 
increased tem peratures in sunny sites result in 
faster developm ent (M archenko 1987 cited by 
Shean 1993). T h is increased m aggot activity 
along w ith accelerated  bacteriological activity 
and dehydration of the carcass in exposed sites 
re su lts  in  a faster d eco m p o sitio n  p rocess 
(M archenko 1987 cited by Shean 1993, Shean et 
al. 1993). F o r all o f these environm ental 
reasons the carcasses in  the sun reached the 
p ost decay  stag e  before the carcasses in the 
shade and th e  D iptera larvae pupated and 
em erged as adults prior to those in the shady 
sites.

A n o th er sign ifican t d ifference in  the 
en v ironm ent b etw een  the tw o zones was the 
a m o u n t o f ra in fa ll to  w h ich  they w ere 
exposed. T he sunny sites w ere not protected 
by vegetation  and so had higher am ounts of 
r a in f a l l .  S ig n if ic a n t  d if fe r e n c e s  in

decom p osition  rates and arthropod activ ity  
betw een w et and dry sites have been found in 
other studies (Cornaby 1974, Jfron and Cartfn 
1981). D uring m y study it only rained three 
tim es and  no n o tice a b le  e ffec ts  on the 
decom position process or arthropod activ ity  
w ere observ ed . A lth o u g h  m y stu d y  w as 
perform ed at the beginning o f the w et season 
there w as very little rain  because the island 
w as experiencing a dry spell. It w ould be 
interesting to perform  the sam e study during a 
rainier part of the year and see if differences in 
ra in fa ll b etw een  the tw o zon es had any 
effective results. In order to truly determ ine 
the effect of rain, several studies in both the 
w et and  dry seaso n s w ou ld  n eed  to be 
conducted. Yearly average rainfalls in M oorea 
range from  50 m m  during A ugust to ju st over 
3 5 0  m m  i n  J a n u a r y
(m o o re a .in te rc o n tin e n ta l.c o m ); T h is  is a 
staggering difference in rainfall throughout the 
year, and this flu ctu atio n  no d ou bt effects 
arthropod activity. In  the tropics it has been  
observed that the season affects insect activity 
(Jiron and C artin  1981, C ornaby 1974), but 
since shady sites are m ore protected  from  
ra in fa ll th is d iscrep a n cy  m ay n ot b e  as 
pronounced in shady sites.

Biomass reduction

B io m a s s  r e d u c t io n  is  t ie d  to 
decom position rates, larval developm ent rates, 
bacterio log ical activ ity  and  so is also very 
closely tied to tem perature. For this reason, 
carcasses exposed to the sun have an increase 
in tem perature and so they decom pose m ore 
quickly, in turn losing w eigh t m ore quickly 
(e.g. D illon and A nderson 1997 cited by Byrd 
and Castner 2001, D illon  and A nderson 1995 
cited by Byrd and C astner 2001, Shean et al. 
1993). In  a p rev iou s stu d y  exam in ing  the 
effects of sun exposure on  carcasses, Shean 
(1993) found that carcasses in  the su n  lost 
w eight m ore rapidly than those in the shade. 
H ow ever, he attribu ted  th is w eigh t loss to 
d ifferential effects of dehydration  along w ith 
the m igration of m aggots.

In  m y stu dy the firs t m igration  of 
m ag g o ts does n o t co rre sp o n d  w ith  the 
dram atic biom ass loss in the sun because there 
were still maggots present after the w eight loss 
occurred . It is p ossib le  th at there w as a
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gradual m igration o f m aggots that accounts for 
this reduction  in  w eight. A lso , it has been 
observed that iarge heat-generating m aggot 
m asses such as those found in the sun, result 
in faster biom ass rem oval and higher internal 
tem peratures (Shalaby et al. 2000). So it seem s 
that the rapid b iom ass loss in  the sun carcass 
did not relate entirely  to accelerated m aggot 
d e v e lo p m e n t, b u t  p e rh a p s  a ls o  w ith  
a c c e le ra te d  b a c te r io lo g ic a l a c tiv ity  and  
dehydration of the carcass.

DecowposihoHa? process

M y r e s u l ts  h a v e  sh o w n  th a t  
d eco m p o sitio n  in  the tro p ics fo llo w s the 
general tem plate of decom position o f carcasses 
in  trop ical and tem perate zones (Jfron  and 
Car tin 1981).
A lth o u g h  the p attern  o f d ecom p o sitio n  is 
standard, the difference that I observed is that 
the carcasses in  the sun passed through the 
d e c o m p o sitio n  p h a ses  at a fa s te r  ra te . 
A dditionaly, even  the carcasses in  the shade 
proceeded throu gh  the decom position stages 
q u ick ly , and  th is  is  b ecau se  the ra te  o f 
decom position and nutrient transfer processes 
are a cce le ra te d  in  tro p ica l en v iro n m en ts 
(C o r n a b y  1 9 7 4 ) .  T h is  a c c e le r a te d  
d e c o m p o s it io n  co u ld  a f fe c t  a r th ro p o d  
succession in  several w ays. First, because the 
ca rca ss  p re ce d e d  th ro u g h  th e  sta g es so  
quickly ,arthropods that norm ally w ould have 
b een  asso cia ted  w ith  sp ecific stages of the 
d e c o m p o sitio n  p ro ce ss  m ay  h av e  b een  
excluded because of the lim ited availability of 
a food source, shelter source, etc. A lso the fact 
th a t the d e co m p o sitio n  p ro ce ss  w as so 
a c c e le ra te d  m a y  e x p la in  w h y  so  few  
arthropods w ere very closely associated w ith 
any one d eco m p o sitio n al stage. Jiro n  and 
C artfn  (1981) w h o stu died  d ecom p o sitio n  
C osta  R ica a lso  found that there w ere no 
strong ties b etw een  arthropods and specific 
d e c o m p o sitio n  s ta g e s , and  p erh ap s the 
accelerated decom position explains this. Also 
b ecau se th e  ca rcasses in  m y study passed 
through the decom position studies so quickly 
the stages w ere less pronounced and perhaps 
b len d ed  to g e th e r  m ore th a n  stu d ies  in  
tem perate zones. For example, in W ashington, 
Sh ean  (1993) observed  that b loated  pigs in 
sunny zones sw elled  to greater girths than pigs 
in shady zones and also bloated faster. I d idn 't

observe a pronounced d ifference in  the girth  of 
the carcasses in the tw o zones during the b loat 
stage, and I attribu te th is to  the fact that the 
b loat stage w as so fleetin g  in  b o th  zones. I 
d on 't think the carcass ever had tim e to reach a 
m axim um  bloat before m aggots penetrated  the 
flesh.

From  m y findings several conclusions 
a b o u t  a r t h r o p o d  s u c c e s s i o n  a n d  
d ecom p o sitio n  in  M o o rea  can  b e  reach ed . 
M oorea's tropical environm ent seem s to be the 
g r e a te s t  fa c to r  in f lu e n c in g  a r th ro p o d  
succession and insect b eh avio r. T h is tropical 
environm ent seem ed to in flu en ce  the role of 
ants in the d ecom p osition  p ro cess as w ell as 
p ro vid in g  h igh  te m p e ra tu re s  th a t fav o red  
blow fly  developm ent and  d o m in atio n  o f the 
carcasses. H o w ev er, M o o re a 's  tax o n o m ic 
d isharm ony , a re su lt o f  b e in g  an  iso la ted  
island, m ay influence arthrop od  succession  in 
term s of m issing taxa, bu t further studies need 
to be cond ucted  in  o rd er to  d eterm in e the 
significance o f this. M y stu d y  also show ed 
that decom position rates, insect succession  and 
biom ass rem oval are in flu enced  greatly by the 
carcass 's  p o sitio n  in  th e  sh ad e or the sun. 
Because of th is, it is im p o rta n t to  lo ok  a t a 
carcass 's  p lacem en t w h en  d eterm in in g  the 
PMI. Also, because som e arthropods appear to 
favor zones, it m ay be able to  be determ ined if 
a carcass has been  m oved b etw een  shady and 
su n ny  s ite s . T h e se  f in d in g s  h a v e  v ery  
im portant im plications in  the field  of forensic 
entom ology. H o w ev er, th e  m o st im p o rtan t 
im plication of m y study is th at it has opened 
the door to m any q u estio n s ab o u t foren sic  
en tom ology  on  the is la n d  o f M o o rea  and 
provides opportunity for m any further studies.
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Appendix A. Organism s Collected from  Chicken Carcasses in M oorea, French  Polynesia 
O RD ER FA M ILY G EN U S A N D  SPEC IES
Arane
Coleoptera Staphylinidae

D erm estidae
A nthicidae
M eloidea

Battodea
Collem bolan
Derm aptera
D iptera

Entom obryidae

Faniidae
M uscidae
Calliphoridae O!n/somya rM ^cies
Phoridae
Sarcophagidae
O titidae
Syrphidae
M ilichiidae

H em iptera
H ym enoptera
Isopoda

Form icidae

Paraxosoatidae;
D iplopoda
Chilopoda
Phthiraptera

siphonophoridae

Phiopteridae
M enoponidae
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A STUDY OF THE TROPICAL MARINE ALGAE HALIMEDA 
DISCOIDEA: PLANT DISTRIBUTION AND THE EFFECTS OF 
EPIPHYTE COVERAGE ON FISH HERBIVORY IN MOOREA,

FRENCH POLYNESIA

CHRISTINA CLAIRE GEORGHIOU

Undergraduate Department Biology, Dnioersity o/California, Berkeley 94720 LfSA

ABstract. W ithin most reef communities, the dominant force affecting the distribution and 
abundance of seaweed is herbivory (Hay 1997). Transects were run to determ ine the difference 
in distributions of the green caicifying aigae Halimeda discoidea and HaBmeda opnntia on the island 
of Moorea in  French Polynesia at barrier reef, fringing reef and lagoon environments. Fish 
feeding preference for H. discoidea with significant epiphyte coverage w as tested through 
monitoring of naturally occurring H. discoidea plants at the barrier reef of Point Aroa and caging 
experiments at the fringing reef of Faimano. Point Aroa H. discoidea plant individuals with 
epiphyte coverage exhibited significantly higher bite rates from fish than those of clean. Further 
studies were conducted to determine if epiphyte coverage of H. discoidea is related to calcification. 
While depth proved significant to the distribution of H. discoidea, depth proved insiginificant in 
H. opMnfia distribution. Caging experiments at Faimano reef yielded evidence of preferential 
herbivory w ith  significance shown in plant design and depth placement w ith respect to time. 
Cages located within the shallow regions showed a pronounced decrease in bite rate four days 
following initial placement. Feeding preference with respect to epiphyte coverage was calculated 
as significant in all studies. Clean H. discoidea samples showed significantly higher calcium 
carbonate content than epiphyte covered samples, supporting the hypothesis of a negative 
relationship betw een epiphyte coverage and calcium content.

^fey wordy * Bertnvory,* Halimeda; epip/tytey,* calct/icafion,' French Po/yoeyio

INTRODUCTION

Algae are the most important primary 
producers fo r  shallow water environments in 
tropical reefs (Buesa 1990). Tourism in 
tropical areas has led to an increase in 
eutrophication of reef waters, causing foliose 
algae species to smother these reefs and out- 
compete calcifying algae (Schrope 2000). 
Members o f the genus Halimeda are calcifying 
algae found scattered throughout tropical 
waters w orldw ide. The importance of 
Halimeda to th e  tropical reef community can be 
seen w ithin the Great Barrier Reef, where the 
bioerosion o f  Halimeda species accounts for the 
majority o f total sedimentation (Drew (1)

1988). Sister species H. discoidea and H.opMMfia 
both play important rolls in  this production of 
sediments in tropical marine environments.

Most herbivorous reef fishes prefer lightly 
calcified algae to highly-calcified (Littler 1983). 
Calcification has long been shown as a defense 
against predation due to the coarse and 
unpalatable texture usually associated with a 
lack of nutrition and hard to digest structuring 
materials (Littler and Littler 1980). Few 
studies have been performed in  regards to the 
affects of herbivory involving Halimeda species 
due to the very effective combination of 
morphological defense (calcification) coupled 
with potent chemical feeding deterrents.

Previous studies have shown that 
insufficient light absorption in Halimeda
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lowers metabolic rates and the production ot 
calcium carbonate (Borowitzka 1982). As 
mentioned before, foliose algae have the 
ability to out-compete calcifying algae in reef 
environments by blocking out sunlight. 
Significant epiphyte coverage has been shown 
to have detrimental effects on Hahmeda 
metabolism, as see in the negative impacts of 
the brown algae of the genus Dicfyofa on 
Hahmeda species H. opunfia in the Florida 
Keys. H. opunfia thalli containing greater than 
50% Dictyofa coverage grew slower than 
unepiphytized thalli, showing that epiphyte 
coverage in Haiimeda species can reduce 
metabolism and growth due to shading of the 
thalli (Beach 2003). "Shading" prevents plant 
chloroplasts from receiving sufficient light 
necessary for production of calcium carbonate 
through photosynthesis.

This study was designed to address the 
hypothesis that epiphyte coverage of H. 
discoidea will decrease plant calcium content. 
Because calcium content may affect the 
nutritional appeal of epiphyte covered H. 
d:'sco:dea to herbivorous fishes, feeding 
patterns on the plants were also studied.

Fish preference for H. d;'sco:dea with 
significant epiphyte coverage was tested 
through caging experiments and monitoring 
of naturally occurring H. discoidea within the 
barrier reef of Point Aroa and the fringing reef 
of Faimano on the island of Moorea, French 
Polynesia. Experiments and site selection 
processes occurred from mid October through 
late Novem ber during the seasonal gamete 
release of H. discoidea (Drew (If) 1988). 
Decalcifications were performed of collected 
Point Aroa and Faimano H. disccidea samples 
to test for a relationship between calcification 
and epiphyte coverage. Epiphytes growing on 
H. discoidea w ere also examined and recorded 
for genus, species, and lineage (Appendix D).

METHODS 

Study Organisms

Possessing a thallus up to 10 cm tall with 
large dichotomously branching segments, the 
sheet-like H. discoidea grow s primarily on 
Barrier Reef flats and outer reef slopes. The 
holdfast is characterized as a single short 
stalk-like segment at the base of the plant. 
Plants possess ductile, twisting green 
segments that are uncharacteristic of other 
species within the genus ffah'meda (Fig. 1).

FlG. 1. A visual comparison of H. discoidea (a) 
with H. opunfia (b)

H. opunfia grows in dense bushy clumps 
up to 30 centimeters in diameter, measuring 
up to six centimeters high (Payri 2001). 
Found growing in the shallow waters of the 
reef flat, this highly calcified alga with 
"cactus-like" segments has several rhizoidal 
attachment points (Fig. 1). Unlike H. discoidea, 
there is no twisting of segments and the 
thallus is typically a lighter shade of green 
than H. discoidea.

ff. discoidea has been found to have 
around 14 the net photosynthetic rates of its 
sister species, H. opunfia (Litter 1983). While 
H. discoidea is characterized by small 
gametangia and seasonal reproduction, H. 
opunfia produces large gametangia and shows 
no regularity in timing of fertility (Drew (If) 
1988). Both species are found in the Tuamotu, 
Marquesas, and Society Islands of French 
Polynesia (Payri 2001).

Site Selections
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Five sites on the island of Moorea were 
chosen due to easily accessible Hahmeda 
populations and a variety of reef 
environments. These sights included Point 
Aroa located off of the Temae coast (barrier 
reef), Faimano (fringing reef), the Berkeley 
Gump station (lagoon), Atiha (barrier reef), 
and the coast of Maharepa (barrier reef).

FlG. 2. Sites transected for distribution studies 
of H. discoidea and H. opanha.

The total area of transection at each site 
measured approximately 50 meters along the 
shore-line and stretched approximately 100 
meters out into the reef habitat. Within each 
of these sites, three zones were defined 
according to depth and surface area. A 
retractable transect tape was used to measure 
depths and distance from the shore. Orange 
plastic flagging tape was secured to dead coral 
to mark zone boundaries. Within each zone, 
ten uniform ly chosen coral heads were 
analyzed w ithin a one meter squared area for 
presence of H. discoidea and H. opunha. 
Observations regarding species appearance, 
tide changes, and apparent distribution were 
also recorded. A contingency analysis was 
performed to compare distribution of H. 
discoidea and H. opunfia according to depth.

Sampling

Three, one-hour exhaustive searches for 
H. discoidea were performed at Point Aroa, 
Faimano reef, and M aharepa reef. Samples 
exhibiting greater than 20%  surface coverage 
by epiphytes were categorized as having 
significant epiphyte coverage. Individuals 
containing less than 20% epiphyte coverage 
were deemed clean. V isually observed 
epiphytes were recorded for genus and 
species if identification w as possible. 
Epiphytes that could not be identified were 
preserved for later exam inationer at the 
Herbarium of the University o f California, 
Berkeley.

Evidence of herbivory w as defined in each 
plant as containing a m inim um  of two bites on 
the thallus. Samples from  each site were 
organized into four groups: Containing
epiphytes with no evidence of herbivory, 
containing epiphytes w ith evidence of 
herbivory, clean with no evidence of 
herbivory, and clean w ith evidence of 
herbivory. The number of plants in  each of 
these categories was recorded and graphed 
with respect to location site (Fig. 4).

Calc#icHfM??! Tests

Visible epiphytes were removed from 
epiphyte covered plants using a wire brush 
and tweezers. Plants were rinsed with fresh 
water and placed to dry on filter paper over 
the course of 2 nights. Individuals were 
partitioned into samples of approximately 15 
grams and the weight of each sam ple was 
recorded. Samples were placed in  beakers 
containing excess 10% HC1 for a timed period 
of 30 minutes until bubbling had ceased. 
Samples were removed, washed, and allowed 
to dry for two full two nights on filter paper. 
Weights of dry samples w ere subtracted from 
their respective initial weights to determine 
the original percentage of calcium  carbonate 
in each sample. Two replicates w ere obtained 
at both Point Aroa and Faimano reef for a total 
of four calcification values in regards to each 
defined category. M aharepa reef collections
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yielded insufficient H. discoidea and could not 
be used for calcification comparisons.

7e?nae Mapping ofH. discoidea

Within the shallow zone of Point Aroa, 
fourteen naturally occurring individual plants 
of H. discoidea containing less than ten percent 
epiphyte coverage were marked, as well as 
fourteen samples of H. discoidea with eighty 
percent or greater epiphyte coverage. 
Individual plants were chosen using a random 
number table in regards to degree and 
distance from two conglomerate islands 
located off the coast of the main conglomerate 
platform. Zip-ties marked with red and 
orange flagging tape were anchored to coral 
heads to differentiate exact locations of clean 
individuals from those containing epiphytes. 
A retractable measuring tape was used to 
obtain H. discoidea distances from the coral 
conglomerate islands. A site map with 
locations of plant individuals was sketched 
and printed on waterproof paper to reference 
under water (Appendix A).

Specimens were monitored periodically 
over an eleven-day period. Bites on each plant 
were recorded every day of observation. All 
samples were monitored for significant 
epiphyte development or loss.

Cage CoHsfrHcfion and Preparation

Cages were constructed using baling wire, 
nylon string, and zip ties (Appendix B). 
Twenty-four double reinforced cage bases 
were created by braiding together strands of 
baling wire to create a circular bottom with a 
.4 meter diameter. Single strands of baling 
wire were clipped and braided through the 
base to form a dome top with a height of .15 
meters.

Covered cages were created through 
additions to the original cage design. Black 
mesh with holes measuring 1cm by 1cm was 
used to cover the dome surface. Excess mesh 
was attached to the wire strands of the dome 
and braided around the edge of the base using

nylon string. Excess wire was left uncut to aid 
in the fastening of the cages to dead coral 
substrate.

Twenty large pieces of coral rubble with 
attached clean and epiphyte covered H. 
discoidea plants were collected from the back 
reef of Point Aroa. These plants were 
removed from the coral substrate as needed in 
order to isolate 3 naturally occurring H. 
discoidea specimens on each rock surface. All 
individuals were visually estimated to be 
approximately 3 to 5 grams each in wet 
weight. These plants w ere not removed in 
order to keep the holdfast intact. A color- 
coded system of orange and black was used to 
differentiate rocks containing clean plants 
from rocks with epiphyte-covered plants. 
Visually observed epiphytes were removed 
from the plants of 4 rocks containing epiphyte 
covered plants using a wire brush and 
tweezers. These rocks containing H. discoidea 
individuals that had undergone epiphyte 
removal were coded red, while H. discoidea 
control rocks were unmarked. H. discoidea 
control rocks contained one clean plant, one 
epiphyte covered plant, and one plant that 
underwent the epiphyte removal process. 
Individual plant location with respect to 
substrate was marked and all initial bites 
recorded.

i-aimaMO Reef Cage Placements

Cages were placed within both the shallow 
and deep zones of Faimano reef. There were 
four points of cage placement (Fig. 3). At each 
point 4 cages were placed: 1 uncovered cage of 
clean individuals, 1 uncovered cage of 
individuals with epipihytes removed, 1 
uncovered cage of individuals containing 
epiphyte coverage, and 1 covered cage 
containing one of each of the three plant 
designs. Each placement point contained four 
cage designs for a site total of 16 cages. The 
prepared rocks of H. discoidea plants were 
anchored to coral heads within their 
respective cages. The cages were monitored
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for new  bites every two days for a period of 8 
days, after w hich they w ere rem oved.

at Faimano reef.

RESULTS

Hahmeda disfribufions

TABLE 1. D ata from  a contingency analysis of 
H. discoidea and H. opMHfia___________________

Rsquare Chi-
square P-va/ue

H.cf/sc. 4 0.1783 10.84 0.028
/-/.op. 8 0.0428 7.578 0.476

Point Aroa, Faimano Reef, and Maharepa 
were included in the contingency analysis of 
H. discoidea. H. discoidea was not observed at 
the Berkeley Gump Station and the barrier 
reef of Atiha. These two sites were not 
included in  the H. disccidea contingency 
analysis. Chi-square values and p-values 
were considered from the likelihood ratio in 
both distribution analyses. With a chi-square 
value of 10.84 and p<.028, site depth clearly 
affected distribution of H. discoidea.

All sites were included in the contingency 
analysis of H. opanfia distributions. With a 
chi-square value of 7.58 and p<.48, the 
distribution of H. opanfia showed no 
significance w ith relation to depth.

Site Compositions

At Point Aroa and Faim ano Reef, there 
was a high incidence of plants containing 
epipihyte coverage with evidence of herbivory 
(Fig 4). Relatively low num bers of clean H. 
discoidea plants were collected from Faimano 
reef compared to Point Aroa. The majority of 
clean individuals collected at both sites had no 
observed evidence of herbivory.

High numbers of clean H. discoidea plants 
exhibiting herbivory were collected from 
Maharepa. No epiphytes were observed, with 
staghorn coral crevices yielding the only 
collected specimens of H. discoidea within this 
location. These specimens exhibited evidence 
of herbivory solely along the outer edges of 
the thallus (personal obs.).

250
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E3
Z

1 5 0

100

50

Point Aroa Faimano
Reef

M aharepa

FIG. 4. Total H. discoidea individuals with 
regards to collection site, evidence of 
herbivory and epiphyte coverage.

Decaici/icah'ons

Samples yielded calcium carbonate 
percentages ranging from the low sixties to 
high seventies. Calcium levels varied 
significantly by collection site (p<.0004). 
Evidence of herbivory was insignificant to the 
calcium levels of the samples (p<.8115), but a 
significant difference was show n in calcium 
levels of those with epiphyte coverage 
(p<.0075) compared to clean samples.
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TABLE 2. ANOVA data comparing calcium 
carbonate percentage with respect to epiphyte 
coverage, herbivory, and time. ________

Test cff
Sum of 
Squares P P-va/ue

Location 1 295.24 48.84 0.0004
Epiphytes 1 95.52 15.04 0.0075

Herbivory 1 7.45 1.22 0.8115

Point Aroa Mapping

Epiphyte covered H. discoidea piants 
monitored at Point Aroa over the course of 
eleven days received a significantly higher 
number of bites than clean plants (fig. 5). T- 
tests comparing new bites on epiphyte 
covered and clean plants were run for each 
day of observation assuming equal variance. 
T-test

FlG. 5. New bites recorded over an 11-day 
period at Point Aroa, Temae

Sums of assumed equal variance showed 
significant difference between bite rates over 
the 11 days dependent on epiphyte coverage 
(p<.0001). No loss or development of 
significant epiphyte coverage (+/-10%) was 
observed throughout the 11-day period (pers. 
Obs).

TABLE 4. T-test analysis of Point Aroa data

Difference f Test df P-va/ue
Obs. 1 -0.786 -2.35 26 0.0267
Obs. 2 -0.6429 -2.86 26 0.0083
Obs. 3 -0.5 -2.01 26 0.0544
Obs. 4 -0.57 -2.05 26 0.0506

fa:??M7io Reef Caging

In relation to placement, design (H. d;'sco;dea 
contents of each cage) and time, statistics were 
calculated using ANOVA and examined 
according to Wilkes' Lambda test (Appen. D).

FIG. 6 and FtC 7. A comparison of new bites 
generated per day in shallow (top) and deep 
(below) zones of Faimano reef.

Time was a significant factor (p<.0001), as well 
as the combination of both time and design 
(p<0426). Placement over time was 
insignificant (p<.7810), with the combined
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factors of time, design, and placement also 
exhibiting low significance (p<.0828). A 
significant difference in bite succession was 
observed between cages placed in the shallow 
zone (points A and B, Fig. 6) versus those 
placed in the deep zone (points C and D, Fig. 
7). This significant difference was shown with 
respect to time (p<.0001).

Discussion

The results of calcium carbonate content 
analysis of H. discoidea have supported the 
hypothesis that calcium content in plant 
specimens is negatively correlated with 
epiphyte coverage. The finding that epiphyte 
coverage is associated with increased 
herbivory by fishes may be attributable to this 
observed decrease in calcium content.

Studies have found that algae in reef areas 
with a high incidence of herbivory tend to 
grow in tightly packed colonies, while algae in 
areas of low incidence of herbivory occur as 
scattered individuals to enable growth more 
rapidly (Hay 1996). Observed bunching of H. 
discoidea at Faimano Reef and the scattered 
plant individuals at Point Aroa suggest the 
degree of herbivory on H. discoidea depends on 
reef environm ent and location.

H. discoidea specimens containing 
significant epiphyte coverage were indeed 
preferable to  clean plants in regards to fish 
herbivory. Further exploration is needed to 
determine w hether this observed preferential 
herbivory is  due to lower calcium carbonate 
levels and/or the potentially low calcium 
carbonate levels of the epiphytes themselves. 
Many H. discoidea individuals contained 
micro-epiphytes that were impossible to 
remove w ithout harming the thallus. These 
m icro-epiphytes could have a direct effect on 
the nutritional appeal and calcification of 
plant individuals.

A lthough blockage of sunlight due to 
epiphyte coverage may play a roll in 
calcification o f Hahmeda, there are many other 
factors that can potentially influence 
calcification. Studies have found that calcium

carbonate levels of Haiimeda can vary with age 
(Hillis-Collinvaux, 1980 and Abel, 1985). 
Hahmeda are also capable of obtaining 
nutrients directly from the sediment, 
indicating that substrate could influence 
calcification (Williams, 1984).

The roll naturally occurring feeding 
deterrents in HaHmeda play in palatability was 
considered due to the significance of time over 
the course of the Faimano reef caging 
experiments. A pronounced decrease in new 
bite rates in the shallow region occurred after 
the fourth day of observations. "Activation" 
of deterrent metabolites stored in the algae to 
increase chemical defense after detection of 
damage may have been responsible for the 
marked bite rate decrease after day four of 
observation (Van Alstyne and Paul, 1988). 
This chemical release may have consequently 
discouraged further feeding by herbivores.

Epiphiyte coverage in this study 
correlated with decreased calcium content of 
H. discoidea, as well as increased fish 
herbivory. As a key source o f calcific 
sediments, Haiuneda species are essential to 
the survival of our tropical reefs and the 
health of marine communities. Further study 
of the relationship between epiphytes and 
Halimeda species is warranted to determine 
their impact on these algae.
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APPENDIX A

KEY

(ie.6bt

POINT AROA H. DISCOIDEA LOCATIONS p * S c7^

^ E l=  .50 m from coral head, Q both tap ch 8d
lJd ftu b .) C l=c id o o f E 2=2b
cm dhM d, l  ld itJ .) C i=n b

F 7 = 5  fram com#r ^ _straight dwn. E6= 1.24d. nb
dnn. nb C6= L02d*nb
E8= ?5d, lb

LOCATION DESCRIPTIONS

E 3-3b ,.8d  
C3-nb, ^d

I — E12=right of cmr. ^d , 4b
C12&C13= Mt of cmr, both 65.

^  E4= 3fc, lb
*C4=.32,nb

C9= reaDy amoIL 

E9= nb, depth

Q-
E5=.8m, 2b

F—

E i i =  2m doirn, ib ^  C14= 55 FC. ^ d  nb
E14= 75d, .5FC, 4b

j6d, C ll= ."m d .

M ap  created  for reference during p eriod ical observations of H. discoidea p la n t  in d iv id u a ls  a t  
P o in t A roa, Tem ae.

APPENDIX B .

U ncovered and covered designs of cages p laced  a t F a im an o  reef.
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APPENDIX C .

Test Va/ue F Mum <# Den cff P-va/ue
Time 1.080045 10.0804 3 28 0.0001
Time*Ptace 0.827468 0.6141 9 68.295 0.781
Time*Design 0.553628 2.0868 9 68.295 0.0426
Time*P)ace*Design 0.310718 1.5023 27 82.417 0.0828
Faim an o reef A N O V A  d ata  com paring tim e w i th  p ia ce  and design.

APPENDIX D .

Si te Genus Sp ecies Lineage
P Boodiea Anneanea C h lo ro p h y ta
P Codinni C h lo ro p h y ta
P Haiiweda incrassata C h lo ro p h y ta
F ,P Haiimeda opnnfia C h lo ro p h y ta
P UiPH iactaca C h lo ro p h y ta
F ,P VenfricarM uentricosa C h lo ro p h y ta
F,P Si/wpioica Bydnoides C yano bacteria
F CBnoospora implexa Fucophyceae
F ,P Dictyofa Fucophyceae
F LifiiopByllMn! imtscizyanMnz Fucophyceae
P Sargassnni fnangarepense Fucophyceae
F ,P Tnr&inaria omafa Fucophyceae
F Actinotrichea /ragiiis R h o d o p h y ta
F Grafeionpia /iiicina R h o d o p h y ta
F Hypnea spineiia R h o d o p h y ta
F ,P /ania * R h o d o p h y ta
F Poiysipiionia * R h o d o p h y ta

*Nof identified
Id en tified  e p ip h y te s  o f H. d:sco:deH p lan ts co llected  a t F a im an o  R eef (F ) and P oin t A roa (P) 
Note; V oucher specim ens are deposited in th e  U n iv ersity  H erbarium
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R&izop&ora Sfi/Zos% and Sediment

Morphology on Mo'orea, French Polynesia

ERIN H ESTIR

Department q/Geography, L7n:vers:fy q̂ CaII/b?*n:a, Berkeley, Ca/t/brnz'a, 94720, USA

Abstract. Mangrove and salt grass marshes on the coast of M o'orea, French Polynesia 
play important physical roles in the evolution of the coastline. There is dissent among 
scientists as to whether mangroves trap sediment. Bird (1986) found RMzopbora is not 
among the mangrove species that are principal agents in sediment trapping, but more 
recent modeling has shown the prop roots of RMzopkora to capture more sediment than 
other species. (Furukawa & Wolanski 1996) The objective of this study w as to determine 
if the non-indigenous mangrove Rktzophora Sfyiosa promotes an increase in sedim ent 
accretion relative to the salt grass P. uaginatam. Sediment elevation fluctuation rates, net 
sediment elevation change, belowground root biomass and soil particle size were 
measured. It was determined that there is no discernible trend in sediment elevation 
change over time. Sediment fluctuation rates and root biomass measurements indicate 
the potential for R. sfyiosa marsh to promote more sediment accretion, but there is no 
statistically significant difference in net sediment elevation change between R. sfyiosa and 
P. PHg:nafM?H. Soil particle size analysis indicates the potential for P. pag:natM?n to 
promote more sediment accretion. It was not possible to reject the null hypothesis, but 
evidence indicates the need for more research, including sedim ent elevation 
measurements over a longer period of time, and greater replication of soil samples and 
root cores.

Key words.* mangroues; RBizophora sfylosa; salt grass; marsh; sediment accretion, Moorea

Muddy low energy coasts support 
diverse biota. Some of these vegetation 
types on Moorea come in the form of salt 
marshes and mangrove stands. The 
vegetation found on the coast plays 
important physical roles. Vegetation 
attenuates wave and current energy, 
binding sediment and reducing erosion. 
(Woodroffe) There is a long standing 
assertion that mangrove stands play crucial 
roles in trapping sediments, pervading even 
the literature on Mo'orean mangroves, 
where accretion has not been measured. 
Davis (1940) asserts that much has been 
written about mangroves and the

INTRODUCTION sedimentary process, but Spenceley (1987) 
points out that there is little factual 
information to support this statement. 
There is a current disagreement among 
scientists as to the role of mangroves in 
sediment trapping (Krauss 2002), but 
studies on sediment m orphology of 
mangroves have shown m angroves to act as 
geomorphological agents in coastal areas by 
trapping sediment (Bird 1986).

Paspalum is a perennial grass native to 
tropical and subtropical regions worldwide. 
It spreads by stolons and rhizomes, and is 
adapted to sandy-soiled aquatic, semi- 
aquatic, and moist environments. (Cyril et 
al 2002) Paspalam pag:nafnH! is a pan- 
tropical halophytic weed. W hether or not it
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is native to French Polynesia is unknown.
(Bartoiome pers. comm.)

R. styiosa was introduced to Mo'orea 
approximately 55 years ago. (Fosberg, 1992) 
It is invasive on the island of Moorea. Trees 
of this genus are characterized by 
aboveground, tangled prop roots. 
RMzophora can also produce aerial anchor 
roots from their upper limbs when extra 
support is needed. R. sfyiosa is native to 
southeast Asia and the western and south- 
central Pacific. (Duke et al 1998)

Studies on Rhizophora spp. show that its 
prop roots have facilitated deposition and 
opposed erosion. (Spenceley 1987) 
Modeling by Furukawa & Wolanski (1996) 
has predicted RMzophora prop roots to 
capture more sediment than other species, 
and Furukawa et al (1996) found 80% 
retention of sediment during a spring tide 
event. Rhizophora wangle (found in Hawaii 
as an invasive mangrove) as been found to 
reduce the velocity of water (Scoffin 1970, 
and Furukawa et al 1996), thus increasing 
potential for sediment accretion. Mangroves 
appear to be principal trappers of sediments 
on Pacific Islands (Krauss 2002), thus 
increased sediment accretion should be 
expected in the Rhizophora sfyiosa stands of 
Mo'orea.

The objective of this study was to 
determine if the non-indigenous mangroves 
R. sfyiosa, once established, promote an 
increase in sediment accretion relative to the 
Paspalaw caginafaw salt marsh. Soil samples 
were analyzed from three different 
mangrove and salt grass marshes on the 
island to determine particle size distribution 
and root biomass. Accretion rates were 
measured over time using bamboo stakes 
implanted in the mud.

METHODS AND MATERIALS 

Site Description

The island of Mo'orea is located within 
the Society Archipelago of French Polynesia

at 17°31'S, 149°50'W. French Polynesia has a 
humid to sub humid m aritime tropical 
climate, with the trade w inds blowing from 
the East averaging 10-20kn. The w et season 
occurs from December to March. (Atlas of 
French Polynesia 1993) M o'orea is a high 
volcanic island, 1.6 M illion years old, with a 
barrier reef encompassing a lagoon. The 
sediment cover contains both sediment from 
volcaniclastic rocks from the weathering of 
the volcano, and carbonate rocks from the 
deposition of chlorozan of algae and corals. 
(Rougerie et al 1997)

Figure 1. Sites sampled on Mo'orea, 
French Polynesia.

Site selection is replicated from W oo's 
study (1996) on the comparative effects of 
R%tzop?Mwa sfyiosa and HiHscMs hhaceas on 
Paspalaw pag:natMM. Three sites were 
chosen where stands of R. sfyiosa and 
patches of P. paginafaw occur side by side. 
All three sites are bounded by small stands 
of Hibiscus Miaceas and the circum-island 
road.

Site 1 is located outside the town of 
Papetoai on the north side of the island near 
PK marker 24. Site 1 is the youngest of the 
R. siy/osa stands (pers. comm. Mishler). The 
R. sfyiosa stand extends approximately 15 
meters from shore. A small tidal creek (25 
cm or less in width) intersects the stand. 
Sample plots were selected at a distance at
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least 5 m eters from the creek to avoid any 
localized accretion events that could be 
attributed to the creek flow. The P. 
p#gHi#fMMi m arsh is located on the eastern 
side of the m udflat and is very limited in its 
establishm ent, covering an area of 
approxim ately 25m^.

Site 2  is located on the w est side of the 
island past PK  m arker 35 at the edge of the 
tow n of H aapiti. The R. stylos# stand at this 
site is the m ost lim ited of the sites. It 
extends only 7  m eters from  shore. There are 
tw o P. r#gHi#fM7M m arshes 60m  east of the 
m angrove stand that are separated from 
each other b y  a sm all stand of R. stylos#. The 
first P. u#gi?t#fMyn m arsh closest to the R. 
stylos# stand w as selected, as it contained no 
R. stylos#. The sam ple plot was m oved to 
the second P. p#giM#fM?M m arsh during the 
second w eek of O ctober due to interference 
from  foot and boat traffic.

Site 3 is  located approximately 500 
m eters south  of site 2 at the Haapiti town 
m arker sign. Both site 2 and 3 are at the 
sam e aspect on the w est side of M o'orea, 
and experience the same local w eather 
conditions and tidal flow. Site 3 contains 
the densest and m ost established R. stylos# 
stand, over 25 from  fringe to coastal zone. 
U nique to site three is the reestablishm ent of 
P. u#gi?i#fM?M after a clearing of part of the R. 
stylos# stand. The stand was cleared 
betw een 10 and 20 m onths ago to give the 
landow ners access to the coast, and to allow 
the fam ily  to  m ake a claim on the land. 
There is a sm all tidal creek (33 cm in width) 
that runs through the P. p#gin#fM?M at this 
site. Z ones w ere chosen to not overlap with 
this creek.

Sediment Elev#fiow Oi#nge

Sed im ent elevation change was 
m easured b y  m easuring the height of 
bam boo stakes above sediment level. I used 
the m ethod s of Krauss (2002) to determine 
sedim ent elevation change with several 
m odifications. In each of the three sites,

three zones w ere identified (m oving 
seaward to landw ard) as fringe, coastal, and 
interior.

plot selection. This w as replicated three 
times for both species.

W ithin each zone three lm  diam eter 
plots contained w ithin a 5m -radius area 
were selected random ly. The
randomization consisted of establishing the 
center of the zone and em ploying a random  
num ber table to designate heading and 
distance from center. A t the center of each 
random ly selected lm  plot one lm  long 
bam boo stake w as em bedded into  the m ud 
using a mallet w ith a rubber head. Each 
stake was imbedded as deeply as possible 
before resistance w as m et. T his depth 
ranged from 25-80cm  deep. A total of 36 
bam boo stakes were im bedded: 9 in  the 
mangrove stand and 9 in  the P. p#gHi#fMM? 
marsh at each of the three sites.

In the coastal zone of each  o f the 
mangrove stands a treatm ent w as 
established by rem oving the m angrove prop 
roots from three lm -d iam eter plots. A
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bamboo stake was embedded in the mud in 
the center of each of the treatment areas. 
The elevation of each stake above sediment 
ievei, both mangrove and cleared, was 
measured 3 times per week for a total of 4 
weeks. Measurements were made at the 
same time of day at each of the sites. Site 1 
was measured at 9:30 am, site 2 at 10:45 am, 
and site 3 at 11:45 am. All measurements 
were made to the nearest tenth of a 
centimeter. Personal measurement error 
was calculated to be less than 1%.

Net sediment elevation change was 
calculated by taking the mean of the 
difference of the initial sediment height and 
the final sediment height. Sediment 
elevation fluctuation over time was 
calculated by the mean of the difference of 
measurement from the previous day. 
Analysis of variance was calculated between 
species and between zones (ANOVA).

Soil Texture Analysis

The particle size composition of soils 
was analyzed using a hydrometer technique 
modified from Cox. (1990) 18 soil samples 
were collected. A 10cm deep soil sample 
from each zone was taken using a 7.6cm 
core. Approximately 50 g of soil was placed 
in an aluminum foil boat and oven-dried in 
a Fischer Scientific Isotemp Oven for 24 
hours at 250°C. The sample was then 
disaggregated mechanically between two 
sheets of wax paper using a rolling pin. 
Organic matter was not removed.

Soil samples were sieved to determine 
soil texture. Samples were divided into 20- 
25 g. Each sample was weighed, sieved 
through a #10 (2mm) sieve, and weighed 
again. From this the fraction of gravel 
contained in each sample was determined.

Analysis of variance was calculated 
between species (ANOVA) and between 
zones.

Roof Biomass

Root biomass samples were taken at all 
three sites in both R. sfylosa and P. oagmafum 
marshes where the soil sam ples were taken. 
A cylindrical corer with a diameter of 7.6cm 
was used. Sample depth was taken to 10 
cm. The core was placed on a fine mesh 
screen and rinsed with pressurized water to 
remove soil from root mass. The roots were 
then oven-dried and weighed to determine 
root biomass.

Analysis of variance was calculated 
between species (ANOVA) and between 
zones.

All statistical analyses were performed 
in JM P IN 4.0 statistical software.

RESULTS

Sediment Eieoafion Change

There is no discernible trend in 
sediment accretion rates over time. (Figure 
3 & 4) Both r. sfylosa and p. oagmafum 
systems are variable. Sedim ent elevation 
fluctuation was slightly greater in P. 
oagmafam than in R. sfylosa. There is no 
significant statistical difference in sediment 
fluctuation between species (P=0.85). There 
is no significant difference in sediment 
fluctuation between zones (P=0.32)

Thne

FIG. 3. P. oagmafam sediment elevation 
fluctuation from Oct. 12-Nov. 9,2004.
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F IG  4. R. sfyios# sediment elevation 
fluctuation from  Oct. 12-Nov. 9, 2004.

There is no statistical difference in net 
sedim ent elevation change between the 
species. t=-0.204, P=0.8391 (DF=53).
Statistical analyses of variance on the 
elevation data by zone also showed that 
there is no statistical difference in sediment 
accretion rates by tidal zone for either 
species. R. sfylosa P=0.69, P. p#g!n#fM7H 
P=0.08.

There is no change in sediment 
elevation for prop root cleared areas in R. 

stylos#.

Roof Biomass

Soils observed at all sites w ere sandy in 
texture w ith h igh  organic m atter content, 
the am ount of sand and gravel varied by 
location. There are a h igher percentage of 
sedim ent particles over 2m m  in  R. sfyios# 
than in P. p#giyi#fn?H. (Figure 6) D ue to low  
replication, statistical analysis w as not 
perform ed on this d a t a . __________

Percent Ov$r2mm Fraction

35.00%
30.00%
25.00%

5  20.00%

# 15.00%
10.00%

500%
0.00%

FIG. 6. Percent of sedim ent w ith particle 
size over 2m m  for R. sfyios# and P. 
paginafam marsh.

Root biom ass is greater in r. sfyios# 
stands than in  p. paginafam marshes. (Figure 
5) Due to low  replication, statistical analysis
w as not perform ed on this d a t a .___________

Iota! Root Biomass by Zone

Coastai tntertda) Fringe 

Zone

FIG. 5. O ven-dry weight in grams of root 
biom ass for R. sfyios# and P. paginafam 
m arsh.

D ISC U SSIO N

Soil Texture Analysis

The presence of greater am ounts o f sand 
and gravel in R. sfyios# than  in  P. paginafnm 
m ay indicate that P. paginaftitn has had 
higher rates of sedim ent accretion than r. 
stylosa in the past. The general m odel of 
sedim ent accretion in  salt m arshes supports 
this whereby: a salt m arsh is a lim ited
accom m odation space w ithin  w hich tidal 
sedim ents can b e deposited. A s sedim ents 
accrete, the frequency of inundation 
reduces, and inorganic sedim entation rate 
slows. Plant m aterial, particularly roots, also 
contributes to sedim ent com position. In the 
final stage of m arsh developm ent, peat m ay 
form  w hen tides no longer bring in  
inorganic sedim ent. (W oodroffe) Thus it is 
not possible to reject the null of the
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hypothesis: there are data that indicate a 
difference between R. sfyiosa and P. 
paginafayn accretion

Due to iow replication, the results of the 
2mm fraction sieve are descriptive only. 
This should be repeated with greater 
replication in order to obtain quantitative 
results.

Based on observations, the soils in both 
R. sfyiosa and P. paginafam are mostly sand. 
Soil texture analysis should be performed 
with high replication in order to describe 
and quantify soil particle size.

Sediments are defined as cohesive or 
less cohesive depending on their particle 
size. For cohesionless sediments, resistance 
to erosion is based primarily on the 
submerged weight of the particles. For 
cohesive sediments the process is more 
complicated. Resistance to erosion is based 
on several factors including the hydraulic 
shape of the floes, and the mineralogica! 
characteristics of the sediment and the 
seawater. (Krishnappan & Engel, 1994) The 
ability to correctly ascertain the 
characteristics of particle size will help to 
better quantify the ability of r. sfyiosa and p. 
paginafaw to trap sediment by 
understanding the potential resistance to 
erosion at each site.

Roof Biomass

Due to low replication, the results of 
root biomass measurements are qualitative 
only. More replication is needed in order to 
present qualitative data.

Sediment Eieoafion

W hile there is no statistical difference in 
sediment accretion rates by zone for either 
species, the P-value for the p. oaginafam is 
much lower than the P-value for r. sfyiosa.

This means that tidal zone may be 
having an affect on the sediment accretion 
rates in at least the p. paginafam marsh.

With more replication, a significant 
difference may be detected.

Fluctuation of sediment over time was 
slightly greater in P. paginafaa: than in R. 
sfyiosa. This could indicate that the below
ground root biomass of R. sfyiosa is aiding in 
trapping sediment that would otherwise 
remain mobile in the tidal environment. 
This contradicts Bird's (1986) findings that 
while certain mangrove species do trap 
sediment, R/uzop/mra is a pioneer species of 
mangrove that does not trap sediment, and 
the establishment of successional mangroves 
is important to the accretion of sediment.

Clearing prop roots from the R. sfyiosa 
had no significant effect on the sediment 
elevation, but this is probably due to the 
short amount of time during which bamboo 
stakes in the cleared area were measured. 
This should be repeated with greater 
replication, and more time should elapse 
before measurements are conducted to 
allow the system to resume normal 
fluctuation patterns after such a great 
disturbance.

There is no observed trend in sediment 
accretion over time, but it is important to 
note that these measurements were only 
done over the course of about one month, 
and during a drought. In 1980 Spenceley 
conducted a study on R. sfyiosa in the Palm 
Island Group (Eastern Caribbean) that 
showed the upper surface deposits to be 
incredibly dynamic. They measured 
sedimentation rates as high as + 20cm in a 24 
hour period. (Spenceley 1987)

The prop roots of RfazopBora can 
influence local events. During low energy 
events they can slow flow and increase 
sediment deposition. Under high energy 
conditions they can create turbulence and 
local eddies that can increase erosion rates 
(Spenceley, 1987)

While it is not possible to reject the null 
of the hypothesis (there is no difference in 
sediment accretion rates between r. sfyiosa 
and p. pagiaafaw), the hypothesis should not 
be rejected yet either. It is possible to
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propose that the sediment elevation changes 
observed are simitar to w hat Spenceiey 
observed. Root biom ass findings serve to 
strengthen this conjecture.

There w as greater biom ass of roots in r. 
sfyfos# than in p. v#gHi#fM?n. The subsurface 
rootlets of RAtzophor# have a strong binding 
effect on sedim ent as demonstrated by their 
ability to persist in an environment where 
sedim ent elevation can fluctuate by as m uch 
as 20cm  in one day. (Spenceiey, 1987) Given 
a longer period of time to conduct 
m easurem ents, w ith more replication, a 
significant difference in accretion rates may 
be detectable.

CONCLUSION

Based on preliminary research of 
sedim ent elevation change, root biomass, 
and soil texture characterization, it cannot 
be conclusively stated that sedim ent 
accretion rates are different in R. stylos# and 
P. p#giH#fM7n marshes. Soil texture analysis 
and m easurem ents of sedim ent elevation 
change over tim e show that P. v#gHi#fM?n has 
potentially higher sediment accretion rates 
than R. stylos# marshes. However, sediment 
elevation data show that neither marsh has a 
significant difference in net sediment 
elevation change. Root biom ass
m easurem ents indicate R. stylos# has 
potentially higher sediment accretion rates 
than P. p#giM#tMMi.

It is im portant to quantify the accretion 
rates of sedim ent in the r. stylos# stands in 
M oorea so that w e can better understand the 
influence these biotic systems may have on 
the coastline. Net sediment deposition will 
eventually lead to the exclusion of tidal 
influence. (Spenceiey, 1987) This could 
potentially lead to a phase shift such that the 
current system  passes a natural threshold 
and an alternative biotic community gets 
established. In order to predict what the 
ecosystem  of the future coastline on M oorea 
w ill be, it is  vital to ascertain what the

sedim entation patterns in salt m arshes and 
m angrove stands are.
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HABITUATION AND BEHAVIORAL VARIANCE OF SHRIMP- 
ASSOCIATED GOBIES RELATED TO A NATURAL

PREDATOR

MICHAEL J. KINNEY

In te g ra te  Biology, Lfniuersiiy of CaH/bmia, Berkeley, Cali/brnia 94720 USA

ABsfracf. Habituation of shrimp-associated gobies related to various stim uli was 
studied in  C ook's Bay on the island of M o'orea, French Polynesia. A  natural predator, 
the C learfin  Lionfish (Pterots radiaia), w as presented to the gobies w ith and w ithout their 
associated shrimp in order to observe behavioral differences. A dditionally, the gobies' 
general behavior and spatial orientation in six different environm ents w as studied to 
further the understanding of goby reactions to predators under different conditions such 
as w ith and w ithout the protection of a burrow. The findings of the habituation study 
w ere conclusive in showing that gobies could perceive differences in stim uli and react 
accordingly. The tested stimuli ranged from a clear-glass container to a live C learfin 
Lionfish each of which provoked a different defensive response from  the gobies. The 
behavioral study found that in the presence of a predator, the gobies rem ained near their 
burrow s a  greater proportion of the time (95% in field and 100% in  the lab) and their 
activity levels decreased. One interesting observation in  the habituation study points to 
the idea that the orientation of the stimulus my have broad im plications on  the defensive 
response of the gobies. This will require further research to be conclusive.

Key words; mutualism; commensalism; symbiosis; habituation; Gobiidae; alpheid shrimp; 
predator; Society islands; Mo'orea, French Polynesia.

INTRODUCTION

Biological interactions such as predation 
(Caley and St John 1996), competition 
(Petersson 1999), commensalism, and 
m utualism  (Thom pson 2004) are all factors 
that affect the distribution and abundance of a 
species, along w ith physical factors such as 
need for specific microhabitats. Studies on the 
effects of negative interactions like predation 
(Caley and S t John 1996), and competition 
(Petersson 1999) abound, but studies on 
positive interactions such as commensalism, 
and m utualism  are far less common even 
though their effects on distribution and 
abundance can  be quite pow erful (Thompson 
2004). T here are situations in which the 
distribution and abundance of fish is impacted 
directly by the presence of a habitat-providing 
organism , w ithout their mutual partner the 
fish cannot survive (Thompson 2004); and 
conversely som e fish have the ability to 
im prove habitat availability simply by their

mutual existence (Thom pson 2004, Reavis 
1997); som e coral-dw elling gobies can enhance 
the grow th rates of corals and so in turn 
provide m ore habitats for them selves. This 
im provem ent in  habitat availability also has 
effects on  m ating and m onogam y since it 
lowers m ale -  m ale com petition for favorable 
environm ents (Reavis and Barlow  1998).

Though understudied, m utualism  is a 
very im portant population factor in m any 
marine fish and anim als in  general. In  the 
family Gobiidae, m utualism  is a fairly 
com m on event; there are m ore than 100 
species of goby and 20 species of shrim p that 
share in this mutual interaction (Thom pson 
2004). The m utualistic relationship betw een 
gobies and alpheid shrim p arises from  the 
symbiotic need each has for the other. The 
gobies require the burrow  of the shrim p for 
shelter, whereas the shrim p require the 
protection of the goby because its ow n 
eyesight is poor. The goby acts as an alert 
system  for the shrim p (Karplus 1972a, b,
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Karplus 1974, Preston 1978). Without the 
protection provided by the shrimp burrow, 
goby mortality is high, and without the 
protection of the goby, shrimp digging rates 
drop; if the shrimp is not digging it is not 
feeding and so its growth rate is reduced 
(Thompson 2004). This relationship allows the 
gobies and their mutualistic partners to 
expand their habitat range. It also means that 
the gobies' distribution is limited to areas 
where the shrimp finds its optimal digging 
environment, approximately 71% sand and 
29% rubble (Thompson 2004).

This study tested whether or not shrimp- 
associated gobies could habituate to a given 
stimulus after multiple presentations. I also 
conducted a spatial behavioral time allotment 
study of gobies in various environments with 
and without associated shrimp, burrows, or 
lacking a burrow a thigmotactic stimulus such 
as the tank sides. By combining these studies,
I will attempt to understand how gobies react 
to predators, how gobies identify their 
predators, how their behavior changes when 
in a defensive situation, and whether or not 
they are able to habituate to invasive stimuli.

METHODS

Goby and shrimp pairs were studied in 
the shallow sandy waters of Cook's Bay 
directly in front of the University of California 
Gump research station. The station is on the 
north shore of Mo'orea, Society Islands, 
French Polynesia (17°30'S, 149°5(TW).

The gobies in my study were small (5-6 
cm) in length with slim round bodies, mostly 
white in color with brown spots and 
microscopic blue and gold spotting all along 
the body. The gobies make their homes on the 
sanding bottoms of calm lagoons in the 
burrows of apheid shrimps. They have acute 
eyesight and act as sentries for the shrimp that 
dig and maintain their homes, being as the 
shrimp themselves are basically blind 
(Karplus 1972a, b, Preston 1978, Karplus 1974, 
Thompson 2004).

All gobies captured in this study were 
maintained in three different 78.7x50.8x43.2 
cm  glass aquaria containing 22.9-25.4 cm of 
sand collected from the shallow sand flats in 
Cook's Bay. These aquaria were further

divided into sections (Figs, la , b). There were 
two of the Fig. la  tanks and only one Fig. lb

Made of ciear plexiglass with 
Cow through holes drilled m it

10 in. 21 in.

Fig. la . Tank setup for the behavioral 
study.

Made of black plexiglass with 

How through holes drilled in it

Min. I0m_ H in.
Fig. lb

tank. All animals captured in this study were 
held for no longer then 72 hours. To capture a 
Clearfin Lionfish I employed clove oil 
(Munday 1997) to disorient the animal and 
then multiple nets to extract it from its rock 
dwellings. Clove oil was also used to capture 
the gobies used in this study. The clove oil 
incapacitated the gobies long enough to net 
them if they were out in the open, or to dig 
them out of their burrows w ith a spade if they 
retreated into them. No shrimp were collected 
for this study. AH work w as conducted from 
September 29 through November 14,2004.

Habituation

The habituation study consisted of four 
stimuli. 1: glass container 17.8 cm  in diameter 
and 8.9 cm deep. This was covered by a clear 
plastic sheet with holes in  it to aHow water 
flow. This was the control stimulus, its main 
purpose was to test and insure that the gobies
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reaction to it were insignificant. 2: my hand 
passed over the burrow. The hand trials were 
conducted to confirm  that not just any 
stimulus presented to the gobies would elicit 
the sam e reaction. 3: the same glass container 
with a wood block in the basic shape of a fish 
inside that w as painted red w ith w hite stripes 
to sim ulate the color pattern of a lionfish. 4: 
the same glass container but with a living 
Clearfin Lionfish (Pterois radiata) inside. The 
lionfish w as chosen because it is a natural 
predator of the goby. Each of these four 
treatments w as tested 15 tim es on different 
gobies found living in burrows w ith shrimp in 
Cook's Bay. To reduce the probability of re
testing the sam e goby, I moved m y study sites 
after each goby was tested and never tested in 
the sam e area twice. For this study the 
Clearfin Lionfish was kept in  the larger 
portion of the tank in Fig. l a  when it was not 
being used in  the field. All data collected in 
the lagoon w ere measured w ith w aterproof 
stopw atches and recorded w ith pencils on 
w aterproof w hite plastic writing boards.

To study habituation in gobies each 
stimulus w as presented 15 tim es to one goby 
in C ook's Bay; each presentation was 
conducted in the same manner. The stimulus 
was brought straight forward to within a foot 
of the gobies burrow entrance, then backed 
away to the left three feet and then brought 
back across the front of the burrow  from  the 
left. W hen the goby retreated into the burrow 
the tim e w as noted in seconds, if there was no 
retreat the fish w as noted as being habituated 
to the tested stimulus. Once the goby 
retreated into the burrow I backed away from 
the burrow  to a safe distance (3-5  meters 
depending on  visibility) and recorded how 
long it took the goby to reappear at the 
entrance to the burrow. After reappearance, 
the goby w as allowed five m inutes to recover 
from  the trial and then was presented again 
w ith the sam e stimulus. If upon reaching the 
tenth presentation the goby continued to 
retreat the fish was recorded as not 
habituating to the stimulus. Once either the 
ten presentation maximum was reached or the 
goby habituated the trial w as concluded for 
that individual.

Spatial bebaviorai time aHotment

The behavioral study w as conducted in 
both the lab and the lagoon to observe how 
gobies behave in  the presence or absence of a 
predator, in differing environm ents. Each 
captured goby was placed alone into a 
different section of the previously described 
tanks (Figs, la ,  b). Each section  of the tanks 
was used as a different study environm ent to 
exam ine the behaviors o f the gobies. There 
were four lab environm ents and tw o field 
environm ents. The lab environm ents 
consisted o f 1: pure sand environm ent; 2: 
environm ent w ith one artificial burrow ; 3: 
sand environm ent w ith a lionfish  present; and 
4: artificial burrow  environm ent w ith a 
lionfish. The artificial burrow s used in  two of 
the environm ents w ere both the sam e, they 
were 24.1 cm  long plastic p ipes, capped at one 
end and buried in the sand. The center 
environm ent of the three-section tank w as not 
used because the black plastic dividers on 
each side cut dow n on light (Fig. lb ) . The two 
field environm ents w ere 5: plain field
observations, a goby shrim p pair as they are 
naturally; 6: field observations w ith  a lionfish 
placed near the burrow. N o open sand field 
studies could be perform ed because even 
when a goby w as found in  the open, their 
burrow w as not far aw ay and they quickly 
fled to it. In  each environm ent, one goby w as 
observed for 23 m inutes at a tim e and all its 
behaviors as w ell as w here they occurred were 
recorded on a  m inute to m inute basis. This 
was done in  the field as w ell. The specific 
behaviors that w ere recorded and the zones in 
which they occurred are show n in  (Appendix 
A).

RESULTS

Habituation

The em pty glass container w hich w as the 
control served its purpose w ell. It had the 
lowest m ean num ber of presentations before 
habituation, 1.8 + / -  2.3 and the m ode num ber 
of presentations before habituation  w as 0. The 
hand trials m ean num ber of presentations was 
3.7 + / -  1.3, the m ode num ber w as 4 
presentations before habituation. The m odel

8 0



iionfish was constructed to simulate both the 
coloration and basic shape of a real Clearfin 
Lionfish. The results show a mean 
habituation time of 6.4 + / -  1.7 trials and the 
mode number of presentations before 
habituation was 7. The lionfish was meant to 
be the most threatening stimulus of the four. 
The gobie's reactions to the lionfish were the 
most sever of any of the other tested stimuli. 
The mean number of presentations before 
habituation was 9.9 + / -  0.4 with the mode 
number of presentations before habituation 
being 10. The trials were usually concluded 
without the gobies habituating since after 10 
presentations the trial is over (Fig. 2).

!LhMhsh

Wand

Fig. 2. The average number of retreats for 
each stimulus, the error bars indicate one 
standard deviation.

A one-way analysis of variance by type 
using Kruskal-Wallis supported my
hypothesis that the different stimuli have an 
effect on the number of retreats (X^ = 46.74, df 
=  3, P  <  0.0001).

After each presentation of a stimulus, the 
time of retreat and emergence from the 
burrow was noted for each goby. The times 
were compiled and averaged based on trial 
number. The lionfish trial starts off with the 
highest amount of time spent in hiding and 
although it does decrease over time, it still

being presented with each stimulus.

remains the highest of the four trials (Fig. 3).
A repeated measures analysis of variance 

using Wilks' Lambda was significant, 
indicating that each stimulus had a definite 
effect on the amount of time spent hiding in 
the burrow after each presentation (df =  27, P 
<0.0031).

Spatial behaciorai time aMo&neni

The gobies spent most of their time (100% 
in lab and 95% in field) near their burrows in 
the presence of a lionfish. In the absence of a 
burrow and when a lionfish occupied part of 
the tank, the gobies spent almost all of their 
time (99%) at the far end of the tank pressed 
up against the glass (Figs. 4 ,5 ).

Fig. 4. Goby time allotment in open sand 
environments. This graph is only of the two 
environments that did not contain burrows. 
Percentage time is based on the 23 minute time 
span in which the gobies were observed.

Fig. 5. Goby time allotment as compared to 
distance from burrow. This graph is only of 
environments that contain burrows. Time 
percentage is based on the 23 minute time 
span in which the gobies were observed.

The amount of time spent at or in their 
burrows increased greatly while a predator 
was present, both in the lab and in the field. 
In the lab, gobies were exposed to 
environments where escape to their burrow 
was impossible because no burrows were 
present. By exposing gobies to this kind of
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environm ent their defensive strategy in such a 
case could be studied. W hen a lionfish was 
added to the burrow-less environment, the 
goby com pletely stopped moving. They 
positioned them selves in the farthest com er of 
the tank away from the lionfish and remained 
very still for extended periods of time, 99% of 
their time was spent in the com er of the tank 
w hen in the presence of a lionfish as opposed 
to 78% in the absence of a lionfish.

A two-way analysis of variance was used 
on the environm ent and zone data from Figs. 4 
and 5 to determine whether or not 
environm ent had an effect on zone. This 
analysis w as significant for both graphs (df =  
10, P <0.0001).

Of the 17 behaviors recorded in the 
behavioral study, two were chosen for further 
analysis. The first was the "N ip  Sand" 
behavior because this was the basic feeding 
behavior of the gobies and w as exhibited in all 
environm ents. The environments that 
contained lionfish saw a significant drop in 
feeding behaviors. W hen the gobies did feed 
in  the presence of a lionfish it was always 
done in Zone 1 and usually with half the body 
in the burrow , in what is called "G uard" 
position (Fig. 6).

IBZone 1 EZone 2 8 Zone3]

E  F ieM  W ith  L io n fish

e

e
UJ

F itM  O p p s P ia in  

S a n d  A ftificia) H o ie

0 5 10 15 20 25
# o f  Sand Nips

Fig. 6. H ow  feeding is effected by 
environm ent. Each goby w as placed in one 
of the six environm ents and over a 23 minute 
period the num ber of preformed nip sand 
behaviors w as recorded, to get an idea of 
how  feeding behavior is influenced by 
environm ent.

The second analyzed behavior was "S it 
A w ay" this w as chosen because it was a way 
to m easure how  long the gobies stayed away 
from  their burrow s and their activity level 
w hile they w ere away (Fig. 7).

]SZone 1 H3Zone2 BZone3]

#  of Sit Aways

Fig. 7. A m ount of tim e spent sitting aw ay 
in  each environm ent w here a burrow  is 
available. This graph only show s those 
environm ents that contains burrow s. It 
depicts the num ber o f tim es the sit aw ay 
behavior was displayed by the gobies over 
all 23 m inute observation periods in each 
environm ent.

The sit aw ay behavior w as only m easured 
in environm ents that had burrow s. 
Environm ents those contain ing lionfish saw  a 
marked decrease in  goby presence outside of 
Zone 1. If the gobies sat aw ay at all it w as at 
the edge o f Zone 1, 5 cm  from  the burrow . 
Alm ost all the tim e the gobies spent near the 
edge or outside of Z one 1, w hile in  the 
presence o f a predator w as spent in  the sit 
away behavior (96% of their tim e). The gobies 
main behavior w hile a p redator w as near w as 
to stay still, both near the burrow  w hen they 
m ainly guarded, and aw ay from  the burrow  
w hen they m ainly sat aw ay (Fig. 7).

A chi-squared test w as run on the data 
gathered for the two discussed behaviors 
(Figs. 6 and 7) and found that environm ent 
does have a m ajor effect on  both the nip sand 
and sit aw ay behaviors (X^ =  637, P  <0.0001).

DISCUSSION

The gobies differential rate of habituation 
to the four stim uli show s that gobies are able 
to distinguish their predators from  other kinds 
of stim uli and react to them  accordingly. The 
empty glass container w hich  w as used as a 
control served its purpose w ell, w hich w as to 
confirm  that the fish w ere not affected m erely 
by its presence. Because the gobie 's reactions 
to the glass w ere so m inim al it served as a 
good control and did not effect the later trials 
such as the lionfish trial. W hen presented
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with a rea) threat, in the form of a iionfish, the 
gobies rarely habituated. Not only was 
habituation to the Iionfish slow but was often 
non-existent. The average time the goby spent 
in hiding after the lionfish's appearance was 
greater then when presented with any other 
stimulus. Those that did finally habituate did 
so depending on the orientation of the Iionfish 
itself. When I approached the burrow with 
the Iionfish oriented to face the goby, a flee 
response was always noted. When 1 
approached the burrow and the Iionfish was 
oriented in another direction instead of facing 
the goby, a flee response was not always 
expressed.

Goby reactions can vary not only based on 
which stimulus they are approached by, but 
also whether or not the goby perceives itself as 
having been seen. This discovery lead me to 
add eyes to the Iionfish facsimile in order to 
fool the goby into thinking that it is always 
facing them head on. All 15 trials of both 
Iionfish and Iionfish facsimile were conducted 
with the stimulus facing toward the burrow. 
After 15 trials were completed for each, the 
stimuli were then tested against four more 
gobies, each stimulus being used two more 
times with two gobies per stimulus. In these 
extended trials, the stimulus was brought in 
backwards to see the effects this orientation 
would have on habituation. In all four trials, 
habituation was faster then when the stimulus 
was brought toward the burrow properly 
oriented. These extended trials were done out 
of personal interest and so there is no 
recorded data directly referring to them in this 
paper. By observing the unique effect of the 
stimulus orientation on the gobies reactions 
the reason for the gobies eventual habituation 
becomes clear. It stems from the lionfish's 
occasional lack of interest in his prey, when 
the Iionfish loses interest and looks away the 
gobies begin to habituate.

W hen a predator is near, gobies limit their 
activities a great deal and stay close to their 
burrows or the tank's wall when no burrow is 
present. W hen no burrow is available, the 
gobies tend to prefer the thigmotactic 
stimulation found in the tank comers and 
limit their activities to an even greater extent 
then when they are in the same situation but 
near a burrow. This finding agrees with the

thigmotactic findings of Karplus (1972b). The 
gobies display a high level of camouflage 
when on their natural sand substrate; this 
explains why they find it beneficial to remain 
still when a predator is near. W hen the goby 
refrains from unnecessary movement, it 
makes them virtually impossible to see.

Feeding behavior, as all other behaviors, 
decreased in the presence of a Iionfish. The 
gobies simply remained still until the danger 
passed. In my study, observations lasted 23 
minutes, which means that the Iionfish 
remained close to the goby burrow for this 
entire time. In a natural environment, it is 
unlikely that a Iionfish would spend 23 
minutes in close proximity to a goby burrow. 
This is likely the reason behind the occasional 
feeding behavior of the gobies. W hen the 
predator refused to depart the goby still 
required to feed but did so as little as possible 
and as near to the burrow as it could; this 
explains both why feeding behavior is 
reduced and why it occurs solely in Zone 1 in 
burrow tanks, and Zone 4 in burrow-less 
tanks.

My results also show that on average, a 
goby spends more time near its burrow in the 
lab than in the field. This can be explained by 
higher levels of stress the gobies are exposed 
to while in the lab. In a confined environment 
exposed to numerous new stresses such as 
being netted and moved from tank to tank 
every few hours, the goby is understandably 
on a heightened state of alert. They are poised 
at the mouth of their burrows at almost all 
times ready to run from approaching danger.

The study shows that gobies are able to 
distinguish their predators form other stimuli. 
They also change their behavior in the 
presence of a predator, they stay near their 
burrows and reduce their activity level, they 
even feed less. These changes were observed 
both in and out of the lab, which means that 
none of these changes occur based on the 
presence of a shrimp. Gobies in the lab were 
separated from their shrimp partner but 
continued to act as they do in the field when 
their partner is available. This suggests that 
the goby's defensive behaviors are not linked 
to the presence of a shrimp.

Karplus (1972b) found that gobies are 
attracted to their shrimp partners visually and
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the shrimp are attracted chem ically. Although 
my research was not aimed at analyzing this 
mutual attraction, I did find that even without 
the shrimp, gobies are visually attracted to the 
burrow. W hen placed in environm ents that 
contained artificial burrows w ithout shrimp, 
gobies usually discovered and inhabited this 
burrow  in less than 15 m inutes. The gobies 
were attracted to the burrows visually since 
w hen separated from  the burrow  by the clear 
plastic divide, they were observed swimming 
toward or sitting as near the burrow  as the 
divide w ould allow. These findings give rise 
to the question of whether it is really the 
shrim p w ho visually attracts the goby or if it is 
instead, the burrow. Karplus found that both 
the gobies and the shrimp have a strong 
negative phototactic reaction w hich reinforces 
their m utual attraction. This seems correct but 
I would not call it a reinforcing factor, as my 
data suggests the presence of the burrow  is as 
essential as the shrimp itself. This finding 
suggests that either the shrimp or the burrow 
alone w ould be sufficient to attract the goby.

Predator avoidance is com m on among all 
anim als, both  terrestrial and aquatic. The 
gobies of this study are no exception. The 
surprising finding here is that a goby's 
predator avoidance stratagem  remains 
constant even  w ithout its m utualistic shrimp 
partner. T h is means that a goby's defensive 
behavior is not dependent on the shrimp 
partner but is constant in every situation. 
Even w ithout a burrow, the goby's strategy of 
reduced m ovem ent rem ains intact. This 
strategy of reduced m ovem ent and reliance on 
cryptic coloration is com m on in the animal 
w orld (Johnsen 2003, M erilaita 1999).

By studying a goby's habituation to 
different stim uli, it may be possible to deduce 
w hat it is about a predator that gives rise to 
this defensive response. My initial hypothesis 
w as that a  goby would identify predators 
based on coloration; this was proven not to be 
the case w h en  a difference in habituation was 
observed betw een the lionfish facsimile and 
the lionfish . The observation that gobies 
change th e ir reactions depending on the 
orientation o f a stimulus adds yet another 
layer to th is  question. Is it orientation that 
elicits a defensive response, or would a goby 
flee from  a n y  stimulus that faces it. Could it

perhaps be a  com bination o f coloration and 
orientation? This study is but a  stepping stone 
onto w hich future research could  be built in 
order to attain an understanding of predator 
identification and avoidance.
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Appendix A

Table 1: Numbers refer to numbering system used in the field.
Behavior Behavior D escriptions

1 Dorsals erect The goby spreads its dorsal fins.

2 Flee The goby rapidly entered the burrow head first.

3 Secondary Flee The goby rapidly entered the burrow tail first.

4 Guard

Sitting still at the burrow entrance, the goby sat high on its pelvic fins 
with its pectoral fins extended to the side, its dorsal fins folded, and its 
caudal fin generally extending into the burrow.

5 In burrow The goby was in the burrow and could not be seen.

6 Move Away The goby moved away from the burrow.

7 Nip Sand

The goby turned its head to the side, moved slightly forward, took a 
quick bite of sand, then resumed its original position. The sand was 
filtered through the gobies gills and fell in small piles beneath it.

8 No Change There was no change in the behavior of the goby.

9 Pectorals wave The goby moved its pectoral fins alternately in a rowing motion.

10 Sit Away

The goby sat in any position 5 cm or more away from the burrow 
entrance.

11 Tail beat

The goby moved its folded caudal fin to one side and back to its 
original position, usually hitting the shrimp with it.

12 Tail flick

The goby flicked its folded caudal fin about three tim es in a manner 
that was barely visually perceptible.

13 Tail wave The goby moved its spread caudal fin back and forth.

14 Withdraw The goby moved toward the burrow.

15 Nips at water The goby gapes his mouth and takes in water.

16
Swims up tank 
side

The goby leaves the sandy bottom and swims up the glass sides of the 

tank.
17 Sand Kick The goby uses his pectoral fins and tail to kick up clouds of sand.
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symbiosis. Animal Behavior 26:791-802.
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Table 2: Zones 1-3 are for tanks with burrows, Zones 4-6 for those without.
Zone 1: Everything within 5cm  or 2 inches 
of the burrow.

Zone 4: Everything w ithin 5cm  or of tank side.

Zone 2: Everything from 5cm  to 10cm away 
from  the burrow.

Zone 5: Everything from  5cm  to  10cm  aw av from  the 
tank side.

Zone 3: Everything more then 10cm or 4 
inches from the burrow.

Zone 6: Everything m ore then 10cm  from  the tank 
side in the middle of the tank.

86



INSECT-CROP RELATIONSHIPS: COMMUNITY VARIATION BY 
TARO (COLOCASM ESCULENTS) VARIETY & INVASIVE APHID

FEEDING PREFERENCE

HILLARY V. LEHR
College of Nature Resources, LMcersity of CaJ(/orma, Berkeley, CA 94720 LISA

Abstract. Four varieties of taro (Colocasia escuelenta) and two relatives, tarua (Xautbosoma 
sagittifoltam) and ape (Alocasia macrorrbiza) were sampled at seven different locations m Moorea, 
French Polynesia. Insect community structure was analyzed using m ulti-variate ordinatation. 
Major variation was found in insect community structure by geographic location. W eak 
relationships of communities were found from other factors including taro variety, variety 
presence and pesticide use. An invasion of the cotton or melon aphid (Aphis gossyp::) was also 
sampled and with ANOVA analysis showed a preference for the sweetest varieties of taro, which 
also may correlate with the lowest levels of irritating calcium oxalate crystals.

Key Words: taro; Colocasia esetdewfa; aphids; Aphis gossypii; Moorea; French 
Polynesia; crops; agriculture; pests

INTRODUCTION 

Biology of Taro

Taro (Colocasia escuienfa) is a very 
important crop the South Pacific (Barrau, 
1971). It was distributed amongst the 
islands of French Polynesia by ancient 
Polynesians as new islands were populated 
(Lepofsky, 1999.). Prior to the European 
onset, taro was a significant nutritional 
component of the remarkably nutritious 
Polynesian diet (Barrau, 1971). It remains a 
m ain food source and is a significant factor 
in French Polynesia's agricultural economic 
sector (Wong, 1995.)

The starchy tuber of taro is boiled and 
eaten and the leaves of some varieties are 
also edible when boiled. Taro requires 
extensive boiling due to the irritating 
calcium oxalate crystals it contains 
(Bradbury, 1997) but nonetheless, taro is 
consumed in nearly every tropical region in

FIG. 1. Taro (Colocasia Escalcufa) is a 
major food staple in tropical regions around 
the world.

the world (Ivancic, 1971). It is possible 
that insect pests of taro may also be sensitive 
to these secondary compounds (Wang,
2000.)
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Taro has four m ain varieties and several 
related families on M o'orea. The m ain 
varieties grown are: veo (with a green stalk 
and green leaves, sometim es w ith dark 
green veins in the stalk) and mannur# (easily 
identified with a red to light purple stalk 
and base of the stalk at the leaf). Other 
varieties in include the dark-stalked, dark
leaved ere ere and the small, light green, soft 
leaved /h/H. The large, shiny-leaved ape 
(Afocasia yyiacrorrMza) is a distant wild 
relative of taro, sometim es eaten in times of 
fam ine (Kaua, pers. comm.). Tarua 
(X%yif7:oso?n% sagiffi/bHMTM) has a less
nutritious starchy tuber that grows above 
ground. Europeans introduced this related 
Caribbean crop in the 19^ century (Barrau, 
1971). Taro, tarua and ape thrive in swampy 
or very damp soil. Taro was traditionally 
grow n in m arshes or stream  beds (Barrau, 
1971) but is now  com m only found in 
irrigated plots.

Aroid m onocots are cloned by simply 
replanting the stalk after cutting off the 
corm. Because m ost taro is grown from this 
type of sapling, m any clones exist and little 
of the taro grow n agriculturally is 
reproduced sexually (W ang, 2000).

The cotton or m elon aphid, Aphis 
gossypii, has recently invaded taro on 
M oorea. According to local taro farmers, 
the aphid appeared in early 2004. While not 
the m ost dam aging of sap-sucking pests, 
aphids are a significant threat to taro 
because they can be vectors for devastating 
fungi, bacterial, and viral diseases (Jackson, 
1971).

I chose to study the insect communities 
found on taro in  M o'orea and the feeding 
preferences of the invasive aphids. I 
hypothesized that the insect communities on 
taro would vary w ith taro variety, location 
on the island, presence of several varieties 
and/or use of pesticides. I also hypothesized 
that the invasive aphids, as sap suckers, 
would prefer the sweetest or least irritating 
varieties of taro.

M ETH O D S 

Study Sites

M o'orea (17° 30' S, 149° 5 ' W ) is a high 
volcanic island in the Society  A rchipelago of 
French Polynesia. Seven sites around the 
island were sam pled to determ ine if 
variation of insect populations vary m ore by 
geographic location or taro  variety. Taro 
farm ers w ere contacted an  asked perm ission 
for research before fie lds w ere entered. 
Each farm er discussed the age, varieties, 
w atering m ethods, land m anagem ent and 
chem icals applied to their crops. A ll of the 
farm ers kindly allow ed m e to  research their 
taro crops, and several asked for a new  
pesticide or any solution to a recent aphid 
invasion. According to the farm ers, ApAis 
vossyppi arrived in early  2004 and has 
steadily increased its population  and level of 
dam age to taro crops. T h eir concern is w hat 
prom pted m e to research both  geographic 
insect com m unity d ifference and aphid 
preference of taro varieties.

FIG. 2. Seven sites of taro crops on Mo'orea were 
sampled three times between September and 
November, 2004 to determine insect community 
structure.

Site 1: Temae. E levation:l-3 m.
Located on a hillside approxim ately 200 m. 
inland from Tem ae Lake, this site is 
irrigated w ith a diverted creek and 30 cm. 
deep mud channels. Pesticides and 
herbicides are used. A cacia and hibiscus 
trees provided shade for the sam pling areas. 
M anaura, veo, fafa and ere ere were 
sam pled here.
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Site 2: Haumi. Elevation: 0 m.
Across the street from the seashore, this sea- 
level site became semi-marshy at high tides. 
Shallow 6 inch mud channels irrigated with 
hose water and often appeared to have an 
estuary effect. No pesticides were employed 
in this sunny area. Manaura and veo are 
farmed here.
Site 3: Agriculture School. Elevation: 35 m. 
M oorea's agricultural school is located at a 
relatively high elevation in Opunahu Valley. 
Manaura, veo and fafa grow with several 
plants in streams without pesticides, under 
the patchy shade of taller stream foliage.
Site 4: Ha'apiti. Elevation: 1 m. Ape, no 
longer used as a food source on Polynesia, is 
found growing wild on the banks of most 
creeks and streams on the island. At this 
site, 10 m. inland from the sea, Ape grows in 
the shade of taller trees, rooted next to the 
creek.
Site 5: Papetoai. Elevation: 0.5 m.
This site is the most altered. Situated next to 
a shallow bay on marshy silt, 3 ft. tin roofing 
is cut to reinforce soil and create 1 m.-deep 
channels. Only manaura is farmed on this 
site, though some veo is found growing in 
the channels. Pesticides were applied to the 
3-month old crop in September 2004 to fight 
the recent aphid onset.
Site 6: Opunahu Plantation. Elevation: 1 m. 
This plantation has many crops growing 
amongst native vegetation and invasive 
weeds such as tVedeha. The taro varieties 
here are manaura, veo, and ere ere, as well 
as tarua, and ape.
Site 7: Gump Station Botanical Garden. 
Elevation: 2-3 m.
The botanical garden contains many 
traditional plants, including veo, ere ere, 
and manaura taro varieties and tarua. 
Several plants in close proximity 
(permaculture design) and terraced hillside 
crops make this site closest to traditional 
Polynesian farming practices (Petard, 1967.)

More information about the sampling sites 
is found in Appendix A.

Insect CommMuify Sampling

At every site, an aspirator was used to 
collect insects for one minute on one plant of 
each taro variety present. Individual plants 
were randomly selected and only sampled 
once. Seven sites around the island were 
sampled every other week, a total of three 
times, providing 69 total samples. Many of 
the plants sampled w ere infested with 
aphids. In these cases, a sticky trap (7x6 
cm.) was used to collect aphids and 
approximate total aphid counts by 
measuring plant surface area and mapping 
aphid densities.

After collection, samples were 
preserved in 70% ethanol and identified 
using a light microscope and the insect keys 
of Borror, Triplehom and Johnson (1989).

Insect Community Analysis

Insect communities were analyzed 
using multivariate ordination NMS 
(Nonmetric Multidimensional Spacing) and 
MRPP (Multiple Response Permutation 
Procedure) on PC ORD, a statistical 
computer program. NM S plots data in 
different dimensions to minimize the stress 
(distance) between graphed data (PC ORD 
4, 2003). Grouping on multiple axis is used 
to determine relationships. MRPP allowed 
me compare the observed average distances 
within the data groups with the average 
distances from other possible combinations 
of random data (PC ORD 4, 2003). This 
comparison provides a magnitude 
measurement, the A-value (A=l-(observed 
delta/expected delta). An MRPP A-value of 
approximately .3 or higher usually deems 
the ecological relationship statistically 
significant (Raphel M azor, Pers. Comm). I 
used MRPP to look for significant 
differences in insect communities by 
geographic location, pesticide use, variety 
presence and habitat type. 69 samples were 
taken and analyzed. 22 species were 
identified and counted (Appendix B).
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Relative abundance w as used for statistical 
analysis over sim ple presence/absence 
because m any species occurred rarely and 
others occurred in large quantities.

In N M S analysis, 1000 runs were 
perform ed w ith a 50-run M onte Carlo test to 
contrast random ly selected data values. A 
higer num ber of runs decreases the chance 
of random  grouping. Final stress, instability 
and iterations were recorded for each 
dim ension (Appendix C). An NMS Scree 
Plot indicates w hich num ber of dimensions 
has the best rank (less stress). After the 
com putations are complete, the species data 
is graphed on  the low est stress number of 
dim ensions (axis) and layered with a matrix 
of various factors (location, variety, etc). 
This com bination allowed m e to search the 
graphed data by factor for clustering that 
would indicate relationships.

For M R PP analysis, each variable was 
tested as a grouping factor. A-value, T- 
value, varience of the delta, and skewness 
were recorded for all signficant results. 
Variables w ith  an A-value above 0.3 were 
considered to have a strong relationship and 
were com pared w ith clusters on NMS 
ordination graphs.

ApMd Feeding Preference

A phid preference w as investigated 
using site sam ple analysis and a lab 
experim ent. 40 aphids and 25 ants were 
placed in  the m iddle of a round covered 
plastic tub (2  m  perim eter, 0.5m depth) 
surrounded b y  one leaf of the four taro and 
one tarua varieties. Ape was not used in the 
experim ent as no aphids were found on ape 
in sam pling. The tub was sealed and placed 
in the shade for 12 hours. Afterward, aphid 
counts w ere taken on each leaf. Aphids not 
attached to leaves were not counted. This 
experim ent w as replicated 8 times.

Experim ent results were analyzed using 
AN OVA  (A nalysis of Varience). ANOVA

tests the m agnitude of differences in  m eans 
for two or m ore sets of data.

Betw een O ctober 3 and N ovem ber 20, 
2004, I interview ed five Tahitian residents 
about their know ledge of taro and asked 
their preference. I used this inform ation and 
previous aroid oxalate studies (Bradbury, 
1998 and Lepofsky, 1999) to rank taro 
varieties for hum an palatability.

RESULTS

Insect Co?n?7iMM!fy A nalysis

The NM S Scree Plot show n in  Figure 3 
indicates that a 3-dim ensional plot 
m inim izes the stress on  the plotted data. 
The final stress for this N M S w as 47.80. 
(Final NM S statistics for all dim ensions in 
Appendix C). Figure 4 contains an N M S 
graph w ith location as the grouping factor. 
Strong clusters are evident that the data is 
discreet. NM S graphs w ith other factors 
(variety, variety presence, and pesticide use) 
indicate little to no relationship in  insect 
com m unity structure due to the lack of 
grouping. M RPP results also indicate a 
strong ecological relationship, a high 
magnitude, for location (A=0.51). The A- 
values for other factors are all less than 0.2. 
The relationships by other factors are weak,

but possess a significant p-value.

FIG. 3. N M S Scree Plot indicates how  stress, 
the distance betw een plotted data, changes 
w ith dim ension (num ber of axis) Random  
data provides contrast to illustrate 
relationships that w ill show  graphically.

9 0



Factor A-vaiue P-vatue T-vaiue
Variance of 

Deita Skewness
Variety 0.126 0.000003 -7.038 0.0064 -0.0716
Variety
Presence 0.199 0.00000006 -8.672 0.0081 -0.6948
Site (Location) 0.511 p< 1x10^-9 -19.348 0.0002 -0.4337
Pesticide Use 0.133 p<1x10"-9 -12.936 0.0003 -1.1935
TABLE 1. MRPP results show that location had a larger magnitude (A-value) than any other 
factor. Though the other relationships are weaker, MRPP for each factor was significant.

FIG. 4. NMS plotted the frequency data of insects 
collected and is labelled by site. Clustering is 
evident on this 3-dimensional plot, indicating 
that location is closely related to insect 
community structure.

FIG. 5. ANOVA Analysis show s that ApTus 
gossypp: was found on m anaura more than 
any other variety. However, P-value= 0.27.

Aphid Feeding Pre/erence
Human Pre/erence o/ Taro Variety

Samples analyzed found more Aphis 
gossyppi on the taro variety manaura than 
any other variety. Experiment results show 
an averaged aphid preference for manaura 
(F-factor: 1.408; df: 25; sum of squares: 969.4) 
but with an insignificant P-value of 0.27 
(Fig. 5). In the experiement, an average of 4 
more aphids were found than on any other 
variety (Appendix D). Both in visual 
observation of sampled sites, samples 
collected, and in most replications of the 
experiment, more aphids occurred on 
manaura m ore than other variety. In a pilot 
experiment without ants, aphid preference 
patterns w ere similar.

Taro was ranked from  sweetest (most 
preferable) to most bitter/irritating (least 
preferable) as: fafa, m anaura, veo, ere ere, 
tarua, and ape. These preferences by aroid 
were consistent with leaf calcium  oxalate 
content studied by Bradbury (1998). Local 
farmers explained the lack of occurrence of 
aphids on fafa due to their intentional 
isolation of this particulary suceptable 
variety. One farmer grew  fafa in native 
vegetation over 30 m aw ay from all other 
taro, stating that when nearer, the crop was 
decimated by insects.
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DISCUSSION  

fwsecf ConiTMMyHfy Sfrac^are

The hypothesis of variation in insect 
community structure by iocation was 
correct. Statistical analysis demonstrated 
w ith a iarge m agnitude (A = .51) that iocation 
has a m ajor im pact on what insects are 
found on taro. This m ay be due to different 
habitats sampled (varying amounts of rain, 
sunlight or shade, etc) or insects found on 
taro may be m ore transient and nonspecific 
to Co/ocasM. M any insects on Moorea have 
more generalist feeding patterns and can be 
unrelated to the plants they are found on 
(Wilder, 2004 and W ang, 1983).

The null hypothesis has not been 
disproved for factors of variety, variety 
presence, and pesticide use. Though 
significant, A-values below  0.2 indicate 
weak, loose relationships between these 
factors and insect com m unity structure.

ApTnd Feeding Pre/erence

According to experim ent results and 
visual observations, ApMs gossyppi appears 
to have a stronger variety selectiveness than 
the rest of the insects found on taro. A11 of 
the Tahitians I interview ed ranked the 
sw eetest/least irritating varieties of taro on 
the island closely w ith the observed 
preferences o f A. gossyppi. This qualitative 
ranking of sw eetest to least edible is 
manaura, fafa, veo, ere ere, tarua and ape. 
This preference also correlates with calicium 
oxalate content studies of aroid aridity 
(Bradbury, 1997). Differences in sucrose 
levels and absence of irritating secondary 
com pounds m ay determ ine the palatability 
of taro to hum an and insect consumers 
alike. The m ost destructive taro pest, the 
taro planthopper (TaropiiagMS prosepina) has 
been show n to tolerate very high levels of 
calcium  oxalate crystals in other varieties of 
taro (Jackson, 1980). The absence of aphids 
on wild Aiocasia indicate higher sensitivity

to secondary com pounds. This m ay be 
useful when exam ining aphid  deterrence.

M ore aphids w ere found on manaura, 
but this was not statisticaHy supported (Fig. 
5). M ore sam pling and experim ents m ay 
yield further evidence fo r a trend of aphid 
preference. Further research could extend 
into the biochem ical d ifferences of taro 
varieties to further understand w hat drives 
aphid preferences, such as the aroid oxalate 
work of Bradbury and H ollow ay (1988). 
Investigations m ay b en efit qualitatively 
from the valuable and extensive 
ethnobotanical know ledge o f Tahitians.

The range of generalist insects m ay be 
m ore tied to environm ental factors than the 
plant species they are found on. These insect 
communities, w hich are com prised  o f native 
and older invasive insects, w ould  norm ally 
be expected to be less generalist than a 
recent invasive, b u t here the data shows the 
opposite situation occurring  (Raphael 
M azor, Pers. Com m .). T hese insects m ay 
have a relationship w ith  taro that is less 
dependant on the p lant's production of 
secondary com pounds w hile sap-feeding 
aphids benefit from  their selectiveness.

The indifference of in sect com m unities 
to pesticide use is notable to  farm ers and 
anti-pest m anagem ent researchers. The 
pesticides being used currently are not 
effecting insect com m unities, especiaHy the 
abundance of aphids. In m y visual 
observations of infested taro  fields, I saw no 
difference in A. gossyppi concentration on 
fields treated w ith pesticide and those not.

Possibilities for b iological control of the 
aphid invaders are another opportunity for 
further research. Every species of ant I 
collected was noted tending the aphids as 
part of a sym biotic relationship . Alteration 
of aphid densities w ill su rely  also im pact the 
ant communities. Lady beetles (Coleoptera; 
CoccineMidae), a know n p redator o f aphids, 
were found occasionaHy on  the infested taro 
leaves. As another invasive, Coccin^Midae 
needs extensive b iological control study 
before being used to control ApMs gossyppi.
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CONCLUSION

Taro remains one of the most significant 
crops in the South Pacific. It has been on 
Moorea long enough to host dynamic insect 
communities. While the insect communities 
vary widely by where on the island they 
were sampled, the composition of these 
insect communities remain similar 
independant of the variety sampled, 
pesticide use, and how many varieties are 
present at the sample site. Insect and crop 
relationships continue constantly adjust to a 
variety of factors in an ever-changing 
environment.

A recent invasion of aphids has affected 
many taro crops. Aphid feeding preference 
may indicate that varieties of taro are 
biochemically different. This selectiveness 
corresponds with preferences of local 
Tahitians for certain varieties of taro. The 
possible aphid preference of taro variety is 
the first of many possibilities to further 
understand and hopefully control this 
invasion. Effects of losing significant 
portions of this crop are in changing 
agricultural focus from traditional staple 
foods like taro to cash crops like Noni and in 
increasing the use of pesticides which, with 
a heavily irrigated crop like taro, may be 
harmful to unique and fragile island 
ecosystems.
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APPENDIX A

This table contains more inform ation about the sam pling sites on M o'orea. M an y  of the sites 
sampled had various differences. Since the sam pling data show s m ore variation  by  location, 
these and other environmental factors may affect insect com m unity structure.

1 2 3 4 5 6 7

Location Teniae Haumi
Agriculture
School Ha'apiti Papetaoi Opunahu

Gump Botanical 
Garden

Farmer Christine Amaru Wild Eve Rita and Jan Kaua
Closest
Roadmarker PK 0 (.25 south) PK12 Below Belevedere PK34 PK 22.5 PK18 PK12
Elevation 1-3 m. 0 m. 35 m. 1 m. 0.5 m. 1 m. 2-3 m.
Varieties Grown MU, V, E, F, T, A MU, V M U ,V,F A MU, V MU, V, E, F, T, A MU, V, E, T

Proximity of 
multiple varieties

all within 100 sq. 
m,
F isolated side by side

MU & V together, 
F isolated by 10 m

several ape 
only

MU grown,
V perimeter 1 m

all within 15 sq. 
m.

all within 30 sq. 
m.

Irrigation Method
Diverted creek, 
10 cm channels

Marshy 10 
cm
channels,
saline

Grown in 1 m 
creek bed

Along 3 m 
creek
embankment

Tin reinforced 1 m 
deep/wide 
channels, 
much algae 
present

Each tuber in wet 
20 cm deep/wide 
holes

Timed drip 
sprinkler

Other Crops Banana none

Breadfruit,
Starfruit,
Noni

lush stream 
bed None

Banana, Manioc, 
Ginger

Banana, Manioc, 
Noni, Breadfruit

Aphid Infestation mild severe mild None severe medium mild
Shade very shady no shade some tree cover some shade no shade very shady some shade

Pesticide Used yes no no no yes no no
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APPENDIX B

Species List. AH samples were collected were identified as close to genus as possible and 
recorded. Id entification  down to genus was attemped for all species. This table contains all 
insects found on taro in more than one sample or in more than one location.

Homoptera 5 species:
Aphis Gossyppi Aphid

Pulgoridea Superfamily: 2 Sharpshooter

Cicadellidae Family Leafhopper

Tarophagus prosepina Planthopper

Hemiptera 1 species unspecified

Hymenoptera 7 species
Myrmicinae (3 species) Ant

Fulgoridea (2 species) Ant

Formicinae (1 species) Ant

Diptera Gnat

APPENDIX C

NM S ordination provides information about the possible plots of species occurence data in 
different dimensions. The final stress, instability and number of iterations was recorded for each 
dimension before the final plot three dimensions was selected and graphed. Sorenson w as used 
to calculate distance. __________

# of Final Final # of
Dimensions Stress Instability Iterations

1 47.8 0.0002 100

2 19.972 0.02631 100

3 11.195 0.00296 100

4 7.613 0.00014 100

APPENDIX D

ANOVA Results for aphid feeding preference experiment.

Variety
M ean # of 
aphids High Low Median

Standard
Deviation

manaura 12.4 20 1 13.28 6.28

veo 9.88 28 5 7.5 8.01

fafa 4.67 7 2 5 2.52

ereere 8 9 7 8 0.667

tarua 5.5 8 3 5.5 2.5
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THE EFFECTS OF ENV!RONMENT ON THE DEVELOPMENTAL 
MORPHOLOGY OF CAULERPA RACEMOSA )N MO'OREA,

FRENCH POLYNEStA

ViEN-PHUONG N)N! N. MAi

Department o f /nfegraf/ve B/o/ogy, Un/vers/ty o f Ca//7bm/'a, Berke/ey, Ca//7bm/'a 94720 DSA

Cau/e/pa racemose is a coenocytic marine green aiga found primariiy on 
the reef fiats of equatoriai ecosystems, it is ethnobotanicaiiy used as a 
decorative aquarium ptant as we!) as consumed as a food source in various 
regions of the worid. The species dispiays a high ieve! of piasticity, wherein 
some morphoiogicai varieties yieid a higher market vaiue than others. The 
environmenta! conditions of two varieties -  C. racemosa var. macrophysa and C. 
racemosa var. tvv/'fera -  were observed in this study to determine habitat 
boundaries for each morphoiogy. A second study was conducted in the 
iaboratory to test for the morphoiogicai variations that wouid resuit from 
environmenta) changes in a controited arena.

Observations from the fietd show that variabtes such as depth, size of 
coiony, sun exposure, and growth iocation in terms of wave hydrodynamics can 
aiiude to the variety of the species that can be found within the specified 
environment. The associated aigai assembiage and the substrate type are 
insignificancy associated as an environmenta! indicator for the varieties tested in 
Mo'orea.

Cutture studies in the iaboratory show that the an increase in depth and 
decrease in tight exposure resuits in an eiongation of growth in assimiiator tength 
as wei) as ramuiar iength as compared to the parent growth. This deveiopmentai 
change is aiso coupied with a fattening of the ramuii. At the end of the 
observation period, the thaiii bunches piaced in sandy substrate were better 
attached than the ones on hard corai. There is no evidence to suggest that this 
affected the overaii deveiopmentai morphoiogy of the resuitant individuats.

Key words.* Cauterpa racemosa, ed/b/e, a/gae, Mo'orea, French Po/ynes/a, p/asf/c/fy

Cau/erpa racemosa, aiso known as Sea 
Grapes, is a marine green aiga that can be 
found throughout the worid (Domis et ai.
2003). it is a coenocytic aigae, meaning it is 
muitinucieated and uniceiiuiar, and it is found 
on the fiats of the barrier reefs and shaiiow 
waters of tropica) ciimates, primariiy near iand 
masses dose  to the equator (Enomoto and 
Ohba 1987, Ohba and Enomoto 1987, Abbott 
1991, Ohba et ai. 1992, Domis et ai. 2003). C. 
racemosa can be found attached to hard cora) 
or to sandy substrate, and is known to have a 
high degree of morphoiogicai variation 
(Borgesen 1907, Caivert 1976, Enomoto and 
Ohba 1987, Ohba and Enomoto 1987, Ohba 
et a). 1992, Domis et ai. 2003).

C. racemosa is ethnobotanicaiiy used in 
various regions of the worid. A rock the size 
of a fist covered in C. racemosa is soid oniine 
as a decorative aquarium piant for $35.00

USD apiece (http://marinedepotiive.com
2004). Due to their use as ornamentation, 
some varieties are more desirabie than others, 
it is aiso an edibie aigae that is eaten in Fiji, 
Samoa, Tonga, the Cook isiands, Tokeiau 
isiands, indonesia, the Phiiippines, and Hawaii 
(Abbott 1991). it is considered a deiicacy in 
Japan, where the market vaiue for different 
harvests depends on the morphoiogy yieided 
from cuitivation. There are current monopoiies 
heid by piantations in Japan on the cuitivation 
techniques that wouid resuit in the most prized 
morphoiogy, hence the iimit on what pubiic 
information can be found on cutture conditions 
(N'Yeurt 2004). Despite its widespread use in 
other parts of the worid, it is not reguiariy 
consumed on the Society isiands of French 
Poiynesia.
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As a territory of France, French Potynesia 
is stii! heaviiy dependant upon French 
economic aid. The economy of French 
Potynesia reiies aimost entirety on tourism, 
with 76% of its gross domestic product 
resuiting from empioyment in the service 
industry. The territory aiso reiies directiy on 
France for 59% of its imported products, 
mostiy in fueis, machinery, and equipment 
(http://www.cia.g0v/cia/pubiicati0ns/factb0 0k/g 
eos/fp.htmi 2004). As the poiiticai ciimate of 
the territory moves in favor of independence, 
the iogistics faced go beyond whether or not 
the pubiic is moraiiy supportive of separation. 
The issue of economic stabiiity for this 
deveioping country poses as a major iimiting 
factor to this change, and as the momentum 
toward independence buiids, the need to 
utiiize the isiands' own resources arises. 
Considering the iimits of resources in French 
Potynesia, cuitivation of Cau/erpa racemosa 
for iocai consumption as weii as export is a 
possibie way for the territory to independentiy 
expand its economy, in order to effectiveiy 
use it as a resource, an understanding of the 
growth habitat of Catv/erpa racemosa and its 
many varieties shouid be investigated.

p
^ *.0

Society tsiands 
French Potynesia

Mo'orea

FIGURE 1. Map of Mo'orea in French 
Polynesia (not to scale).

Mo'orea is the second iargest of the 
Society isiands of French Poiynesia, iocated 
at 17° 30' S 149° 50' W, 15 km northwest of 
Tahiti across the Sea of the Moon 
(http://moorea.berkeiey.edu/aboutus/aboutus. 
htmi 2004, http://www.moorea.com/ 2004). it is 
a vuicanized istand that has both a fringing 
reef and a barrier reef that encioses a shaiiow 
iagoon. Cau/e/pa racemosa can be found on 
the barrier reef fiat, growing among other reef 
aigae such as Ttvrb/nan'a omafa, Sargassam 
mangarevense, and F/a//meda cf/sco/dea. The 
morphoiogicai variation found within the

species has been attributed to environmentai 
factors and not to genetic variation (Borgesen 
1907, Caivert 1976, Enomoto and Ohba 1987, 
Ohba and Enomoto 1987, Ohba et ai. 1992, 
Domis et a). 2003, N'Yeurt 2004). i 
hypothesize that i shouid be abie to describe 
the environmentai habitats in which the 
different morphotogies of Cau/erpa racemosa 
can be found on the istand of Mo'orea. 
Secondiy, i expect to find that variations of 
these conditions appiied to transpianted C. 
racemosa in a controiied iaboratory 
environment shouid resuit in changes in 
deveiopmentai morphoiogy.

The study organ/sm.* Cauterpa racemosa

C. racemosa has a thaiius that consists of 
a cyiindrica) creeping stoion with multipie 
fiiamentous attached rhizoids. its erect 
structures are caiied assimiiators, which bear 
numerous branchiets caiied ramuii, and the 
whoie aigai structure is caiied a thaiius (Domis 
et ai. 2003). C. racemosa typicaiiy grows to 
15 centimeters in iength, with assimiiators up 
to 3 centimeters tong (Payri et a). 2000). 
Morphoiogicai variation in this species is 
usuaiiy characterized by differences in ramuiar 
growth, with the ends typicaiiy ranging from 1- 
3 cm in diameter (Domis et ai. 2003).

ramuii-

assimilator

stolon
(rhizome)

Thaiius

rhizoid

FIGURE 2. Structural m orphology of Cau/eTpa 
racemosa. The overall structure, termed 
thaiius, consists of the creeping stolon and 
erect assimiiators. The rhizoids attached to 
the stolon are holdfasts. T he m ultiple ramuii 
attached to the assim iiators can vary in 
number and shape.
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METHODS

An observaf/on o f env/ronmenfa/ cond/f/ons
assoc/afed w/fb fbe nafura/ daMaf o f C. 

racemosa /n Mo'orea

The study was conducted at Point Aroa 
(149 47 W, 17 28 S) on Temae, tocated on the 
northeastern comer of Mo'orea, French 
Polynesia. Temae is a motu that is connected 
to the iarger iandmass at its southernmost tip, 
making its congtomerate piatform shoreiine 
accessibie by iand (Poetker, S. 2000). From 
this piatform the barrier reef is easity reached 
and is within 100 meters distance. The 
shaiiow iagoon in between the barrier reef and 
the congtomerate piatform of the motu never 
exceeds 2 meters, and there is a current that 
fiows through the channe) that forms the 
iagoon.

There were two primary varieties found on 
the barrier reef in Mo'orea: C. racemosa var. 
macropdysa and C. racemosa var. uv/fera. C. 
racemosa var. macropdysa is characterized as 
being 1-3 cm taii, with uncrowded oppositeiy 
paired ramuii that are subsphericai and range 
from 1-1.5 mm in diameter. C. racemosa var. 
uv/fera have ramuii that grow radiaiiy and that 
are bunched cioser together. The assimiiators 
of this variety typicaiiy grow 2-5 cm in height 
(Caivert 1976).

Coionies were sampied from October to 
November 2004 on the barrier reef at Temae 
using digitat photography for confirmation of 
morphoiogy. 104 individuai coionies were 
sampied in totai. Coionies were sited by 
waiking out 90 degrees from a iand-marked 
point on the piatform, ptaced at ten-meter 
distances from each other. After visuaiization 
of the first coiony site, subsequent coionies 
were found by combing the reef outward from 
the first site.

The environmentai factors that were 
observed in the fieid were depth from the 
surface of the water, the size of each coiony, 
the associated aigat assembiage of each 
coiony, the substrate type in which they were 
found, sun exposure, and iocation in regards 
to wave hydrodynamics. The depth 
measurement (cm) was taken as the distance 
from the surface of the water at its iow point 
after a receding wave, to the visuai center of 
the coiony. The size of each coiony was 
determined by measuring the iength of the 
aiga) mass at its iongest point, and the width 
at a ninety-degree angie from that iine at its

Point Aroa, 
Temae

pointing to study site io ca tio n , P oin t Aroa, 
Temae.

FIGURE 4. C. racemosa oar. macrophysa

FIGURE 5. C. racemosa oar. Hui/era

widest point. The associated aigai 
assembiage for each coiony was determined 
by observation of other species o f aigae that 
directiy innervated the study coiony of C. 
racemosa. The substrate types in which C. 
racemosa was found to be growing were on 
hard corai, in sand, and in the roots of other
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algae. Sun exposure data was recorded as 
either fully exposed to sunlight or shaded. 
Each colony was recorded as wave facing, 
shore facing, east facing, or growing directiy 
on top of the reef flat.

-4 study of var/ed sun exposure, depth, and
substrate on the morpbo/ogy of C. racemosa 

/n the laboratory;

Six aquarium tanks (25x30x50 cm) were 
used to conduct the experiment. The 
aquarium environment was spiit to test for the 
effect of depth at 15 cm and 5 cm from the 
surface. Two substrate types -  sand and hard 
coral -  were also tested for in this experiment. 
There were six different iight treatments 
ranging from no shade to almost complete 
shading. The variation in sun exposure was 
executed through the use of combinations of 
removabie mesh over each individual 
aquarium. Four different kinds of mesh were 
used, each with varying ability to biock out 
sunlight (Appendix A).

Six thalii bunches of Cau/erpa racemosa 
var. macrophysa were piaced at each depth 
within the aquaria. The specimen for the 
experiments were collected from a singie 
colony of C. racemosa var. macrophysa from 
the barrier reef at Temae. Thalii bunches 
were taken from a larger algal mass by 
plucking stoions with muitipie assimilators at a 
node where it connects to the larger mass. 
The thalii bunches were placed in each tank 
as seen in Appendix B. There were 12 
individuals in totai per aquarium.

FIGURE 6. Aquaria in Cook's Bay, Mo'orea

The aquarium tanks were piaced in an 
open arena, unobstructed by shading 
structures and undisturbed by artificial tight.

All tanks were exposed to a daily photoperiod 
of 13 hours light/11 hours dark. Observations 
were recorded after 10 days per set of 
experiments. The gross morphology of new 
growth was observed for differences from the 
parent growth by confirmation through digital 
photography, and measurements of the length 
of new growth compared to oid growth.

RESULTS

Env/ronmenfa/ cond/f/ons associated w/fh C. 
racemosa var. macrophysa and C. racemosa

var. uvifera

Depth

Average Mode Mediar
var. uvifera 11 10 10
var. macrophysa 14 15 15

TABLE 1. Calculations for the average, mode 
and median of colonies of var. MP//era and var. 
macrophysa.

An ANOVA test for the differences 
between the means proved significant, with an 
F value of 9.896 for k-1=1 and N-k=89. This 
shows that the colonies of var. tvv/fera and var. 
macrophysa are not prevaient at the same 
depths, and that the varieties primariiy occur in 
approximately 10 cm and 15 cm respectively.

S/ze

The averages of the colony size for each 
variety was found. C. racemosa var. tvv/fera 
was found to cover an average of 128.6 cm*2. 
C. racemosa var. macrophysa covered on 
average 295.9 cm^2. An ANOVA test for 
differences between the means proved 
significant, with an F value of 4.43 for k-1=1 
and a N-k=88. This shows that there is a 
correlation between the size of the colony and 
the morphology of the morphology found, with 
var. macrophysa averaging twice the size of 
var. tvv/fera. A t Test was aiso performed 
which proved that the difference between the 
average sizes of the colonies was significant. 
The t value calculated was 39.28 with df=47. 
The F vaiue found is 4.16, and the criticai F 
value is 1.59.
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A/ga/ assemb/age

A Non-metric Muitidimensiona! Seating 
test was used to measure muttivariant 
ordinance. Resutts from the NMS show that 
the data was insufficient in showing any 
retationship between the aigae directiy 
innervating the subject cotony and the 
morphotogy of that cotony.

A Mutti-response Permutation Procedure 
(MRPP) run on PC-ORD showed no 
correction between the atgat assembtage and 
growth morphotogy.

Subsfrafe

Percentage of Morphotogica! Cotonies 
found on Various Substrate

100%-a 

90%- 
80%' 
70%- 
60%' 
50%' 
40%- 
30%- 
20%- 

10%  - 

0%-
uv/fera

n roots 
Brock 
Dsand

macrophysa

FIGURE 7. The percentages of each 
m orphology found overall in  each type of 
substrate

The graph shows no obvious trend in 
difference in distribution of either morphotogy, 
and there is no statisticat evidence that rejects 
the nut) hypothesis that these two varieties 
share the same distribution.

Sun Exposure

t was unabte to perform statisticat anatysis 
on data for sun exposure. However, anatysis 
of the graph shows that C. racemosa var. 
uv/Tera was found in approximatety equai 
abundance in habitats that were shaded by

surrounding organisms as weii as those that 
received futt sun exposure. C. racemosa var. 
macrophysa was shown to be found 
prevatentty in areas with futt sun exposure.

Percentage of Morphotogica! Cotonies 
found in Exposed vs. Shaded Habitats

uwfera macrop/iysa

FIGURE 8. Percentage o f  colonies found in 
fully exposed vs. shaded habitats for each 
morphology

Locaf/on /n re/af/on fo wave hydrodynam/cs

Percentage of Morphotogica! Cotonies 
found in Different Location Types

100%-] 
90%- 
80% - 
70%- 
60%- 
50%' 
40%- 
30%- 
20%- 
10%' 
0%-

E3top 
Beast 
Dwave 
B shore

uv#era macrophysa

FIGURE 9. Percentages o f  colonies found for 
each m orphology in  te rm s of location on 
substrate in w hich the co lo n ies w ere found
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Spearman's Rank Correiation test found 
the rankings of the different iocations to be 
significant. C. racemosa var. macrophysa has 
an r vaiue of 0.861 for a sampie size of 36, 
and C. racemosa var. uv/'fera has an r vaiue of

0.9782 for a sampie size of 66. This means 
that there is a significant correiation between 
the percentages of cotonies for each 
morphotogy and where they can be found 
within the four different iocaiities.

No Shading One Layer 
of Mesh

P ia s tic  M esh  
C a g e

5  cm  Depth 
Hard Cora) 
S u b strate

Treatment A 
no growth

Treatment C 
var /aef/v/rens 
type growth; 

var macrophysa 
type ramuii

Treatment E 
no growth

15 cm  Depth 
Sandy  

S u b strate

Treatment B 
no growth

Treatment D 
var /aef/v/rens 
type growth; 

var macrophysa 
type ramuii

Treatment F 
no growth

P ia stic  Mesh  
C ag e  with One 

Layer M esh

Tight Mesh 
C ag e with 

O ne Layer Mesh

T ight M esh  
C a g e  w ith  

Tw o L a y e rs  M esh

5  cm  Depth 
Hard C ora! 
S u b strate

Treatment G 
var /aef/v/rens 
type growth; 

var occ/c/enfa//s 
type ramuii

Treatment / 
no growth

Treatment K  
eiongated growth; 

opposite branching; 
occ/c/enfa//s type ramuii

15  cm  Depth 
Sandy  

S u b strate

Treatment H 
var /aef/v/rens 
type growth; 

var occ/denfa//s 
type ramuii

Treatment J 
no growth

Treatment L 
erect growth of 

rhizomes; occ/denfa//s 
type ramuii

TABLE 2. Descriptions of new developmental morphology of individuals in specified treatments.

Effects of varied sun exposure, substrate type, 
and depth on the morpho/og/ca/ development 

ofC. racemosa var. macrophysa

The first set of aquaria experiments -  
Treatments A, B, E, F, i, and J -  yieided no 
new growth. This couid be due to the 
overexposure of tight in the tanks as 
compared to the naturai environment in which 
the aigae was found. The experiment was 
aiso conducted within a time period of heavy 
rainfaii (29 Oct. 2004 to 07 Nov 2004), 
wherein the water turbuience created by the 
rain adverseiy affected the abiiity of the 
rhizoids to attach to the substrate.
Aithough there was no new growth, the 
specimen in the tanks exhibited varied 
changes in coioration, an indication of 
preparation for gamete reiease 
(http://www.iciark.edu/-ciifton/Aigae.htm)
2004)

The second set of aquaria experiments -  
Treatments C, D. G, H, K, and L -  tested for a 
further decrease in the amount of tight 
avaiiabie within each tank. There was no 
rainfaii during the 10 days of this experiment 
triai. The majority of thaiii bunches within this 
experiment set were abie to attach to their 
respective substrates very wet), and there was 
visibie new growth in aii treatment sets.

The individuais originaity piaced in the 
treatment tanks are referred to as the parent 
growth. The average stoion iength was 2.0 
cm. The average assimiiator iength was 2.0 
cm, and the average diameter of ramuiar 
growth was 0.4 cm.

Treatment C, as compared to the parent 
growth, exhibited ionger, thinner stoion 
averaging 3.4 cm in iength in 30% of the 
individuais. 25% of the individuais showed 
new assimiiator growth with an average height 
of 4.0 cm, with average diameter of the ramuii 
being 0.1 cm. The ramuii grew radiatiy on the
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elongated assimilators, and the shape of the 
ramuli was like that of var. macrophysa, only 
smaller. The assimilator growth can be 
compared to C. racemosa var. /aef/v/rens, 
where the assimilator tends to be longer and 
more distinct in shape, and the distance 
between each ramuli is longer than that of var. 
macrophysa, resulting in more ramuli per 
assimilator.

Treatment D exhibited new stolon growth 
at an average of 3.2 cm in length in 42% of the 
individuals. The average assimilator length 
was 2.5 cm, and the average ramuli diameter 
was 0.2 cm. The 42% that had new 
assimilators had radially growing ramuli that 
were round and small, similar to Treatment C. 
There were 12 ramuli on average per 
assimilator as compared to 5 ramuli per 
assimilator of the parent growth.

Treatment G had 58% new stolon growth, 
average length 5.7 cm, 30% new assimilator 
growth, average length 2.7 cm, with ramuli 
that had an average diameter of 0.2 cm. The 
ramuli grew radially and were flat-topped 
compared to the old growth, similar to another 
variety C. racemosa var. occ;'denfa//s.

Treatment H had 67% new stolon growth, 
average length 6.1 cm, 50% new assimilator 
growth, average length 3.5 cm, with ramuli 
that had an average diameter of 0.2 cm. 
Some of the ramuli were round in shape, but 
most of them exhibited the flat-topped 
morphology similar to Treatment G.

Treatment K, the most shaded of the 
treatments, had 58% of the individuals exhibit 
new stolon growth at an average length of 4.7 
cm. The stolon did not retain their original 
growth pattern however, and grew erect 
vertically instead of creeping horizontally on 
the surface of the substrate. 25% showed 
assimilator growth, average length 3.7 cm, 
with oppositely branching ramuli, all with the 
developmental morphology of var. 
occ;denfa//s. The average diameter of the 
flattened ramuli was 3.0 cm.

Treatment L had stolon that grew to an 
average length of 5.3 cm in 67% of the 
individuals. The average assimilator length 
was 4.0 cm in 42% of the individuals, with 
oppositely branching ramuli with an average 
diameter of 0.2 cm. The shape of the ramuli 
was similar to that of Treatment K.

DISCUSSION

Expecfaf/ons compared to /mdmgs from the 
ffe/d

Depth

The data collected from the field
observations conclude that the two varieties in 
question can be found within a set of 
environmental parameters. In accordance 
with previous literature, depth does have an 
effect on the morphological development of 
the varieties (Vella 2001). However, this data 
does not support the findings that variation in 
depth would produce a resultant gradient in 
morphological development. For example, 
Vella wrote in 2001 that increasing depth in 
the field showed an elongation in structural 
development of one variety, var. occ/denfa//s, 
whereas the data in this study showed two 
different varieties that primarily occupy two 
different depths. A  discussion of the plasticity 
of this species was mentioned by Calvert in 
1976, wherein he states that there are genetic 
limitations for each identified variation as well. 
This suggests that the two varieties I studied 
in Mo'orea were not simply different morphs of 
each other, but rather two distinctly separate 
morphological varieties prevalently found at 
two different depths.

Co/ony s/ze and sun exposure

The average size of the colonies of var. 
macrophysa is twice that of var. uv/Tera. It can 
be derived that with a larger surface area, var. 
macrop/iysa is less likely to be shaded by 
surrounding organisms, and thus more likely 
to be exposed to a greater amount of sunlight 
than var. uv/fera.

It has been shown in previous literature 
that sunlight directly affects the growth 
morphology of C. racemosa (Calvert 1976, 
Enomoto and Ohba 1987, Ohba and Enomoto 
1987, Ohba et al. 1992, Vella 2001, Domis et 
al. 2003). The data collected shows that 
about 90% of the colonies of var. macrophysa 
were found in areas of complete sun 
exposure. As Figure 2 shows, there is a 
definite trend in where the varieties are likely 
to be found. In terms of habitat 
characteristics, it can be derived that the var. 
macrophysa is found primarily in full sun 
exposure, whereas var. uv/fera is found in 
shaded areas.
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Substrate type

Untike the other variabies that were tested 
for, there were no trends that coutd be 
iiiucidated from the data coitected that woutd 
indicate substrate was a determinant of 
morphotogicai variety. This is in accordance 
with the findings of Borgesen in 1907, who 
states that the various forms of Cau/erpa that 
can be found in the Danish West indies 
appear to be growing among ait the different 
types of substrate. Changes in substrate are 
not known to trigger a piastic response in 
cuiture, which wouid concur with the 
observations from the fieid in this study 
(Domis et ai. 2003).

A/ga/ Assemb/age and Locat/on /n re/at/on fo 
wave hydrodynam/'cs

i was unabie to find previous research 
concerning the ecoiogicai parameters of the 
two varieties in my study. From the data 
presented, it appears that aiga) assembiage 
piays no rote in affecting the morphoiogy of 
the given coiony of C. racemosa. The 
organisms surrounding a subject coiony wouid 
contribute to protection of the coiony, thus 
affecting the amount of water stress in which 
an individuai coiony is subject to. From 
persona) observations in the fieid, there was 
no apparent reiationship between either of the 
two varieties and the other species of aiga that 
directiy innervated the coiony. Therefore, the 
differences in water stress exposure and its 
affect on morphoiogy can be related to the 
iocation in which the coiony is found.

Temae, on the northeastern shore, is 
where the most turbuient waves occur on the 
isiand, as a resuit of the Equatoriat Current of 
the South Pacific (Rougerie et ai. 1997). A 
vast majority of the coionies of var. 
macropbysa were found on the top-facing 
surface of their attached substrates. They 
were aiso found to be in fuiiy exposed areas at 
a deeper depth than var. ov/fera, suggesting 
that they may require environments with tess 
water stress than the iatter. Var. uv/fera was 
found in aimost equai abundance in wave
facing and shore-facing iocations, where the 
water stress from rushing and receding waves 
wouid affect the growth of the organism, it 
appears to be better adapted at attaching to 
environments with higher water stress ievets 
than var. macropbysa.

Morpho/og/ca/ deferm/nanfs m cu/ture

The culture study shows that ait 
treatments of decreasing suniight exposure 
exhibited an eiongation in growth of the stoion 
and assimiiator. This concurs with previous 
studies which found simiiar resuits with other 
varieties of Cau/erpa in cuiture (Caivert 1976, 
Enomoto and Ohba 1987, Ohba and Enomoto 
1987, Ohba et ai. 1992, Veiia 2001, Domis et 
ai. 2003). An eiongation of the overaii 
structure was shown to be coupied with a 
flattening of the ramuii. Ohba and Enomoto in 
1987 did a study on the effects of decreased 
tight on C. racemosa var. /aet/v/rens and found 
that with decreased tight there was a resuitant 
ftattening of the ramuii. As amount of shading 
for each treatment increased, the stoion and 
assimiiators got ionger and the ramuii got 
fiatter and bigger in diameter. The eiongation 
and fattening of the structure overaii can be 
beneficiai to the aiga since it increases surface 
area, thus increasing exposure to avaiiabie 
tight.

The differences in deveiopment between 
the two depths can be retated aiso to the 
amount of tight in which the individuais wouid 
receive. Ai) the individuais piaced at 15 cm 
exhibited simiiar growth to the ones piaced at 
5 cm within the same tight treatments, except 
that they averaged ionger stoion and 
assimiiator iengths. The oniy treatment with a 
marked difference in deveiopmenta) 
morphoiogy was Treatment K, where the 
stoion grew verticaiiy away from the substrate. 
This was in the iight treatment group of most 
shading, and the new growth coutd be due to 
the further decrease in iight caused by the 
amount of water between the shading 
structure and the individuais in the treatment.

in terms of comparing growth in the two 
different substrates, the individuais piaced in 
the sand substrate were better abie to attach 
themseives than the ones piaced on the hard 
corai rock. This abiiity can be attributed to the 
deveiopment of an increase of rhizoid dusters 
when piaced in a sandy substrate (Domis et 
ai. 2003). Further investigation is necessary 
to determine whether or not C. racemosa var. 
macropbysa wouid exhibit an increase in 
rhizoid ciuster formation at a depth of 5 cm as 
weii as at 15 cm in sandy substrate.

An interesting finding from the first set of 
cuiture experiments -  Treatments A, B, E, F, i, 
and J -  was that aii of the individuais became 
transparent white in coior after about 5 days in
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treatment. Light itiumination is known to 
trigger reproductive reiease of gametes, and 
the water temperature and photoperiod were 
simiiar to that expected for reproduction of C. 
racemosa var. /aef/v/rens in the Pacific 
(Enomoto and Ohba 1987). This study did not 
investigate the reproductive devetopment of C. 
racemosa var. macrophysa, though it is 
interesting to note that the reieased gametes 
did settie on the bottom of the aquaria. 
Further investigation wouid be necessary to 
determine whether or not the gametes were 
viabie and wouid have deveioped into thaiii.

CONCLUSiON

The ecoiogicai factors that were found to 
affect morphoiogy of C. racemosa significant 
were the depth at which the coiony was found, 
the size of the coiony, the amount of suniight 
exposure, and its iocation in retation to wave 
hydrodynamics. The surrounding aiga! 
assembiage and the substrate type in which 
the coiony was found was insignificant in 
determining the prevaience of either 
morphoiogy in this study.

Overaii, the two morphoiogies tested for 
the fieid portion of this study were determined 
to occupy two different habitats on the reef. C. 
racemosa var. macrophysa was found at 
deeper depths than var. uv/fera, and was 
predominancy found in fuiiy exposed areas on 
the top surfaces of the substrate in which it 
was attached. C. racemosa var. uv/fera 
inhabited a wider variety of environments. 
The two do not seem to be morphoiogicat 
variations of each other, but rather two whotiy 
different varieties of C. racemosa.

in cuiture, a decrease in the amount of 
tight within treatment resuited in an increase in 
tength of stoion and assimitator growth in C. 
racemosa var. macrophysa. This was coupied 
with an increase in the fattening of shape of 
the ramuii, and an increase in the number of 
ramuti per assimitator. Further investigation is 
necessary to determine the optima) cuiture 
environment for the varieties of Catv/erpa 
racemosa avaitabie on the isiand of Mo'orea.
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APPENDiXA

Mesh 1. Mesh 2. Mesh 3.

TREATMENT A -  no shading, 15 cm depth, sand substrate 
TREATMENT B -  no shading, 5 cm depth, hard corai rock substrate 
TREATMENT C -  one iayer of Mesh 4 (photo unavaiiabie), 15 cm depth, sand substrate 
TREATMENT D -  one iayer of Mesh 4 (photo unavaiiabie), 5 cm depth, hard corai rock substrate 
TREATMENT E -  shading cage made of Mesh 3,15 cm depth, sand substrate 
TREATMENT F -  shading cage made of Mesh 3, 5 cm depth, hard corat rock substrate 
TREATMENT G -  shading cage made of Mesh 3 and one iayer of Mesh 4,15 cm depth, sand 

substrate
TREATMENT H -  shading cage made of Mesh 3 and one iayer of Mesh 4, 5 cm depth, hard corai 

rock substrate
TREATMENT i -  shading cage made of Mesh 1 and one iayer Mesh 2,15 cm depth, sand 

substrate
TREATMENT J -  shading cage made of Mesh 1 and one iayer Mesh 2, 5 cm depth, hard corai 

rock substrate
TREATMENT K -  shading cage made of Mesh 1, one iayer Mesh 2, and one iayer Mesh 4, 15 
cm

depth, sand substrate
TREATMENT L -  shading cage made of Mesh 1, one iayer Mesh 2, and one iayer Mesh 4, 5 cm 

depth, hard corai rock substrate

APPENDiX B

*6 individual per 
treatment
*12 individuaistotai 
per repiicate tank

15 cm  5 cm

APPENDIX B. Arrangement of Catderpa individuals in aquarium tanks.
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PTERYSOGAMTID INVASION: ECTOPARSITE LOAD AS 
RELATED TO MATURITY ACROSS GEKKONIDAE LIZARDS 

GEHYRA OCEANICA, GEHYRA MUTIEATA, AND 
EEPIDODACTYEUS EUGUBRIS ON MO^OREA, FRENCH

POLYNESIA

ANDREW  PAUL M cK EO N

Znfegrntfpe Biology, Uuiuersity o/Caii/orm'a Berkeley, 94720 USA

Abstract. I report the first occurrence in the Society Islands of an exotic mite parasite, 
Pterygosomatidae, and its association with Gekkonidae at the Richard Gump South 
Pacific Biological Research Station on Mo'orea, French Polynesia. The ectoparasite loads 
of Gebyra oceauica, G. mutiiata, and Lepido&ctylMS iugubris are quantified on the basis of 
their external morphological measurements. Introduced species of gecko harbor the 
most mites, with an average number of 6.9 mites per G. ocean ica and an average of 3.3 
mites per G. mutiiata, and appear primarily on the legs and dorsal surface of G. oceanica 
and exclusively between the toes of G. mutiiata. Native parthenogenetic species L. 
iugubris was found to carry no mites. An assessment of ectoparasite loads in relation to 
gecko maturity shows juveniles of G. oceanica and G. mutiiata with higher counts. A look 
at mite migration across species during a twelve-hour period suggests a correlation with 
density. A mark and recapture experiment determined 90% of the G. oceanica population 
occurring on the Gump Station were included in this study.

Key words.* ectoparasite load; gecko; G. oceanica; G. mutilata; L. lugubris; mite; Mo'orea, 
French Polynesia; Pterygosomatidae

INTRODUCTION

The pacific geckos arrived on the Society 
Islands as stowaways with the first Polynesian 
settlers and increased in population with the 
stationing of troops on French Polynesian 
islands during Word W ar II (Beckon 1992). 
The mobilization of troops in the Pacific since 
WWII brought additional geckos to the 
islands. The established military compounds 
provided new foraging spots and retreats for 
these lizards (Comendant 1994).

Introduced geckos host an array of 
endemic mite parasites (Domrow 1991; Moritz 
et al. 1991). Ectoparasites in the genus 
Geckobia belong to the order Acariformes and 
in the family Pterygosomatidae, a family 
whose species are found in between toes of 
geckos and lizards (Radovsky 2004). There is 
no record of pterygosomatid mites from 
French Polynesia, so it should be interesting 
that this mite be examined (Swift 2004). A

comparison among the three histories of gecko 
introductions onto the Society Islands allows 
one to determine whether it is the more 
established species or the more recently 
introduced species which are more susceptible 
to high ectoparasite loads (Moritz 2004).

The purpose of this study is to compare 
the distributions of ectoparasites of the family 
Pterygosomatidae on three species of the 
lizard family Gekkonidae: the oceanic gecko, 
G. oceaHicc, the four-clawed gecko, G. mutilata, 
and the mourning gecko, L. lugubris. The goal 
is to evaluate location of highest mite 
prevalence per species. I examine the 
distribution of mites on the body with respect 
to the state of maturity of the gecko.

METHODS

A total of 185 specimens of Gekkonidae 
were collected oh the grounds of the UC 
Berkeley Richard B. Gump Biological Research
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Station in the Society Islands Archipelago on 
Mo'orea (17° 30'S and 149° 50'W) 20 km WNW 
to Tahiti, French Polynesia from September 
23rd to November 15, 2004 between the hours 
of 2130 and 2330. The Gump Station is located 
on the West side of Cook's Bay at an elevation 
of about one meter (Map 1) and includes a 
Professor Bungalow at an elevation of about

Map 1. Mo'orea: Island of the Yellow Lizard, is a 
small (area 130 km^) French Polynesian Island 
near Tahiti. The X marks the sites sampled in 
this study

Study Organisms

The host system used in this study is 
composed of one parthenogenetic and two 
sexually reproducing species of Pacific Island 
geckos. Mites were further identified by Dr. 
Frank J. Radovsky at Oregon State University 
and Dr. Sabina F. Swift at the University of 
Hawai'i.

Animal capture was performed by hand 
or by a standard lizard noose (Stebbins 2003). 
Care was taken not to injure the lizard in any 
way. Following capture, geckos were placed 
into individual ZiplodS) bags. Fluid and cover 
were provided by including one leaf spritzed 
with water. The bags had holes punched into 
them to allow for gas exchange. Laying the 
bag flat and pressing gently on the gecko, a 
plastic ruler was used to measure snout-vent 
length (SVL) in millimeters from the anterior 
tip of the specimen to the opening of the 
cloaca along the middle of the ventral surface 
of the body (Fig. 1A). The intraocular distance 
(IO), the distance between the eyes (Fig. IB),

was measured in millimeters. Finally, the tail 
length (TL) was measured in millimeters from 
base to tip (Fig. 1C).

Geckos were weighed with a Pesola scale 
to the nearest tenth of a gram. Distinguishing 
marks such as tail loss, noticeable scars, and 
color morphology were noted. Males were 
identified by enlarged femoral pores and a 
swollen tail base. Females were identified if 
they were found gravid or if they had 
enlarged femoral pores and if a swollen tail 
base was not present. Individuals were 
considered to be juvenile if hemipenes and 
femoral pores were undeveloped (Stebbins 
2003).

Fig. 1 A, B and C. Measurements of gecko 
morphology.

G. oceanica

Common name: pacific gecko (Fig. 2). 
Geckos are nocturnal, carnivorous, and 
territorial. Individuals exhibit white or yellow 
ventral coloration and have an orange stripe 
across the hind toes. The delicate skin will 
peel if handled roughly. Large males usually 
show signs of scarring or tail loss and have 
large heads with robust masticator muscles 
and thick jowls.

Fig. 2. An adult male G. oceanica with scarring 
visible on the head.
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G. mutilata

Common name: four-clawed gecko (Fig. 
3). Individuals have dark toe pads, delicate 
purple/pink gray skin, and evenly-space 
tubercles along the tail.

Fig. 3. A gravid female G. matiiata with 
eveniy-spaced tubercles along tail.

L. lugubris

Common name: mourning gecko (Fig. 6). 
A parthenogenetic species, bisexual groups 
and hybrids exist between the unisexual 
clones and bisexual groups documented 
within French Polynesia (Ineich 1998). 
Individuals are pale with a distinct chevron 
pattern that extends from the tip of the 
prehensile tail to the nape of the neck. Their 
eyes are shiny with tiny gold flakes. Calcium 
deposits located in the endolymphatic sacs 
with external swelling usually indicate a 
gravid female.

Pfeyygosomatidae

Movable digits of Chelicerae end in a 
small hook (Fig. 4). The body is heavily 
sclerotized and sprouts many long hairs (Fig. 
5). Individuals are rarely more than one

millimeter in length and when malnourished, 
turn white or pale-yellow.

Fig. 4. Pterygosomatid mite found under 
the toe-nails of a male G. mutilata. Notice the 
small, hooked chelicerae.

Fig. 5. Pterygosomatid mite found on the 
neck of a juvenile G. ocean:ca. Tiny hairs sprout 
from its sclerotized dorsum.

Ectoparasite Load

The presence or absence of mites were 
determined for each gecko. A visual count of 
ectoparasites was noted by looking on the 
arms, dorsum, ears, head, legs, jaw, neck, tail, 
in the vent folds, and on the ventral surface of 
the gecko under a dissecting scope. Mites 
appeared as bright orange dots. Mite voucher
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specimens were coHected for identification. A 
dab of non-toxic marking paint was applied to 
the base of each lizard tail (Fig. 6) and geckos 
were returned to the wild within twelve hours 
to the exact location of capture.

Measurements of ectoparasite load as it 
relates to gecko maturity were compared 
using Regression analysis and measurements 
of morphology among the three groups 
compared using t-tests and an ANOVA. A 
Tukey-test was performed to show where the 
differences were among the groups.

Tioeioe-kour wife migration

Seven trials were performed in which one 
infested C. oceanica (mean infestation =  6.9 
mites per gecko, SD =  6.5) was placed in a 1.5 
liter translucent water-bottle with one 
conspecific male and one conspecific female, 
both of which had their mites removed. The 
three geckos were surveyed after twelve 
hours. The number of mites present upon 
capture and after a twelve-hour period were 
recorded. Spearman's Rank Correlation 
(Ambrose 2002) was then used to determine 
the correlation between the number of 
stationary mites present on the gecko and the 
number who migrate.

G. oceanica population estimate

The mark and recapture method used was 
the Schnabel method which assumes that the 
population is closed and that multiple 
marking and recapturing events take place 
with an equal probability of capture within a 
given sampling occasion. It also allows for 
probabilities to vary between sampling 
periods (Krebs 1999). The Lincoln Index, as 
described by Krebs (1999), was used to 
estimate gecko population.

G. oceanica individuals found on the 
Gump Station were captured; SVL, IO, and TL 
were taken and each individual sexed, 
weighed, and marked on the dorsum at the 
base of tail with white non-toxic, fast drying 
enamel paint (Fig. 6). The short time-frame 
(eight weeks) of the experiment negated the 
effects of skin shedding. This site was visited 
a total of seven times from the hours of 2030

and 2230. A total of 144 individuals were 
marked during the course of the study.

Fig. 6. A marked juvenile L. iugubris.

RESULTS

Mite abundance and distribution

To determine the abundance and
distribution of ectoparasites, the number of 
mites among all three species of gecko was 
recorded (Table 1). It was determined that 
ninety-seven (60%) of the 161 total G. oceanica 
and G. mutiiata specimens were infested with 
mites. All twenty-four specimens of L.
iugubris showed no evidence of mite 
infestation.

TABLE 1. Mite abundance among three
Gekkonid species, 
to G. tnufiiafa and 
ectoparasite load.

G. oceanica, 
L  iugubris,

when compared 
has the heaviest

G.
G. oceanica mahiaia L. iagabns

n 144 14 24
n infested geckos 93 4 0
% n infested 65 24 0
Mite numbers: 
Max/ individual 41 5 0

Mean 6.9 3.3 0
SD 6.54 1.7 0
Mite infestation: 
Maximum 0.59 0.11 0
Mean 0.1 0.07 0
SD 0.1 0.03 0
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Ecfoparasi'fe load as if relates to maturity

Host size, serving as a proxy for maturity, 
estimated by SVL of animals with one or more 
mites, was found to have no relation to mite 
density in either species (regression of log 
number of mites on log SVL, P > 0.05). The 
average maturity among the species differed: 
L. lugu&ris was significantly, but slightly, 
smaller than G. fHMfdafa (31.3 mm cf. 40.8 mm, 
t-test, P <  0.001), whereas G. oceanica was 
significantly larger than G. mutilata (63.9 mm 
cf. 40.8 mm, t-test, P =  0.03). When the 
comparison of maturity was limited to 
animals with ectoparasites, mite prevalence 
was higher on G. oceanic# (Fig. 7). A one-way 
analysis of variance shows that there was a 
significant difference among the three species 
(df =  2, SS =  46, F =  5.7, P <  0.0001) with a 
Tukey-test Qt value of 3.4, a significant 
difference among the means.

45,

Fig. 7. Ectoparasite load as it relates to G. 
oceanica maturity. Juveniles have higher 
ectoparasite loads than adults (Regression 
analysis, x =  -0.148, =  0.0217).

Mite location on G. oceanica and G. mutilata

Associations between the location of mite 
infestation on G. oceanica and G. mutilata 
proves that these two variables are not 
independent (Chi-square test, = 37, df =  9, P 
<  0.0001), a significant trend. Where the mites 
occur depends on the species. A x^ 
comparison for each species separately (P two- 
tail =  0.7) showed that mites were not

distributed randomly among these locations 
for G. oceanica (Fig. 8) and that mites occur 
exclusively under the toe-nails of G. mutilata.

Fig. 8. Mites occur primarily on the legs and 
dorsal surface of G. oceanica.

Ectoparasite load across tl:ree species

The average numbers of mites per gecko 
were 6.9 per G. oceanica and 3.3 per G. mutilata, 
with no mites occurring on the native 
parthenogenetic species L. lugu&ris (Fig. 9).

5y

Fig. 9. Average number of mites per 
specimen for three species of Geckkonidae. G. 
oceanica had the highest average of mites per 
individual (6.9).

12-ljour mite migration

The square of the Pearson product 
moment correlation coefficient (r =  0.004) was 
not significant. The initial number of 
stationary mites present on the gecko was
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only loosely correlated to the number of mites 
who migrate to another host after twelve 
hours (Fig. 10).

Fig. 10. Mites transferred from G. oceanica in 
a 12-hour period. The higher number of mites 
migrating from a gecko relates to the initial mite 
density.

Ga/wp Station G. oceanica population estimate

Based on a Lincoln Index population 
estimate of 160 individuals, 90% of the Gump 
Station G. oceanica population was included in 
this study (Fig. 11). The ratio of the populace 
was female biased at 5:9 (male:fema!e) with 
males being significantly larger than females 
(df =  50, P < 0.001, range = 50-89 mm).

180 
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0- 80
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(9  40 
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Mark and Recapture Date 
Fig. 11. Lincoln Index estimate of G. oceanica 

population size. The downward trend is due to 
a decrease in gecko sample size.

DISCUSSION

Introduced Gehyra onto Mo'orea have 
higher ectoparasite loads than native, 
parthenogenetic species L. lugubris.

Differences in gecko maturity did not 
account for the differences in mite infestation. 
When a lizard sheds its skin, it also sheds its 
ectoparasites. Graff (1992) observed that 
smaller geckos tend to harbor a greater 
number of mites than larger geckos. One 
specimen, a juvenile from preliminary 
research, was found dead with sheds of skin 
stuck to its feet, thereby inhibiting it from 
chasing after insects and thus it was unable to 
survive into adulthood. Mature geckos were 
assumed to have survived predation and are 
therefore accountable.

My comparison of mite infestation on 
introduced species G. oceanica and G. ynutiiaia 
shows that mites were found primarily on the 
juveniles vs. the adults of both species. The 
difference among ectoparasite loads among 
juveniles and adults correlates with the 
pattern discovered by Graff (1992) in her work 
with mites on Geliyra. Ectoparasite load
differed among juveniles and adult specimens 
of G. oceanica and G. niMfiiaia, although, with a 
low prevalence of mites among L. IngM^ris 
(0%) and G. /nafilafa (24%), the power to detect 
such a difference is low.

When I exposed G. oceanica to the 
pterygosomatid mite after twelve hours, it 
was found that higher levels of mite 
infestation are a product of density. By 
comparing mite prevalence within a single 
species, I also tested whether higher rates of 
migration disappeared when mites were not 
offered a choice of hosts.

Problems caused by mites include 
dehydration, lethargy, anemia, chronic 
debility from blood loss, and dermatitis 
(Dailey 1996) so it is interesting to note the 
type of parasite infecting the geckos. The 
difficulty of quantifying these debilitations lies 

iin obtaining a full count of all feeding 
parasites as mites are known to drop from the 
host after becoming engorged with blood 
(Milinski 1991). Also, when a lizard sheds its 
skin, it also sheds its ectoparasite load.

In summary, L. iMgu&ris, an asexual 
lineage, is less vulnerable to parasitism than
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sexuaHy reproducing G. oceanica or G. mahlata. 
My survey of the ectoparasites of G. oceanic# 
and G. mafiiafa shows that juveniles harbor 
more mites than adults and that the more 
mites there are present on the body, the more 
the mites will transfer across specimens. G. 
oceanic# and G. maii/af# have a higher 
prevalence of mites than the L. iagabris 
specimens sharing the same habitat.
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M lC R O H A B IT A T  AND D IST R IBU TIO N  OF SE V E R A L  N E R IT ID  SN A IL S IN  L O W E R

R E A C H E S O F M O O R E A N  ST R E A M S

SARA MORTON

Enp:ronfnenfaI Science Policy and Mcncgeyneni, University o^Caii^rnia, Berkeley, Caii/bmia 94720 USA

A bstract. Microhabitat and distribution of diadromous freshwater gastropods was 
studied in the brackish habitats of four streams in Moorea, French Polynesia. Salinity 
gradient was measured from the mouth of the streams to 150 meters from the coast. 
Then density, size and substrate preference of several species in the Neritidae family 
were measured. Length measurements of individual Nerifina auricniaia showed size 
increased as the distance from the ocean increased (R squared is 0.35). Substrate 
preference for the species Cliihon spinosa, Nerifiiia rubida, Nerifina aMrictdafa, Nerifina 
canal's, Neritina furrifa and Sepfaria porceMana was examined in four streams and most 
preferred the bottom and sides of substrates. Population was estimated for N. aaricuiata 
in one stream, using the Lincoln-petersen mark-recapture model. The population was 
found to be between 2000 and 4000 snails, within 20 to 60 m from  the stream mouth. 
Salinity preference of N. aaricalafa was studied in a laboratory experiment. The snails 
tested showed no preference for either fresh or salt water.

Key Words.* Oceania, Neritidae, Neritina, salinity, bracbisb, wHcrodisfn&Mtio?!, martr-and- 
recapfare

INTRODUCTION

Freshw ater mollusks and crustaceans 
often represent the largest percent biomass of 
species present in the streams of Oceania 
(Resh & de Szalay, 1995). Neritidae is one of 
two major families of gastropods represented 
in these streams, and like many other stream 
organism s on islands, have diadromous 
lifecycles (Haynes 1988, Resh & de Szalay 
1995). In this type of lifecycle, juvenile and 
adult neritids migrate upstream and adults lay 
their eggs on hard substrates until veliger 
larvae hatch and travel downstream to 
complete development in the marine habitat 
(Boyer, 1998; Ford &Kinzie, 1982). In some 
areas, neritid adults continuously move 
upstream, even after dislodgement by the 
current (Schneider &Frost, 1986). This 
upstream movement has been explained by a 
behavior in adults to avoid salt water 
(Nishiwaki, et al 1991).

The freshw ater neritid genera Nerifa, 
ChfftOH, Nerlifilia and Sep tana likely evolved 
separately  to enter the brackish and 
freshw ater habitats originated from the 
marine genus N erifa in Southeast Asia

(Haynes, 1990; Govindan & Natarajan, 1972; 
Starmuhlner, 1982). Many of these species 
spread to the Pacific, and are shown to have 
high numbers on large islands with more 
water area than sm aller islands with less 
water cover (Haynes, 1990). The planktonic 
larvae are a likely source for dispersing neritid 
species betw een islands and therefore 
preventing genetic isolation (Myers, Meyer 
and Resh, 2000) Due to the lack of genetic 
isolation neritids on specific islands show less 
endemism (Myers et. al, 2000; Kay & Palumbi, 
1987; Scheltema et al., 1996). The upstream 
migration behavior may have evolved from 
the migration cycle of intertidal Neritidae that 
migrated according to the tide (Schneider 
&Frost, 1986; Garrity & Levings, 1981). As a 
family, they are adapted to habitats ranging 
from  the m arine inter-tidal zone to the 
upperm ost elevations in island stream s 
(Haynes 1988).

The tidal influence at the openings of 
streams results in a habitat with highly 
v ariab le  s a lin ity , co n d u ctiv ity , and 
temperature. Prelim inary observations of 
Neritid snails found at these lower reaches 
include the juveniles and young adults
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representative of all diadromous species, and 
fully developed adults of several species (e.g. 
Nen'iina furrifa, Nenfiia rabida, and Nert'h'ua 
aancMiafa.)

N. aMncuiafa, present in the streams of 
Indian Ocean and those of those in the South 
Pacific, is restricted to the lower-most reaches 
of stream s on Moorea, while other neritids 
such as N. cawalis inhabit upstream areas as 
well (Resh et al. 1990). Moreover, N. aan'ctdafa 
are more tolerant to water that is more saline 
than other freshw ater gastropods in the 
Neritidae family but less tolerant to hydraulic 
stress (Liu & Resh, 1997). Research was 
cond ucted  to m ore thoroughly exam ine 
factors affecting the distribution of neritid 
snails in  the low er reaches of M oorean 
stream s, and more specifically, M. aancalata 
was exam ined to evaluate this information 
w hich  p reviously  had been based on 
laboratory studies. The objectives of this study 
are (1) to m easure the size variation over 
distance and whether or not N. aanctdafa of 
various sizes show preference for different 
salinities; (2) to examine the microdistribution 
of neritids found in the lower reaches and 
more specifically, the location on substrates by 
the various species compared; (3) to study 
density and population estim ates of N . 
aaricMlafa in the lower reaches of the Uuufau 
River, and com pare density to salinity for 
gastropods in four streams of the island.

METHODS 

Site Description

Field studies were conducted October to 
November, 2004 at the lower reaches of four 
streams in Moorea, French Polynesia. Lower 
reaches were defined as the first one hundred 
fifty m eters upstream from the mouth of the 
stream . M icroh abitat d istribution and 
densities were measured for two south-facing 
and two north-facing streams, Vaioro and 
Uufau R ivers, located near the towns of 
A fareaitu  and Haapiti, respectively. The 
north-facing streams were the Urufara River, 
located near Papetoai on the Opunohu Bay 
and the V aiam i R iver in  M aharepa. 
Populations of N. aMricalafa estimated were 
m easured in  the Uufau river. Laboratory 
experim ents on the salinity preference of 
snails were conducted at the University of

FIG 3. Nenfina aan'cMiafa individuals in 
the Uufau River increase in length as 
distance from the ocean increases.

California, Berkeley, Richard B. Gump South 
Pacific Biological Research Station in Moorea, 
French Polynesia.

<S]pec;ay daycr(pdo?M

Gastropod species w ere identified onsite 
using a key developed by Marquet (1998).

CliMoH spiuosa Sow erby 1825. The shell 
height is up to 25 mm tall. There is often a 
spike after the whorl, 5 volum nar denticles, 
operculum and a smooth outer surface. There 
are often amber axial stripes. C. Sp:nosa are 
found from the lower to middle reaches of the 
stream (Boyer 1998). They are often found 
below rocks in riffles of the stream. (Liu& 
Resh, 1997).

Nenfdia rubida Pease 1865. The shell is thin 
and up to 8 mm high, the spire is short, there 
are no denticles, and the operculum is smooth. 
They are observed in the highest elevation and 
lowest elevation of the stream  (Boyer 1998; S. 
Morton pers obs.).

Nenfina aancaiafa Lamarck 1816. The shell 
is flattened and dark brow n, up to 35 mm 
long, and has very faint grow th lines. The 
snail shape is ch aracterized  by a large 
phalange extending from the body whorl. It 
inhabits the lower reaches of streams.

Nerit:na dilafafa Brod erip  1832. This 
appears very sim ilar to the aaricMlata only 
there is a distinct orange and brown striped 
pattern on the shell, and the shell appears 
sm ooth and less textured . Because of 
similarity in their habitat, the N. dilifafa is 
considered to be a synonym of N. aan'ctdafa
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for this paper, as was also done by Liu & Resh 
(1997).

Nerifinn canaiis Sowerby GB 1825. The 
spire is Hat, the operculum is smooth, the 
aperature is white, and the parietal shell is 
orange-colored. This is the most far-reaching 
of freshwater gastropods in Polynesian 
streams and they are most often found 
beneath rocks where water is fast moving.

Neritina farnfa Linne, 1758. The shell has 
distinctive axial bands that vary in color, 
depending on the environment.

Septaria taiiana Linnaeus, 1759. The shell 
is distictive amber colored bands on black 
background, no operculum. This snail found 
in the middle to upper reaches of streams and 
is least mobile of the neritid snails in that it 
holds firmly to substrate.

Micro&stn'bMfi'on gastropods in the lower 
reaches of Moorean streams

M icrodistribution of gastropods was 
measured along one-hundred fifty meters at 
the base of several Moorean streams including 
Vaioro, Putoa, Uufau, Uufara, and Vaiami. 
Half-meter quadrats were placed at ten meter 
intervals along each transect. A timed (7 
minutes) exhaustive search was performed 
and description of substrate preference noted 
for each. For all substrates found with snails 
on them, the texture (rough or smooth), size 
(very small to large), and location of the 
snail(s) on substrate (bottom, sides or top) was 
recorded. At each quadrat, the temperature, 
salinity and conductivity were measured 
using an YSI 30 meter, placing the sensor close 
to the bottom of the stream. For data analysis 
the location on substrate, numbers and species 
of gastropods found and salinities measured 
were analyzed using regression analysis and 
ANOVA.

Population estimation of N. auriculata in the 
lower reaches of the Liu/au Riper

A mark-recapture study was conducted to 
e s t i m a t e  t h e  p o p u l a t i o n  a n d  
microdistributions of the gastropod species 
and their sizes. Snails were collected 
exhaustively at two locations within 10 m 
areas at 50 m, and 100 m from the mouth, 
respectively. The length of the snails was

measured from the anterior to posterior ends 
with a ruler to the nearest mm. The snails 
were marked according to where they were 
found and then placed at the 50 m and 100 m 
marks. A five minute search was conducted 
within a 1-m section every ten meters for one 
hundred forty meters of the Uufau.

The next part of the study estimated 
population for every ten m. Snails were 
collected exhaustively for five minutes, every 
ten m, starting at the mouth of the stream. All 
snails captured were identified to species, 
measured to the nearest m illim eter, and 
marked or remarked. D ifferent color nail 
polish was used to distinguish various dates 
collected. Population estimates and size of 
individuals were m easured according to 
d istance from  the ocean  and salinity. 
Population estimates were calculated using 
the Lincoln-petersen m ark-and-recapture 
equation. Individual sizes over distance were 
analyzed using regression analysis, and a chi- 
squared test for independence.

Transplanting pilot study

Size distribution along the gradient of a 
transect was determined from the previous 
study. Neritina anricMlafa were collected 
exhaustively within a 1-m crossection at three 
and four locations in the Vaioro and Putoa 
stream s, respectively. Each snail was 
measured to the nearest mm, and marked the 
same pattern and color w ithin each place 
found in the stream. A t the Putoa stream, 
snails populations from 50 m and 100 m were 
marked and divided into three groups. One 
third of snails were left w ithin the meter 
section found, one third were relocated to 
Ragged locations 150 m, and another third 200 
m upstream. Vaioro stream  snails were 
collected from above and below the bridge 
crossing at 50 and 63 m upstream then half of 
each population relocated to 80 m upstream. 
Marked snails along each stream  were 
monitored every five days. A 10 minute 
timed search within 2m of Ragged locations 
on the stream counted marked and unmarked 
snails found.

Laboratory salinity gradient experiment
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A salinity gradient apparatus was 
built using a 10 cm diameter 1.2 m long pvc 
tube, with an opening cut along the top. Tick 
marks on the tube marked every centimeter 
and decimeter. The pipe was placed on a 
sloped 2.4 m table and freshw ater and 
saltwater flowed directly from vertical tubes 
from  above the tube on either end. The 
downstream and upstream input of fresh and 
saltwater was randomized from trial to trial. 
Flow was measured for both freshwater and 
saltwater, and the temperature, salinity and 
conductivity were measured at 10, 35, 60, 85 
and 110 cm from the downslope end.

Snails w ere collected from a 20 m 
crossection above and below the 100 m point 
in the streams Uufau and Vaioro. Each snail 
was measured lengthwise, from anterior to 
posterior ends. One individual was placed on 
the tube on centimeter mark 35, 60 or 85 and 
then  m ovem ent was m onitored for 30 
minutes. At the end of each trial, the number 
o f c e n tim e te rs  moved,  sal ini ty  and 
conductivity were recorded.

RESULTS

Size variation and salinity pre/erence

The salinity decreased as the distance 
from  the river m outh increased  (fig. 2). 
However, the size of the N. anricMiata snails 
increased in size as the distance increased (fig. 
3), and salinity decreased (fig. 2). There is no 
correlation between Individuals of a certain 
size and salinity preference (fig 4).
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FlG 2. Salinity decreases as the distance from 
ocean increases.
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FIG 3. The length of N. aancMiafa increases as distance from the ocean increases.
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Regression Sia(:sf:cs
Multiple R 
R Square 
Standard Error 
Observations

0.58
0.35
0.21
1223

ANOVA <y SS MS F
Significan 

ce F
Regression 1 27.40 27.40 650.72 2.1B-115 
Residual 1221 51.41 0.042 
Total 1222 78.82

Coefficients
Standard

Error tStat P-paiae
Lower
95%

Upper
95%

Lower
95.0%

Upper
95.0%

0.21 0.016 13.05 1.5E-36 0.17 0.24 0.17 0.24
0.0056 0.00022 25.51 2.1E-115 0.0052 0.0061 0.0052 0.0061

TABLE 1. Regression analysis of size of snail over distance from the oceans shows statistical 
significance.
TABLE 2. Meriting aaricMiaia preference for salinity (shown in Fig 4.) is not statistically relevant.

Regression Statistics
Multiple R 0.47
R Square 0.22
Standard
Error 0.15
Observations 17
ANOVA

D / SS MS F Significance F
Regression 1 0.094 0.094 4.35 0.055
Residual 15 0.32 0.022
Total 16 0.42

Standard Lower Lower
Coe/iicients Error tStat P-patae 95% Upper 95% 95.0% Upper 95.0%

0.52 0.065 8.10 7.38E-07 0.39 0.66 0.39 0.66
0.0056 0.0027 2.09 0.055 -0.00012 0.011 -0.00012 0.011

FIG 4. Nerifina aarictdafa does not show a 
preference for specific salinities in the 
graph.

40

M 10

0.4 0.6
SnaM size (cm)

Microtis tnbnfion o/nerifid snails

C. spinosa (fig 5a), N. awricMiafa (fig. 5b), 
M.canaiis (fig 5c), S. faifana (fig 5d) show 
variation in substrate preference on Moorean 
Streams. N. anricMiafa more often prefer the 
bottom and sides of substrates than the N. 
canal is , which also inhabit the tops of 
substrates.

Fig 5. C. spinosa, N. auricniafa, N. canalis, 
and S.Taiiana are found on bottom, side and 
top exposures on substrates in four Moorean 
Streams.
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FtG 5A. Ncrdwa aMrrcM/ula exposure on substrates 
in Moorean streams. The number of snaiis axis is 
on a logarithmic scale.

FtG 5B. TVerMna cana/fy iives on the bottom and 
sides less than on the top.

bottom side ___  top none

FtG 5 c . Number of C/Mon .spaMwa observed on the 
bottom, sides and top of substrates varies tittle.
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FtG 5D. Septana fatfana was found mostly on 
the bottom and the sides of substrates.
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bottom side top none

FtG 5B. Nenfi'h'a rabida occur on all three 
exposures of substrates.

Popa/aftoH and density of neritid snails

The densities of gastropods found in the 
lower reaches of Moorean streams were found 
from the microdistribution study (fig. 6). N. 
auricuiafa and other gastropods vary in 
density along the salinity gradient.

The population of N. aaricaiata is highest 
between 20 and 60 m eters from  the ocean 
mouth and steadily decreases after this point. 
This projection is an overestimate of the actual 
value because many marks fell of the snails 
before each recapture.

40 30 20 10 o
Satintty (ppt)

FlG 6. In higher salinities, N. aan'caiafa 
density increases as the salinity decreases for 
four streams measured. The y-axis is on a 
log-scale.
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Regression Statistics
Multiple R 0.47
R Square 0.22
Standard
Error 39.43
Observations 36

ANOVA

Coeficients
Standard

Error t Stat P-paine Lower 95%
Upper
95% Lower 95.0%

113.76 27.27 4.17 0.0002 58.34 169.18 58.34
-3.17 1.03 -3.072 0.0042 -5.26 -1.072 -5.26

TABLE 3. Regression of N. anr:'cM?a&: in salinities over 10 ppt.

N. auricuiata poputation estimation from mark- 
recapture

8000 

3 7 0 0 0  
36000 
g5000 

± 4 0 0 0  
°3 0 0 0  
-02000 
= 1000 

0
0 50 100 150

Distance (meters) from ocean

FlG 7. The population is estimated using 
the Lincoln-petersen model.

DISCUSSION

Size VariafioH and Salinity Preference

N. aMricaiaia, like other neritid snails, 
showed an average increase in size as they 
traveled upstream, which is reflective of the 
upstream  m ovem ent of other neritid 
gastropods (Scott & Kenny, 1998). The 
regression analysis shows that this increase in 
size is significant, but the sample size may be 
too large fo r the statistical significance to

reflect ecological significance. It is likely that 
in spite of continual movement upstream, the 
susceptibility of N. aMricniafa to dislodging 
could prevent a clear size distribution over a 
limited distance. Neritid snails typically move 
in response to the tide washing over them, but 
do not move as often w hen com pletely 
submerged or exposed (Sarah Boyer, 1998; 
Scott & Kenny, 1998).

The behavioral studies show that snail 
size is not correlated to a difference in salinity 
preference. The upstream migration patterns, 
therefore, are not explained by a development 
of halotaxis (i.e. the ability in  older snails to 
prefer fresh water). In spite of their absence in 
some freshwater it is not likely that the N. 
anricMiata are limited to the lower reaches of 
streams due to the change of habitat from 
brackish to freshwater. The restriction is 
likely caused by an increase in  elevation that 
causes faster water flow that dislodges and 
prevents the snails from upstream  travels. 
Other possible causes for the restriction 
include competition for resources with other 
gastropods.

M:crod:sfn&M%on of neritid snails

The neritid snails, especially N auricMlafa, 
are mostly found on the bottom and sides of 
rocks. This agrees with previous studies that 
suggest that N. anricMlafa and C. spinosa are

* 5 days after 
first
marking

37 days after 
second 
marking



less tolerant to hydraulic stress than the N. 
canah's and S. taifana (Liu & Resh, 1997). This 
laboratory study also explains the most likely 
habitat for N. aancMlafa in that they occur in 
highest numbers in streams where the mouth 
of the stream contains mostly small cobble 
substrates (pers obs ). Species that are more 
likely to be dislodged from substrates are 
more likely to be found in the more sheltered 
part of the substrate. Although most of the 
gastropods exam ined preferred the less 
exposed bottom and sides, some species show 
greater densities on these exposures than 
others.

Poptdah'on ofNen'h'd Snails in Lower Reaches of 
Moorean Streams

The estim ates show that N. anricMiafa 
populations are close to the numbers of snails 
in reality. The results are significant because 
the populations are highest in the length of the 
stream where few other species are seen. The 
highest populations are where the salinity (fig. 
1) ranges from  25 ppt to 33 ppt. The 
characteristics of the stream between 20 and 60 
m from  the ocean consisted of m ostly 
subm erged sm all cobbles. This habitat in 
submerged water may prevent predation by 
terrestrial animals.

The population estimates calculated over 
distance are overestimates probably because 
n ail p olish  m arks fell off and w eather 
conditions limited the number of snails found 
in the timed searches. This is another example 
of the restriction of this species to the brackish 
water. The results from the first recapture and 
second recapture differ greatly for the 20 m 
through 40 m locations. This may be 
explained by more marks deteriorating after 
seven days than six days.

The studies on N. ann'ca/ata the prevalent 
species in brackish stream water in streams is 
guidance for how the nertid snails evolved to 
live in freshw ater streams from their marine 
ancestors.

SMggeshons JorJarMer research

If repeated, the transplanting pilot study 
(m aterials and methods) should carried out 
w ith a longer experiment duration and with 
more durable marking techniques. Flow rates 
should be recorded and compared for the

dow nstream  and u p stream  site s . This 
experiment would determ ine if N. aaricMiafa 
are able to live in higher elevations.

Color polymorphism of all neritid species 
is another problem worth examining. Striping 
patterns of neritids w ithin the same species 
differ greatly between streams. A study on a 
Costa Rican neritid snail determined that the 
color variation was caused by m anganese 
ingestion (Boyer, 1998; Scott and Kenny, 1998). 
Another type of transplanting study could be 
designed to com pare the affects of stream  
habitat on shell coloring. Futhermore, this 
may determine whether Nerihna aancaiafa and 
Nenfina ddatata are in fact the same species.
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BEHAVIORAL ECOLOGY AND COMMUNITY STRUCTURE: 
AQUATIC ASSEMBLAGE AND PREDATOR/PREY 

INTERACTIONS OF THE NATIVE ISCHNURA AURORA 
(ZYGOPTERA) FROM MO'OREA, FRENCH POLYNESIA

JENNA S . RAIS

infegrahpg Biology, UnHwsz'fy o/Ca/i/ornM, Berkeley, Caiz/orzzza 94720 LISA

Abstract. Zygopteran la rv a e  b e h a v io r  influences pop ulation  structure as w e ll as community 
structure w ith in  aquatic assem blages. H ig h  d en sities of Z ygoptera la r v a e  are d if f ic u lt  to find 
onM o'orea because th e  presence of len tic  w a ter is inconsistent. T h e  sp ecies Iscbntzra aurora w as 
found in an irr ig a tio n  d itch  in  a taro  f ie ld  w h ere th e  w a te r  w as a h ig h e r  tem p eratu re th a n  
fresh w a ter stream s. Response of JscTznzzra aurora la rv a e  to th e  p red ato ry  f is h  p resent in  th e  
h a b i ta t  show ed no sig n ifican t d ifference w hen  it  h ad  no contact, in d irect con tact and d ire c t 
contact w ith  th e  fis h  in  a controlled  experim ent. T h e  presence of an a lte rn a te  p re d ato r , la rg er 
A nisop tera la rv a e , m ay be a more sig n ifican t factor in determ ining eco lo g ica l b e h a v io r  o f 
ZschMura aurora.

Key words; tezztzc, iotzc, dissolved oxygen, Ischnura aurora, P o e c ilia  r e t ic u la ta , Lzezzzz'zzzetaboiozzs,
larvae, predation, /reslzwaler

INTRODUCTION

O donata occupy fresh w ater h a b ita ts  
such as riv ers  and stream s, but are a lso  
known to colonize and breed in tem porary 
le n tic  fresh w ater (Corbet 1980). T h ey  are 
hem im etabolous, m eaning th e y  h a v e  a 
nym ph stag e w ith  7 to 14 instars, in th is  
case an  aquatic la rv a  form, before th e y  
d evelop  and emerge into an ad u lt. 
A d a p ta b ili ty  a llo w s odonates th e  a b il i ty  
to  colonize tem porary and m anm ade len tic  
s ite s . H ow ever, resource lim ita tio n  w ith in  
a h a b ita t  p la y s  a m ajor role in th e ir  
su rv iv a l ra te . Food a v a ila b il i ty  is a facto r 
in  energy transform ation : food in tak e,
a s s im ila tio n  and energy b a lan ce  (Corbet
1999). O donates lik e  to breed around lentic, 
w arm  w ater w ith  enough nutrients for th e ir  
la r v a e . L a rv a l odonates are often  
g en era lized  p redators w ith in  th e ir  
h a b ita t ,  occupying in term ed iate positions 
in th e  food w eb (Johnson 1991). W hen  th ey  
are  sm a ll la rv a e , odonates tend to feed on 
protozoans or la rv a l crustaceans, and as 
th e y  increase in  size, w ill feed  on larger 
prey such as D ip te ra  la rv a e .

. T h e  in term ed iate  position  occupied on 
th e  food w eb subjects odonate la rv a e  to 
p re d atio n  from  fish , b ird s and o th er

odonates. Because th e y  m ust h id e  from  
predators as w e ll as se ek  p rey , odonates 
tend to be id e a l subjects for b e h a v io r a l 
studies (Johnson 1991). O th e r  stu d ies h a v e  
show n th a t  d a m se lf lie s  liv in g  in  f is h  
in h a b ited  a rea s reduce th e ir  v u ln e ra b ility  
by reducing foraging in  th e  presence o f f is h  
(Johnson 1991).

L arvae m ay a ls o  a c t  as p red ators 
tow ard ea ch  o th e r : in tra g u ild  p re d a tio n  
(IG P) occurs w hen sp ecies v y in g  for s im ila r  
resources k il l  and e a t  e a c h  o th e r  (Su u tari, 
R a n ta la , S a lm e la , and Suhonen 2004). 
Sem iv o ltin e  l i f e  h is to r ie s  a llo w  more 
advanced in stars to  co-occur w ith  more 
junior in d iv id u als so t h a t  s iz e  o f odonate 
la rv a e  w ill  d eterm in e b e h a v io r  tow ard 
each  o th er (C orbet 1999). P re d a to r/p re y  
in teraction s m ay occur w h en  la rv a e  are 
d isp ara te  in  s iz e ; in  a d d itio n , co m p etitiv e  
b eh av io r m ay occur betw een  la rv a e  s im ila r  
in size (Su u tari, R a n ta la , S a lm e la , and 
Suhonen 2004). B e sid e s  in tera ctio n s w ith  
each  o th er, tro p h ic  in tera ctio n s w ith in  th e  
aquatic community a re  a ls o  influenced by 
odonates.

O donates are w id e ly  d ispersed  
throughout th e  w orld . T h e  P o ly n esian  and 
M icronesian is lan d  groups are known to 
h av e  extensive odonate fauna (Polhem us
2000). A n a tiv e  endem ic sp ecies Megalagrzozz
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from th e  H aw aiian  Islands h as rad ia ted  
into a v ariety  of h a b ita ts , and as a result, 
has been studied extensively  (Englund 
1999). However, Odonata from French 
Polynesia are inadequately understood due 
to l i t t le  research since the la te  1920s and 
1930s (Polhemus, Englund, Jordan, and 
Polhem us 2000). Only a few species h av e  
been id entified  and recorded from T a h it i :  
Anax guffatus, AnacMesclma Jaspidea Tramea 
liwhafa, Diplacodes friuiaiis, and fschnura 
aurora (N eedham  1965). fschnura aurora is a 
Zygopteran species n a tiv e  to French 
Polynesia and is found throughout th e  
region as w ell as F iji and Sam oa, but is not 
found in H aw aii (Englund pers. comm.). 
Ischnura aurora has not y et been collected on 
th e  island  of M o'orea. T h ey  tend to be 
located  on the lower reaches of stream s, 
w etlands and taro  fie ld s (Englund pers. 
comm.).

The objectives o f my research  w ere to 1) 
locate d am selflies and id entify  them , 2 ) 
test th e  b eh av io r of la rv ae  in the presence 
of predators found in th e ir  h a b ita ts , and 3) 
conduct a fie ld  survey of th e  h a b ita t . M y 
results w ill provide a startin g  point from 
w h ich  others m ay organize further 
research.

METHODS 

Study Site

I v is ited  numerous w atersheds around 
th e  island (Figure 1) betw een Septem ber 20 
and October 25, 2004, but a t most sites I 
collected  few or no odonate la rv ae  (Table 
1). I did not find enough specimens for 
b eh av io ra l testing until October 26, 2004 on 
a farm  in H aum i. AH oth er s ite s  exam ined 
h ad  been fresh  w ater stream s and 
catchm ents.

TABLE 1. L a rv a e  collected  between
Septem ber 20 and October 25, 2004. T h e  
actual study site  is in bold.__________________

Zy#opfera Anisoptera
Pao Pao 1 0
Marae Tifiroa 2 2
Belvedere 0 0
Haapifi 0 1
PfaUMM 20+ 1

FIGURE 1. I v is ite d  th e  above s ite s  to look  
for odonate la rv a e . T h e  fre sh w a te r s ite s  
are  circu lar and m y actu a l study s ite , a  ta ro  
farm , is starred .

M y study s ite  w as located  in M o'orea, 
French Polynesia, in H aum i on th e  southern 
side of th e  island  a t  road-m arker pK  12 
(Figure 1). T h ere w as a sm all p la n k  bridge 
extending from the road on to a p a th  next to 
a taro fie ld . Sam p les w ere collected  from 
th e  irr ig a tio n  d itch  w ith in  one taro p lo t on 
a farm  lo ca lly  owned and processed by a 
man named Am aru; he did not use 
herb icid es. T h e irrig a tio n  d itch  w as 
in h ab ited  by m any aquatic organism s 
including Isdinuru aurora la rv ae  and th e  
area  around the d itch  w as occupied by 
many of th e  adults. T h e  s ite  a lso  contained 
m ultip le predators, A nisoptera and Poecilia 
reticulata (insectivorousguppy).

Anti-predator Behavior

I tested  predation  using a 24 cm x 24 cm 
grid on th e  bottom  of a test tank w ith  
wooden planks surrounding the arena in 
order to block any p h y sica l or v isu al 
disturbance outside th e  tank. A11 specimens 
w ere p laced  in fresh w ater in the lab  before 
testing in order to rep lace  w ater from th e  
site  w h ich  m ay a lre a d y  contain fish  scent. 
T h e w ater in the test tank  w as about two 
centim eters deep and no substrate from th e  
sam pling site  w as p laced  inside of th e  
tank. T h e test area volum e w as 1152 cubic 
cm and a new individual w as used for e a ch  
test.
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I p laced  a d a rk  tube d ire ctly  in th e  
center of th e  grid  and, using forceps, 
positioned  the la rv a e  inside th e  tube. T h e  
t r ia l  began a fter th e  la rv a  w as calm  (not 
m oving) and the tube w as rem oved. T h e  
p a th  th e  la rv a e  took to reach  th e  edge of 
th e  grid  w as grap hed  every 20 seconds, and 
th e  tim e it  took to reach  th e  edge w as 
recorded. Four types of tr ia ls  w ere 
conducted on each  in d iv id u al: a lone in th e  
ta n k ; alone in th e  tan k  w ith  th e  fish  in a 
se p a ra te  but v is ib le  c le a r  container; alone 
in  th e  tank  w ith  10 mL of w a te r  tak en  from  
th e  f is h  container; and, both  th e  la rv a  and 
th e  fish  in th e  test tank.

Collecting

N ym phs and fish  w ere co llected  by 
disturbing th e  b en th ic substrate and 
v eg eta tio n , th en  sw eeping an aquarium  net 
in  th e  disturbed a rea . E ach  d am selfly  w as 
p lace d  in a se p a ra te  v ia l  w hen  collected  a t  
th e  s ite . A e r ia l co llection s of a d u lt 
d a m se lflie s  w ere a lso  conducted in order to 
a id  in  id e n tify in g  th e  species breeding in 
th e  irr ig a tio n  d itch . C ollection s w ere 
w ith in  2 m^ of th e  la rv a l co llection  s ite .

Four s ite s  along th e  irr ig a tio n  d itch  
w ith  s im ila r  d ep th s  w ere chosen to conduct 
a f ie ld  survey (Figure 2). I used an 
aquarium  net to disturb the w a ter column 
for one m inute along a 40 cm sweep. I 
co llected  for 10 seconds by sw eeping and 
sh a k in g  v e g e ta tio n  and substrate w ith in  
th e  n et. B e n th ic  sam ples w ere p laced  in 
75%  e th a n o l d ire c tly  a fte r  collections. I 
recorded d e p th , w id th , v e lo c ity ,
tem p eratu re, conductivity, d issolved
oxygen (D .O .), and pH  a t each  of th e  four 
s ite s .

P h y sica l m easurem ents for d e p th  
w id th  and v e lo c ity  w ere m ad e w ith  a 40 cm 
ruler. V e lo c ity  w as m easured  by recording 
th e  tim e a le a f  took to t ra v e l from  0 cm  to 
40cm. C onductiv ity  w as m easured  using a 
conductivity m eter and d isso lv ed  oxygen 
w as m easured by  using a D .O . m eter. T h e  
pH  w as m easured by using pH  s tr ip s  of 
paper.

T he age d is tr ib u tio n s  of se v e ra l 
d am selflies  w ere m easu red  using th e  w id th  
of th e  h ead . G e n e ra tio n a l g ap s are 
measured by using a s ta n d a rd  m u ltip le  o f 
1.4. For exam p le, one h e a d  w id th  w as 1.10 
mm; 1.10 x 1.40 =  2 .2 4 , so th a t  th e  next 
generation w ill h a v e  a h ea d  w id th  o f 
ap p ro xim ately  2 .24  mm.

Gut content a n a ly se s  w ere conducted on 
th e  p redatory  sp ecim en  from  th e  s ite s , 
A nisoptera. T h e  feed in g  b e h a v io r  o f 
A nisoptera w as observed  th re e  tim es and 
film ed  once. T h e  feed in g  b e h a v io r  o f 
Poec:?M reticM/ate w as observed once.

Statistical analysis

I used th e  F ried m a n  test, a non- 
p aram etric test, for d ifferen ce s in  b e h a v io r  
betw een p red ator trea tm en ts . For th e  
aquatic f ie ld  survey a t - te s t  w as used to 
determ ine if  th e  a q u a tic  com m unity o f th e  
len tic  s ite s  d iffe rs  s ig n ific a n tly  from  th a t  
of th e  lo tic  s ite s . A n A N O V A  te st w as used 
to an alyze th e  s ig n ifica n ce  of th e  p h y s ic a l 
ch a ra cte ristics  betw een  len tic  and lo tic  
sites.

RESULTS 

Beiiauioral study

^  Lentic = no vetocity
^  Lotic = vetocity quick sand

1---------------------- ^ 1----------------

' taro ^  4 . 3 -----------

1 — v ----------------

-<------------2---------------------------------------- ^
20 meters

FIGURE 2 . I ch o se  tw o lentic and tw o lo tic  
s ite s  to  ta k e  b en th ic  sam p les . M ore 
sa m p le s  w ere  n o t tak en  due to quick sand  
a lon g one sid e .

T he Fried m an test re v e a ls  th a t  no 
sign ifican t d ifferen ces w ere found betw een 
th e  treatm ents (T ab le  2 ).

TABLE 2 . For e a c h  tre a tm e n t a non- 
p a ra m e tric  te s t for d f  =  3 an d  t =  7 .81  g iv e s  
th e  follow ing p and l v a l u e s . ________________

_E— x '
Time 0.79 1.01
Distance 0.72 1.69
Speed 0.77 1.16
# Turns 0.75 1.31
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In Figure 4 the b eh av io rs  for each  
treatm ent do not show  any apparent 
differences.

Three observations (one of w hich  w as 
film ed) of A nisoptera feeding on a 
dam selfly  la rv a  dem onstrated th a t th e  
larv a  moved cautiously w h ile  th e  
dragonfly w aited  for the d am selfly  to come 
w ith in  proxim ity o f th e  labium . T h e 
dragonfly ate th e  d am selfly  w hen w ith in  
reach.

Field survey

A  t-te st betw een the to ta l population of 
lentic s ite s  (1 and 2), and lo tic  sites (3 and 
4), gives an F valu e o f 41.02 w ith  a p of 
0.0005.

A pproxim ately  th ree  generations can 
be seen in Figure 2 along th e  x -a x is : there is 
d efin ite ly  generational overlap , but 
separate generations cannot be c learly  
d istinguished. T h e y -a x is  represents th e  
quantity of d am selflies.

T h e p op ulation  of Zygoptera w as 
larg er in sites 1 and 2  (Table 4). There were 
also  more predators present in these two 
sites. T h e p h y s ic a l ch a ra cte ristics  are 
shown in T ab le  5 . T h e lentic sites h av e  
sig n ifican tly  low er amounts of D .O . th an  
th e  lo tic  sites. T h e  pH  and tem perature are 
s lig h tly  h ig h e r  in the len tic  sites. T h e

conductivity h a s  only one s ig n ifican t 
difference: site  two is tw ice  as sa lin e  as th e  
other sites. S ta t is t ic a l v a lu es can b e  seen in 
Table 6.

* r - - n  r " L
1 1 5  : 2.5

FIGURE 3. Age d istrib u tio n  o f d a m selfly  
generations using h e a d  w id th  (m m ) as  th e  
x -a x is . The y -a x is  rep resen ts th e  number of 
la rv a e  w ith  t h a t  h e a d  w id th .

Gut content an aly ses o f A nisoptera 
showed th a t th ey  fed on Z ygoptera (T ab le  
3). I witnessed one observatio n  of PoecilM 
reticulata feeding on A nnelids.

TABLE 3. T h e d ie t  o f  A nisoptera w as 
determ ined by a gut content a n a ly s is , and 
th e  d ie t of reticulata w as observed once.

Diet
Anisoptera Ischnura aurora
Poecilia reticulata A nnelid

TABLE 4. The aquatic population was measured in four sites, two lentic (1 and 2) and two 
lotic (3 and 4). Differences to note are in bold type
Order S ite l Site2 S ite3 S ite 4
Diptera C/urononudae 27 58 12 190

Culicidae 0 0 0 7
Odonata Anisoptera 1 2 0 0

Zygoptera 17 4 0 0
Coi!e?a&oia Isotonu'dae 0 1 0 0
T7:iara Grane/era 40 50 68 39

Physidae Pl:ysa 36 16 0 2

Lywnaeidae Psudosuccinea 0 0 0 3

Cyprinodonti/brmes Pb^dM rd% u^& 0 2 0 0
Annelid 40 11 7 67
TOTAL TAXA 3 4 3 3
TOTAL IN SEC T S 3 5 1 2
TOTAL M O L L U SC S 2 2 1 3
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I t " " * '  h "  " c h  treatm en t w as recorded and era p h e d  in a

^ d a ^ ,  P  '  '  ^  a n t f  J w i ^  th e

Treatments

A BP PS P 
Treatments

10
9 +
8 -

E 7-
 ̂ 0 - + +

2 5- +

 ̂ 4- +
z  3 - + + +

2 - + + + +
1 - + + +
0 -

A  BP PS P
Treatments

TABLE 5 . T h e  p h y s ic a l  c h a ra c te r is tic s  of th e  study s ite s  w ere m easured  an d  a re  record ed  beiow  
D ifferen ces to note are  inb oid  ty p e ._______________________

Site 1 Site 2 Site 3 S ite  4
Depth (cm) 5.6 5.1 4.7 5  0Width (cm) 60 30 40 70
Temperature (°C ) 30.4 29.2 27 26.8
Substrate s i l t /  sand fine s ilt s i l t /  sand s i l t
D .O . (mg/L) 1.8 0.9 4.8 5.1
P " 7 7.5 6 6
Velocity (cm/s) 0 0 8.4 9 3
Conductivity (ppt) 0.5 1.1 0.3 0.4

A N O V A  w as used to compare th e  ien tic  s ite s  (1 and 2 ) to th e  io tic  s ite s  (3 
and 4). T h e  t -ra tio , F -ra tio , and p values are shown beiow  w ith  d f  =  6.
Site

3
4

j
f
9.65
6.20

________________________  2_____________

^  P f F  P
93.08 0.0002 10.72 114.82 0.0001
38-44________ 0.0016__________ 3 3 8 __________ 12.78 0.0160

DISCUSSION

T h e  ia c k  o f  d ifference betw een each  
trea tm en t o f each  m easurement (tim e, 
d istan ce , speed and number of turns) m eans

th e  p redator d id  not h a v e  any influence on 
these sp ecific  factors. O th e r  stu d ies h a v e  
observed d iffe re n t fa c to rs  such as an 
increase or d ecrease in  forag in g  (Johnson
1991).
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W h ile  my study did not focus on 
foraging, I w as abie to observe p h y sica l 
orientation  between Isdmura aurora and 
Poeciha reticulata. If  a d am selfly  knows the 
position of another organism w h eth er 
predator or prey, it  can orient the body in 
th e  sam e direction of th e  organism (Schone, 
1984). In six out of e ig h t tr ia ls , w hen the 
la rv a e  knew the position  of the fish , it  
exh ib ited  orientation  beh avior by 
positioning the body p a ra lle l to the fish  
w ith  th e  head  in the sam e direction.

Johnson has discussed other studies in 
w h ich  Odonates were expected to evolve to 
use "fix ed " or " f le x ib le "  an ti-p red ator 
beh aviors, but these w ere researched w ith  
foraging as the measurement. Fixed 
b eh av io r m eans the "r is k  of predation  is 
h ig h  and continuous re la tiv e  to the costs of 
reduced foraging" (Johnson 1991). Low 
a c tiv ity  is favored. F lexib le  responses 
occur in the im m ediate presence or absence 
of predators. Studies used Zygoptera from 
h a b ita ts  w ith  s tr ic tly  fish  (exh ib itin g  
fixed  b eh av io r) or stric tly  Anisoptera 
(exh ib itin g  flex ib le  b eh avior) (Johnson
1991). My specimens cam e from a h a b ita t  
w here A nisoptera and fish  are both 
predators.

T h e presence of predators in th e  four 
sites sam pled coincided w ith  th e  presence 
of Z ygoptera. H ow ever, gut contents reve a 1 
th a t  A nisoptera are predators of Zygoptera 
in th is  p articu lar ecosystem. T he prim ary 
concern for th e  la rv a e , therefore, would be 
th e  p redation  by th e  Anisoptera. No 
sign ifican t response to the presence and 
absence of fish  m eans they are not 
threaten ed  by th is  p articu lar predator. 
T h e observation of the dragonfly eating the 
d am selfly  confirm s th a t the prim ary 
concern for th e  Zygoptera is the presence of 
a dragonfly; how ever, more research is 
needed to determ ine how significant th e ir  
change in b eh av io r is.

D a m se lflie s  prefer to breed in low 
v elo city  or len tic  w ater. W ater w ith  low
D .O . is not usually preferred, but 
zygopterans h ave adapted  to such 
conditions w ith  th e  use of lam ellae . As
D .O . decreases and tem perature increases, 
th e  surface area  of th e  la m e lla e  increases 
so th a t  in tak e of oxygen by the la m e lla e  
a lso  increases (Corbet 1999). The la m e lla e

are a tta ch ed  to th e  la s t  segm ent of th e  
abdomen. L iv ing in a h a b ita t  w ith  low 
v elo city  and h ig h  tem peratures h e lp s 
Isclmura aurora la rv ae  absorb oxygen.

T h e coastal lo cation  o f m y s ite  a llow ed  
sea w ater to flow  into th e  irr ig a tio n  
d itch es. T h e p a th  of th e  d itch e s  connected 
w ith  a sm all d ischarge area  under a bridge 
and into th e  ocean. D uring h ig h  tid e th is  
m ight lead  to h ig h  s a lin ity  lev e ls  of th e  
w ater in th e  taro  crop; how ever, th e  farm er 
kep t a freshw ater hose running d ire ctly  
ad jacent to my firs t f ie ld  survey site . O nly 
S ite  2 (Table 5) h ad  a s a l in ity  
concentration tw ice as h ig h  as th e  o th ers. 
T h is  could be due to th e  flow  p attern  o f th e  
irr ig a tio n  d itch .

Access to food m ay be another reason for 
liv in g  in a sp ecific s ite . T h e tw o lentic sites 
contained greater species richness th an  th e  
two lo tic  sites. Zygoptera p re fer to be in a 
h a b ita t  w ith  more b io lo g ica lly  a v a ila b le  
food. T h e factors previously  sta ted  m ay 
also  contribute to th e  reason w hy odonate 
la rv a e  are found in larg er d en sities in  th is  
p articu lar irrig atio n  d itch  as opposed to 
th e  numerous fresh w ater stream s located  
around the island .

Odonate b eh a v io r is influenced by th e  
presence of a sig n ifican t or threaten in g  
predator. More research  is needed to 
compare b eh av io r of d a m selflie s  tow ard 
fish  and tow ard d ragon flies to determ ine 
w h a t type of b eh a v io r is ex h ib ited  w ith  
th e  dragonfly. T h e tw o predators present 
in th is  h a b ita t  h av e  sing led  out sp ecific  
prey in  order to survive w ith o u t th e  need to 
compete.

On a larger scale , odonates are not 
usually found in as h ig h  a density as I d id  
find them  on my study s ite  (Corbet 1999). 
T h is  m ay im ply th a t  o th e r  fresh w ater 
locations on the islan d  m ay not be as 
su itab le for breeding. O donates m ay be 
restricted  to taro fie ld s. T h is  is common on 
other Society Island s in  th e  A u strals 
(Englund 2003) as w ell as F iji and Sam oa 
(Englund pers. comm.). Even though th e y  
h av e adapted  to certa in  conditions, th e ir  
absence from other fresh w ater areas m ay be 
a sign th a t  stream s are becoming 
increasingly polluted and u ninh ab itab le .
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SALINITY TOLERANCE AND AGGRESSIVE BEHAVIOR IN THE 
FRESHWATER WATER STRIDER LiwiHogwiMS /McfMosMs 

(HEMIPTERA: GERRIDAE)

MARIAN B. SANDOVAL

EmnroftynewfaJ Science Policy and Management, University q/*Caii/brn!'a, Berkeley, Caii/bmia 94720 USA
Contact email; mbsandou@berkeley.edn

Abstract. Collections and field observations of the water strider LnunogonMS InctMOSMS 
(Montrouzier, 1864) were taken at two locations in the Opunohu catchment on Moorea, 
French Polynesia. Salinity tolerance was studied to determine how a freshwater insect 
could arrive on the island across a sea barrier. Field studies were performed to 
determine if resource limitation has led to greater competition, especially in females who 
require resources to produce eggs. A study on the tolerance and survival rate of the 
insect at different salinity levels was performed. The individuals placed in higher 
salinities did not survive as long as their counterparts in lower salinities, living only three 
days in 20 ppt. Field observations were also made to determine if males or females 
exhibited more aggressive behavior by marking and timed observations of individuals. 
When tallying the amount of aggressive behavior observed in each sex the results were 
nearly identical. The results of the salinity study indicate that it is unlikely that the water 
strider arrived on Moorea under its own power by striding across the open water 
between the islands. The aggressive behavior results suggest that females of the 
population are not driven to compete more aggressively than the males, and that 
resources in the streams of Moorea may not be a great limitation to the insect.

Key words; Moorea; Gerridae; Aggression; water strider; salinity; introduced; life 
history.

INTRODUCTION

Many species on islands are not native, 
especially those as small and isolated as 
French Polynesia (Vitousek et al., 1996). For 
the freshwater water strider LimnogOHMS 
incfMosas (Hemiptera: Gerridae) inhabiting the 
island of Moorea, French Polynesia, this may 
also be the case. Being a freshwater species, 
this water strider would likely not travel the 
multiple kilometers required to traverse the 
numerous Society islands by its own 
propulsion. Its range covers the southeastern 
Pacific, and little or no speciation has been 
known to occur (Anderson 1975). In 
colonizing species, some speciation is 
interisland and occurs when the islands rise 
above sea level from volcanic activity (Jordan 
et al. 2003). Also, species established on 
islands often evolve flightlessness and do not 
then colonize other islands (Gillespie and 
Roderick 2002). Because L. iMchwsMS covers

such a large range and has not been known to 
speciate, it is likely that the species has 
dispersed from island to island without 
sufficient evolutionary time for radiation. I set 
out to study if this dispersal may have 
occurred through the water strider* s own 
propulsion.

It is unknown if or when the species was 
introduced, and if so to which islands 
specifically. The species is known to occur on 
the islands of Tahiti, Raiatea, Tahaa, Bora bora 
and Moorea in the Society islands (Anderson 
1975, Resh et al. 1990). Because of the relative 
isolation of Moorea in the southeastern pacific, 
a freshwater water strider such as L. luctuosus 
is likely introduced. It is also possible that the 
species has arrived on various islands via 
other modes of travel, such as flying over or 
rafting across the open ocean. In order to 
determine the probability of this species 
traveling to the island on their own, I looked 
at the salinity tolerance of the species to see if
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it was possible that they could have arrived 
under their own power. I hypothesized that 
the individuals placed in higher salinities 
would die faster than those in lower salinities, 
and would not survive long enough for it to 
be possible that they came to the island by 
traveling over the ocean. The null hypothesis 
is that salinity has no effect on the survival of 
L  ?McfMOSMS. To test this hypothesis I placed 
individuals in different salinity levels and 
measured their survival. Through the 
survival rates at different salinities I hope to 
determine if the species could have arrived by 
striding across the open ocean.

Introduced species, when they are 
successful, usually find a niche which is suited 
to them, and one in which they have abundant 
available habitat (Gillespie and Roderick 
2002). In this situation a given species may be 
able to multiply to greater densities than in 
their natural habitat. As a result, the limiting 
factor of the population may soon become the 
resources of their habitat. In environments 
like that of the stream sites on Moorea, food 
resources available to L  luctuosus may not be 
widespread (Koga and Hayashi 1994). In 
multiple studies done on various genera of 
Gerridae, females have been known to defend 
territories for feeding purposes, and in others 
males hold mating territories (Villagra et al 
2001, Koga and Hayashi 1993, Vepsalainen 
and Nummelin 1985a and 1985b, 
Blanckenhom  and Pemer 1994). Specifically, 
in lotic environments such as the streams on 
Moorea, some species of female water striders 
maintain feeding territories (Vepsalainen and 
Nummelin, 1985b). Koga and Hayashi (1994) 
suggested that feeding territories are more 
developed in  females because the amount of 
food available has been shown to influence 
reproductive success (Blanckenhom 1991). 
Because it is likely that in the stream 
environments on Moorea food resources are 
limited, I hypothesize that females would 
exhibit m ore aggressive behavior than males 
as a result of a higher need for resources to 
produce eggs. The null hypothesis is that 
there is no difference between the two sexes in 
aggressive behavior. To determine if limited 
resources have led to greater competition over 
those resources, I performed behavioral 
observations in the field. I paid particular

attention to whether limitation has led
females, which need resources for egg
production, to become m ore aggressive than 
males.

METHODS 

Study organism

The water strider L  iucfuosus was first 
described by Montrouzier (1864). The species 
was redescribed by Anderson (1975). It is 
common and widely distributed in the
southeastern Pacific region, including
Australia, New Caledonia, Fiji islands, 
Solomon islands, and the Society islands 
(Anderson 1975). Known synonyms, 
coloration, structural characteristics, and 
distribution were all described by Anderson 
(1975). An additional synonym  was published 
by Polhemus and Polhem us (2001). The 
species as it occurs specifically on M oorea was 
identified from Resh et al. (1990). Very little 
may be found, overall, describing the life 
history, behavior, or ecology of L. Iucfuosus.

Study sites

L. iucfuosus were observed and collected at 
two different sites in Opunohu Valley on 
Moorea, French Polynesia. Each is a tributary 
in the Opunohu watershed, and intersect with 
the cross-island road. The study sites were in 
the streams, and ranged from  5 to 100 meters 
from the road. One stream  is in the valley 
before the climb to the Belvedere, a popular 
island viewpoint, and the other crosses the 
road as it leads to the village of Paopao. The 
streams are both mapped by Resh et al. (1990). 
In their map of the Opunohu watershed, the 
study streams are labeled MRTV and EIII. 
These streams provide very different habitat 
types for the Gerrids. The first offers PVedelia- 
covered banks and little cover, while the 
second had complete canopy cover with a 
dead leaf and root-filled substrate.

Salinity Tolerance

Collection occurred at midday at both of 
the source streams. L. luctuosus is abundant in 
the calmer parts of the streams, and were 
caught using an aquarium net. They were
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stored in dry Ziploc bags for transport. At 
their return to the lab they were placed in 
small plastic cups filled with water of various 
salinities. During preparation of the water 
solutions, the striders were held in fresh 
water. The salinity range water was prepared 
using a mix of fresh tap water and sea water, 
measured with a conductivity meter. Five 
levels of salinity were used: 0 ,5 ,1 0 ,1 5 , and 20 
parts per thousand, dividing the water 
striders as evenly as possible between the 
salinity levels. For a given trial, there were 
+ /-8  individuals per salinity level. The cups 
were filled halfway, giving the water striders 
approximately 70 cm2 available surface area. 
Observations were made every day to check 
which were still alive. When enough cups 
were empty, the process was repeated with a 
new collection. The data was analyzed using 
a one-way Kruskal-Wallis test (Rank sums).

Aggressive Behavior Observations

One individual was caught in a 
stream using an aquarium net. The individual 
was then marked by typewriter correction 
fluid, on the abdomen where it would not 
interfere with their movement. Sex was then 
recorded and the water strider was then 
returned to its habitat. Observations were 
made for 10 minutes. The time they spent was 
divided into seven categories and recorded: 
perched on substrate, moving in flowing 
water, moving in still water, not moving in 
still water, cleaning, attacking another 
individual, being attacked. This process was 
repeated for ten individuals of each sex. 
These data were then used to compare 
aggressive behavior in male and female 
individuals. To run a statistical analysis the 
number of times an individual attacked others 
and the times they were attacked were tallied. 
A Chi-square test was performed on that data 
to determine if there were significant 
differences between the aggressive behavior of 
males and females.

RESULTS

Natural Hisfoyy Observations

L. iuctMOSHS were found predominately in 
calmer parts of streams by the banks, on calm 
water, or on the banks themselves. Much of 
their time was spent perched on leaves, rocks, 
or other detritus sticking up above the surface 
of the water. They generally avoided flowing 
water, though the center of the stream was 
sometimes used as a way to escape from other 
aggressive individuals. Individuals have been 
found in salinities as high as 0.6 ppt, 20 meters 
from the lagoon. Generally, individuals were 
not found in streams at salinities above 0.1 
ppt, regardless of the distance from the 
lagoon.

In a given population of a stream, the 
density was as high as 20 individuals per 
square meter and the population consists of 
multiple cohorts. The individuals responded 
to ripples in the water or visual stimuli by 
moving to a perch out of water or to 
somewhere more sheltered, but have no 
reaction to auditory signals. They moved 
across dry land and above the water level by 
jumping; in the lab they were observed to 
jump at least 7 cm. high. Some adults, both 
male and female, are winged though they 
were not found in the field any earlier than 
November. Winged adults were never 
observed moving their wings at any time. 
Their apparent flightlessness is interesting to 
note because it has been stated that while 
temperate Gerrids are not often observed 
flying, it is commonly seen in tropical species 
(Polhemus and Chapman, 1979). This may be 
attributed to the common development of 
flighlessness in isolated species (Gillespie and 
Roderick, 2002). However, literature has 
stated that the flight activity of the species in 
the genus LiwrnogonMS is high, and are 
permanently dimorphic (with both winged 
and short-winged individuals) with a high 
frequency of long-winged individuals 
(Anderson 2000). Further studies will be 
needed to examine the ecology of winged 
individuals in this particular species. In all 
stages, the front and middle legs are used for 
cleaning which may also be a way to get water 
off of the body and legs. Aggressive behavior 
between individuals was observed over 
substrate to perch on, and predominantly 
consists of chasing though fighting does 
sporadically occur. Fighting consists of one
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flipping the other on its back and involves the 
front legs and proboscis. The water striders 
can recover easily from being flipped. L. 
iHctMOSMS tends to molt during the night. The 
exoskeleton is exited from the anterior ventral 
region. When they first emerge, the newly 
molted individuals have light-colored 
exoskeletons that scleretize over a number of 
hours. Though most observed moltings 
occurred without problems, in one case 
molting did not occur perfectly—all of the 
skin was shed except for one foreleg.

The sexes have two very different 
abdominal shapes, apparent in the posterior 
abdominal sections. Male genetalia protrude 
from the end of the abdomen so the body 
tapers to a point and their abdomens have a 
more convex shape, while female abdomens 
are more flat or concave and, while there is a 
small protrusion at the end of the abdomen, it 
is not nearly as large as the male's. See 
Appendix for pictures.

W hen laying eggs, the female likely lays 
them above the water level, mainly in a clump 
with a few outliers. The eggs are a light beige 
color that darkens as the larva develop. The 
eggs become colorless when the larva hatch; 
some do not hatch at all and the egg remains 
beige, and in  some unhatched eggs the casing 
becomes clear and the larva brown. In the lab 
it took at least 11 days for the eggs to hatch, 
though since the exact date when the eggs 
were laid is unknown it may have taken up to 
16 days. First instar stage lasted for 10 days, 
and none survived past second instar. The 
eggs and various instars were brought back, 
measured, and photographed. These pictures 
may be found in the appendix.

Salinity Tolerance

In the salinity range study, those 
placed in higher salinities tended to die more 
quickly than their counterparts in lower 
salinities. Those in the highest salinity level, 
20 ppt, died the fastest by far, with no 
individual surviving more than three days. 
The second highest, 15 ppt, had none 
surviving past seven days. The data was not 
fully extended for 5 and 10 ppt, but for data 
analysis purposes they were considered to 
survive for one day past the last day observed.

Days

"*"0ppt *9" 5 ppt -+ 10 ppt
"**15 ppt "*"20 ppt

Figure 1. Mortality of water striders placed in 
different salinity levels. The x-axis represents 
the number of days in the level; the y-axis the 
total number of individuals in that level still 
alive. Filled circle: 20 ppt, asterisk: 15 ppt, 
diamond: 10 ppt, open diamond: 5 ppt, 
square: 0 ppt (freshwater).

The lowest salinity level, 0 ppt, lasted 
the longest, with survival for up to 16 days. 
The populations at each level and their 
survival rates are illustrated in Figure 1. The 
data were analyzed using the Kruskal-Wallis 
test, as a one-way non-parametric test of 
central tendency. A Chi-square test of the 
results comes out to a value of 51.2, with a p- 
vaule at less than 0.001. These results show a 
highly significant statistical difference.

Aggressive Behavior Observations

After tabulating the total amount of 
aggressive behavior exhibited by each sex, the 
results ended up being indistinguishable. 
Each sex had very similar results, and no 
significant difference was found. The total 
number of times the males were observed 
attacking another water strider was 14, and 
the times attacked by others was 35. For 
females the numbers were 13 and 36. The 
data, and its sums, are in Figure two. Chi- 
square tests were performed to determine if 
there were significant differences between 
males and females in each case. The critical 
value in each case was 3.84, and the values for 
attacking others and attacked by others were 
0.037 and 0.014 respectively. For both
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attacking and being attacked, the chi-squared 
values were weii beiow the critical values, so 
the null hypothesis cannot be rejected. The 
times attacked others and times attacked by 
others were different, though both gave 
similar results for males and females. A Chi- 
square test was performed on the two 
categories, which ended up being significantly 
different, with a result of 88.51 where the 
critical value was 3.84. The p-value is below 
0.001 in this case.

TABLE 2. Tally of aggressive behavior 
in both males and females during field 

observations.
Females Times

attacked
others

Times 
attacked 
by others

Trial 1 1 1
Trial 2 6 6
Trial 3 2 6
Trial 4 0 5
Trial 5 2 1
Trial 6 0 6 Fight
Trial 7 0 0
Trial 8 0 4 Fight
Trial 9 1 4
Trial 10 3
total 13 36 2
Males
Trial 1 0 10
Trial 2 4 8
Trial 3 1 3
Trial 4 1 1
Trial 5 0 3 Fight
Trial 6 0 1
Trial 7 0 1
Trial 8 6 1 Fight
Trial 9 1 3
Trial 10 1 4
total 14 35 2

DISCUSSION 

Salinity Range

The results of the salinity tolerance 
experiment show a general trend of the 
individuals in higher salinity levels dying 
faster than the individuals in low salinity 
levels. The salinity data show a significant 
difference in survival between individuals in

higher salinities and those in low salinity 
levels. The statistical results allow me to reject 
the null hypothesis that salinity has no effect 
on the survival of L. LnciMOSMS. In the most 
extreme case, those in the highest level (20 
ppt) did not survive past 3 days, while the 
longest survival for freshwater subjects was 16 
days. Even without testing for significance, 
the fact that freshwater subjects survived over 
five times as long as saltwater subjects is a 
noteworthy difference. The data indicates that 
the water striders probably would not have 
been able to travel to the island of Moorea 
striding on their own, which would require 
travel through sea water with even higher 
levels of salinity than were tested in the lab. 
The results point strongly to the possibility 
that L  iMcfMosMS was either introduced to the 
island, or traveled via some means other than 
striding. Because it has been recorded that 
members the genus LimnogonHs have high 
flight activity (Anderson 2000), flight is a 
possible method of colonization, especially 
when wind currents might transmit the water 
striders to other islands with suitable 
environments. Rafting would also be a viable 
means of travel, especially in cases where the 
current may carry them towards island 
groups. In other species, favorable currents, 
both wind and water, have led to the 
colonization of water- and wind-dispersed 
organisms on remote islands (Gillespie and 
Roderick 2002). The current distribution of 
the species as described in Anderson (1975) 
shows that L. lucfMOSMS is widely distributed 
and populates multiple island groups. Using 
previous papers on island biological processes 
as a guide, because of its lack of speciation the 
water strider probably traversed the islands 
quickly, taking little or no evolutionary time 
(Gillespie and Roderick 2002).

In concluding that the species could 
not have arrived on Moorea over open water 
unaided, it is therefore likely that the species 
could not have done the same for each of the 
other islands where it may be found. It is 
possible, however, that the method used in the 
dispersal of L  ItrcfMOSMS is the same method 
used throughout its range. More research in 
dispersal and traveling mechanisms is needed 
in order to determine if this is the case.
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Aggressipe Behavior OBsemahous

The data results for the aggressive 
behavior observations show no difference 
between the sexes. The statistical results 
cannot allow us to reject the null hypothesis 
that there is no difference in aggressive 
behavior between the sexes. Looking just at 
the numbers, there appears to be no disparity 
in which sex is more aggressive in the field. 
This may suggest that there are enough 
resources for the population without having to 
defend territories, or that the requirement of 
producing eggs does not lead to a noticeable 
difference in aggression for females. The 
aggressive behavior results suggest that 
females of the population are not driven to 
compete more aggressively than the males, 
and that resources in the streams of Moorea 
may not be a great limitation to the insect. 
Another possibility is that L. luctuosus is not a 
species where the females hold feeding 
territories, such as in the species Limnoporus 
rufoscutellatus (Vepsalainen and Nummenin 
1985b). However, in many cases females are 
territorial over feeding areas (Villagra et al 
2001, Koga and Hayashi 1993, Vepsalainen 
and Nummelin 1985a and 1985b, 
Blanckenhom and Pemer 1994). Further, 
more extensive studies will be needed to 
discover which of these hypotheses are the 
most likely.

Also interesting to note is the 
difference in the numbers in each sex between 
the number of times they attacked others and 
the number of times they were attacked. 
Though this aspect of the study was not 
particularly focused on during research, nor 
was it initially deemed an issue, a statistical 
test shows that the numbers are statistically 
different. This may indicate that the 
typewriter correction fluid used to mark the 
individuals brought them greater attention 
from others of the species. I do not believe 
that the white out affected the behavior of the 
marked individuals, but it seems likely that it 
made them a target for others.

Since so little is known about this 
species behaviorally, there are many fields 
open to expand upon my findings in this 
research. Through this, I hope that knowledge

may be expanded on this com m on Gerrid in 
the southeastern Pacific.
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APPENDIX

These pictures of various life stages of L. luctuosus were taken on an Olympus Stylus 300 digital 
camera through a microscope at 40x magnification. The measurements taken were interocular 
^ngth  at the most anterior point, head capsule width including eyes (at the widest point) and
body length. Instar stage determination was done mainly visually, also using the measurements 
as a guide.
Life stages of Limnogonus luctuosus:
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Page one. F irs t  row, left to right: Eggs, First instar. Second row, left to right: Second instar, Thirc 
instar. Third row, left to right: Fourth instar, Fifth instar.
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Page two. Top row, left to right: Adult female, adult male. Bottom row, left to right: Adult
winged female, adult winged male.

Specific measurements for the pictured individuals are as follows. All measurements are in 
millimeters.

TABLE 2. Interocular length, head capsule width, and body length for all life stages, including 
eggs, of L. ?McfuosHs. All measurements are in millimeters.
Stage Interocular Head capsule width Body length

_________ Eggs_________ Ave. length: 1.34 mm Ave. width: 0.41 mm
1st instar 0.218 0.462 1.626

2nd instar 0.381 0.612 1.51
3rd instar 0.394 0.782 2.381
4th instar 0.614 1.313 4.021
5th instar 0.552 1.323 4.364
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Adult female 0.683 1.60 6.717
Adult male 0.729 1.563 6.0

Winged female 0.70 1.60 7.567
Winged male 0.667 1.583 6.683

DESCRIPTIONS:

Eggs: When laying eggs, the female likely lays them above the water level, mainly in a clump 
with a few outliers. The eggs are a light beige color that darkens as the larva develop. The eggs 
become colorless when the larva hatch; some do not hatch at all and the egg rem ains beige, and 
in some unhatched eggs the casing becomes clear and the larva brown. In the lab it took at least 
11 days for the eggs to hatch, though since the exact date when the eggs were laid is unknown it 
may have taken up to 16 days.

First instar: Eyes light red, few sclerites on body (head capsule, two on abdomen, four on 
thorax). Body color light yellow, sclerites brown. No adult coloration on sclerites. This stage 
lasted 10 days in the lab.

Second instar: Body has scleritized completely. Body color a uniform light brown. Eyes light 
red, no adult coloration on body observed. Thorax appears to have two sclerites on either side of 
dorsal surface. Abdomen not elongated.

Third instar: Dorsal thorax sclerites fused, faint adult coloration on exoskeleton. Abdomen not 
elongated but thicker and slightly longer than in second instar.

Fourth instar: Adult coloration patterning on body very apparent. Abdom en not elongated still, 
and is shorter in length than the head.

Fifth instar: Coloration develops further; abdomen elongates somewhat and is longer than the 
head. Redness of eyes is enveloped by a clear layer. In some, as is apparent in  the picture (male 
fifth instar), genitals begin to form and the two sexes begin to be dimorphic.

Adults: Descriptions of the adult morphology may be seen in Montrousier (1864) and Anderson 
(1975).



FEEDING ECOLOGY OF CULCITA NOVAEGLIINEAE 
AND THE CALCIUM CARBONATE CONTENT OF SELECT

CORAL PREY SPECIES

NATALIE B. SPEAR

Environment Science, Policy and Management Universiiy q/^Oiii^mia, Berixiei/, Caii^mia

Abstract. Sometimes referred to as "Rainforests of the Sea," coral reefs are 
interesting, diverse, and important habitats. The purpose of this study was to 
learn more about the reef ecosystem in the context of the interaction between 
C. novaegMineae and various prey species. Studies were completed to 1) describe 
the habitat of C. novaegMfneae, 2) compare the damage caused by C. novaegm'Heac 
among select coral types, and 3) examine coral CaCCh content in prey species 
as a possible determining factor in coral grazing by C. novaegnineae.

Of the following factors were quantified; pMHgi'a spp., Poclllopora spp., 
Acropora spp., Pontes spp., sediment, coral rubble, and depth. The presence of 
pMngia spp. was the most important factor in determining the presence of C. 
novaegMineae (ct= .05 p= .00156). The difference between area harmed and area 
affected did not differ significantly among coral species. (p< .05). Figure 6 
shows that the total area affected differs significantly among coral species (p= 
0.0014). Damage caused by C. novaegMineae (in laboratory experiments) was 
highest in Acropora sp. and pHHgia sp., lowest in Pontes sp. For the damage 
study, "area killed" vs. "area harmed" varies among the prey species. Of fifteen 
trials (n=15 per coral species), Acropora sp. was preyed upon eleven times 
(73.3%), fangia sp. eight times (53.3%), PociHopora sp. nine times (60%), and 
Pontes ms was preyed upon once (6.7%). Control experiments showed no 
evidence of damage.

CaCCb content was shown to differ significantly among coral species ( p= 
.0001). Relative CaC03 content was highest in Acropora sp. and Poclllopora sp., 
lowest in Pontes sp.

Though C. novaegMi'neae alone is probably not a serious danger to reef 
habitat, it may be important to monitor their populations over time.

Key words; coraMvore; French Polynesia; Mo'orea; coral reê  coral; Cidclfa 
novaegnineae

INTRODUCTION

Sometimes referred to as "Rainforests of 
the Sea," coral reefs are interesting, diverse, 
and important habitats. For example, organic 
carbon stored in carbonate sediments 
associated with reefs is important in the

atmospheric regulation of COz, and changes in 
sea level and climatic fluctuations may be 
partially controlled by reef systems (Opdyke 
and Walker 1992). Coral reefs are 
economically essential for many coastal 
communities, culturally important to various 
peoples, and home to a diversity of organisms,
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FIG. 1. The Island of Mo'orea. Sites 1, 2, 3, 
and 4 were starfish collection sites. 1: 
Cook's Bay West, 2: Cook's Bay North, 
3: Maharepa Reef, 4: Temae Public 
Beach. Habitat study was performed at 
site 3.

many of which are endangered (Salvat et al.
2000).

Not only are coral reefs directly important 
to local communities, but coral calcium has 
been studied and marketed for its various 
health benefits. Coral calcium has been 
marketed in the U.S. as a general health 
supplement, (Blumberg 2004) and coral is 
used in surgical procedures as a bone 
replacement (Roux et al. 1995).

Coral Reefs have been exposed to various 
threats in recent history. In French Polynesia, 
the location of this study (Mo'orea, 17°29'47"9 
S lat. & 149°45'26"8 W long.) some of the most 
important conservation issues facing coral 
reefs include global climate change, coastal 
development, Acawf^asfer plane: outbreaks, 
and over fishing (Salvat et al. 2000).

The purpose of this study was to learn 
more about the reef ecosystems in the context 
of the interaction between C. Mooaegumeae and 
four coral prey species. Studies were designed 
to 1) describe the habitat of C. nopaegumeae, 2) 
compare the damage caused by C. 
nopaeguineae among select coral types, and 3) 
examine coral CaC03 content in prey species

as a possible determining factor in coral 
grazing by C. nopaegHiweae.

METHODS 

Study organisms

Coradipore. — Cuicifa nopaeguineae Muller 
et Troschel is an echinoderm (class 
Asteroidea) in the family Oreasteridae. It is 
commonly known as the Pin-cushion sea star, 
and is found in tropical seas throughout the 
world (Coleman 1994). C. wopaeguiMeae can be 
found in reef areas ranging from shallow to 
30 meters in depth. Though often described as 
a corallivore , C. nopaeguineae feeds on algae 
and detritus, in addition to living corals. 
Three juvenile sea stars (identified as C. 
nopaegumeae based on described characters 
(Yanagisawa et al. 1991) were found on 
Halimeda disco tea on the algal ridge at Temae 
(see Fig. 1) during this study (C. C. Georghiou, 
pers. comm., pers. o&s.). C. nopaegumeae, like 
most asteroids, feeds by everting its stomach, 
applying it closely over its prey, and digestion 
commences outside the body of the starfish 
(Jangoux and Lawrence 1982).

Coral. — Perhaps the m ost important 
component of a coral reef system is an 
occurrence of Scleractinian hermatypic corals, 
or madrenopors. These are hard, stony corals 
that construct the reef (Guilcher 1988).

"Scleractinian" is the term used to 
describe m odem  corals (Veron 1985) and it is 
the order under which all corals in this study 
fall. The branching corals (Acropora) and 
massive corals (Pontes) are important 
Scleractinian hermatypic corals, and along 
with the genera Pocidopora, Lepfosens, 
Mdlepora, Montipora, and Pungia make up 
much of the coral diversity found on reefs 
(Guilcher 1988).

Corals containing zooxanthellae in their 
polyp tissue are term ed hermatypic. 
Zooxanthellae are dinoflagellates, which are
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TABLE 1: Site descriptions. Locations on Mo'orea used for specimen (coral and C. uovaegtuneae) 
collection. Maharepa Reef was also the habitat study site.

Name Location (see FIG. 1) Description
Maharepa
Reef

On Route 21, headed Northwest 
around Mo'orea from the airport, 
approximately 6 Kilometers, reef area 
near PK marker 6. Located between 
Pharmacie Fare Raau and Le Pecheur.

Dominated by Pontes ras in shallows 
with patches of Acropora spy. Edge 
habitat relatively diverse. Site extends 
from perpendicular from shore directly 
out 125 meter to the signal light, and 
then East parallel to the coast 432 
meters. The rectangular study site 
encompasses 54,000 nP.

Cook's Bay 
West

Snorkeling off the dock at the UCB 
Gump Station up to the boundary of 
"Cook's Bay North"

Fringing reef flat, high levels of 
sediment and rubble

Cook's Bay 
North

From the road: PK marker 12 going 
West from Vaiare, just past the UCB 
Gump station.

Fringing reef flat mostly dead due to 
the runoff from the Rotui Juice factory. 
Some living PociMopora sp. colonies, 
Pontes sp, and coral rubble, sediment 
dominated.

Temae Public 
Beach

On Route 21, headed Northwest 
around Mo'orea from the airport, 
approximately 2 Kilometers. Near the 
airport and between IaOra Sofitel and 
Temae Point.

High diversity of coral species. No 
fringing reef, beach and canal area only, 
leading to barrier reef.

unicellular brown algae (Veron 1985). 
Symbiotic relationships with zooxanthellae are 
integral to the growth of hermatypic corals 
(Guilcher 1988). Hermatypic corals are reef 
building corals. Those corals not containing 
zooxanthellae are called ahermatypic corals; 
these are not considered reef builders (Veron
1985).

Acropora (refusa Brook 1892 and pefnni/era? 
Brook 1892), Ftingia fscafana? Lamarck, 1801 
dana:? Edwards and Haime 1851, hornda? 
Dana 1846), PociMopora (uem^cosa? Ellis and 
Slander, 1786 and weaMdnna? Dana, 1846) and 
Pontes rus Forskal 1775 were used in this 
study (all hermatypic Scleractinia).

Habitat Study

In order to determine the important 
habitat components for Cuicifa Houaegainea, the 
fringing reef at Maharepa (see Fig. 1 and Table 
1, and Table 2) was described. Using snorkel 
gear, a zigzag- patterned swim was performed 
over the reef flat. Upon finding an individual 
Ctdcitn nouaegMineae, the following procedure 
was implemented: 1) the weighted end of a 
six-meter-long rope, marked by flagging tape 
at one-meter intervals was placed next to the 
star. The other end (attached to a floating 
buoy) was used to map a circle with a radius 
of 5 meters (see Fig. 2). 2) Using the rope, the 
depth of the sea star was measured. Substrate

1 4 2



FlG. 2. Methods for habitat analysis at 
Maharepa Fringing Reef. Thirty-nine 
quadrats were described, 20 containing 
C. nouaeguineae, 19 randomly placed and 
not containing the starfish.

Ctdcifa nouaegHiweae was recorded, only those 
found at least 15 meters apart were chosen as 
the center of a quadrat, so as to ensure 
independence. If two individuals were found 
close together, the first one spotted was 
chosen as the quadrat center. It is assumed 
that the quadrats encompass their feeding 
area from either the previous night or the next 
night, and that within the five meter radius 
circle plot lies their prey. Steps 1-5 were 
repeated until a total o f 20 quadrats were 
completed. A second set (n=19) of quadrats 
was sampled, placed random ly across the 
fringing reef, using a random  number table. 
For these quadrats, steps 3-5 were followed.

A discriminate analysis w as performed to 
determine the importance of the various 
habitat factors measured in distinguishing

TABLE 2. Categories used to describe reef characteristics at Maharepa reef.
^Describes coverage of Pontes spp., Acropora spp., PociHopora spp., sediment, 
and rubble. ^Describes presence of Fangia spp.

Score ^Percent cover (%) *Area (nP) 2#  of individuals
0 <0, Not present <0, Not present 0, not present
1 0-5 0-3.9 1-10
2 6-25 4-19.6 11-20
3 26-50 19.7-39.3 20-49
4 51-75 39.4-59.0 50-100
5 76-100 59.1-78.5 >100

upon which the individual was found, as well 
as whether or not it was feeding was also 
recorded. 3) Within the 78.5 rrP quadrat, 
percent cover of sediment, coral rubble, and 
coral species of the genera Pontes, PociHopora, 
and Acropora was estimated using the 
categories listed in Table 2. 4) The number of 
individual fungiid coral polyps was also 
estimated, and total C. nopaegtdneae 
individuals counted 5) the next quadrat was 
found by continuing the zigzag swim across 
the reef flat. While data for each individual

between plots that had starfish and those that 
did not.

Prelation experiment

In order to determine the variance of 
predatory behavior by C. nouaegMineae across 
the four different prey species, laboratory 
studies were performed. Sixty individual C. 
nouaegHineae were collected from a total of 
three sites (detailed in Table 2) on the 
Northeast quarter of the island of Mo'orea.

1 4 3



Each individual was described according to 
eye spot color, mouthpart color, dominating 
color on top of the body, and the color of 
spines on top and bottom of the body. Each 
star was weighed after being held out of the 
water for ten minutes.

In the UC Berkeley Gump Station Wet 
Lab, four glass aquaria (55 cm by 42 cm, and 
37 cm deep divided into two equal areas) were 
used (Fig. 3). In addition to these four aquaria, 
two outdoor holding tanks, each partitioned 
into four compartments (to approximate the 
conditions of the aquaria) were also used. One 
of these tanks was rectangular, 1.2 meters 
wide by 2.5 meters long and 0.6 meters deep. 
An additional outdoor tank, 2 meters in 
diameter and 55 centimeters deep was also 
used. All aquaria and tanks were equipped 
with a flow-through pump system, providing 
local sea water 24-hours a day. Each 
aquarium/compartment contained a different 
one of the four species of coral; four tanks 
were utilized per trial. Trials run 
simultaneously (maximum 3) were considered 
independent.

Coral colonies used for the trials were 
obtained in two ways. In the field, sites with 
an abundance of the subject species were 
targeted. Small pieces of large coral heads 
were removed using a hammer and chisel, 
and small colonies, when found in large 
numbers, were taken as well. Colonies 
previously used in observational studies were 
also used. From time of collection until time of 
utilization in feeding trial, coral was kept in an 
enclosure in Cook's Bay.

Each starfish was placed at 7:00 pm in a 
tank with one coral sample, and separated 
from the prey at 7am. Sea stars were 
subsequently released to the original site of 
capture. To avoid collecting the same star for 
two different trials, stars were described 
(eyespot color, top color, spine color, 
mouthpart color, bottom color, and weight)

and collected from four different sites (see 
Table 1).

Once starfish were separated from the 
prey subjects, coral was analyzed for surface 
area damage. A sheet of thin plastic mesh with 
a 1 cm by 1 cm grid was laid over the coral 
head, and pushed between the coral branches. 
Surface area harmed (tissue damaged, but 
slightly intact), killed (tissue removed, white 
in appearance), and unaffected were 
estimated.

Due to the morphology of Fungiid corals, 
damage was assessed differently for 
specimens of this genus. Septa were counted 
and surface area measured, area bleached, 
damaged, and unaffected were estimated 
without the use of a grid.

Sta?^ish mass us. grazing rate. — In order to 
verify that starfish weight was not a 
confounding factor in coral surface area 
affected, an analysis of variance was used to 
compare damage incurred across prey species.

Nocturnal feeding ScAedtde.— To further 
describe the nocturnal feeding behavior of C. 
nouaegMineae, specimens were observed at 
11:00 pm, 3:00 am, and 7:00 am (for 9 of the 
predation trials (n=36 starfish)). C. 
nouaegMineae were described as "feeding" or 
"not feeding". A starfish was considered 
"feeding" if its stomach was everted and in 
contact with the coral. A chi-squared analysis 
was used to determine whether or not the 
occurrence of feeding differed across time 
during the night hours.

CaCCh Assay

Two experiments were performed to 
determine the relative CaCCb for each of the 
four coral types (methods developed with 
Peter Harrison, pers. co?n?n.). For each 
experiment, six samples of each species were 
analyzed. For each species, two separate 
samples were taken from three different 
colonies. The same colonies were used for the
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FlG. 4. Diagram showing portion of corai used for CaCO, analysis. The gray area on the 
drawing on the left represents the sampled portion for branching coral species (/lcropora 
sp., PociHopora sp., and Pontes ms). The gray area on the drawing on the right represents 
the area used sampled for Fangia sp. For each species, three colonies were sampled, two 
samples per colony per experiment.

two experiments. For the three branching 
species, samples were taken from the tips of 
the branches, 2 cm in length. Fungiid corals 
were sampled by breaking off a portion 2 cm 
at its widest point (see Fig. 4). Analysis of 
variance was used to test for differences in 
CaCCh content among species. Pairwise 
differences among species were assessed 
using a Least Squares Means Difference Tukey 
HSD Test.

Experiment 1 .— Each sample was rinsed in 
sea water, and then oven dried in a Fisher 
Scientific IsotempO oven on setting 8 until a 
constant weight was achieved. Each sample 
was weighed (weight 1). Samples were then 
placed in household bleach for 72 hours, 
rinsed in sea water, then dried once again. 
Weights were taken a second time (weight 2). 
To determine relative CaCCb for each sample, 
the final weight was divided by the initial 
weight.

Expen'menf 2 .— Each sample was rinsed in 
sea water, dabbed on either side with a dry 
cloth, and weighed (weight 1). The samples 
were then placed in household bleach for 6 
days. Samples were rinsed, dabbed, and 
weighed a second time (weight 2). To 
determine relative CaCCh for each sample, the 
final was divided by the initial weight.

ProcedMrai error test.— Experimental error 
in final weights for CaCCb for each coral 
species. For each species, one sample was 
weighed ten times (weight 2  stage) in 
succession (following the m ethods used in 
each experiment, respectively). From these 
values, the standard deviation was 
determined for each species per experiment.

RESULTS

Hai?:faf assessment

The presence of coral species of the genus 
Ftmgia was statistically significant (a=  .05) in 
an analysis that discriminated between plots 
differing in the presence and absence of C. 
nopaegMmeae. No other habitat factor 
measured was proved statistically 
significantly different betw een plots with and 
without the starfish. Table 3 shows the values 
obtained from the E- test.

Fig. 5 compares the characteristics of plots 
with starfish with those plots not containing 
starfish.
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Q At teast 1 star 
present; n=20

P!G. 5. Results of habitat description study. Grey bars represent sites containing C.
nouaegMimMe. White bars describe habitat not containing the starfish. Fangia spp. is the most 
significant factor in determining C. ncuaegMineae presence.

Characteristic F ratio p value

Acroporn spp.
Fungia spp.

0.030

12.366

0.3635307

0.0015655

PodHopora spp. 0.497 0.4363569

Porifes spp. 0.213 0.6432177

Sediment 0.531 0.4723123

Rubble 3.834 0.0606395

Depth (meters) 0.125 0.7267139

TABLE 3. Relative importance of factors that discriminate between plots with and without C. 

Movaegaineae.
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FlG. 6. Surface area killed and harmed by C.nooaegHineae after 12 hours exposure. Coral was 
placed in enclosure with one individual starfish. n= 15 per species, p=.0014. Acropora sp. 
Showed the greatest predation, Pontes rus incurred the least damage. Species joined by the 
same letter are statistically similar for mean area killed (i.e. surface area killed on Acropora 
sp. not statistically different from Fungta sp. or Poclllopora sp., but varies w ith respect to 
Pontes rus. Similarly, Pontes rus mean surface area killed does not significantly differ from 
any other species. Error bars represent standard error for area killed.
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The difference between area harmed and area 
affected did not differ significantly among 
coral species. (p< .05). Fig. 6 shows that the 
total area affected differs significantly among 
coral species (p= 0.0014), and Table 4 details 
the response area killed for the analysis of 
variance. Damage caused by C. nooaeguineae 
fin laboratory experiments) was highest in 
Acropora sp. and Fungia sp., lowest for Pontes 
sp. For the damage study, "area killed" os. 
"area harm ed" varies among the prey species. 
O f fifteen trials (n=15 per coral species), 
Acropora sp. was preyed upon eleven times 
(73.3%), Fawgia sp. eight times (53.3%), 
Poclllopora sp. nine times (60%), and Pontes rus 
was preyed upon once (6.7%). Control 
experiments showed no evidence of damage.

Starfish mass os. grazing rate.— Fig. 7 
details an Analysis of Covariance that 
included coral species, it showed no 
significant relationship between star weight 
and total coral area effected (total n=23, p= 
0.8774).

TABLE 4. Analysis of Variance examining the 
response area killed for each coral 
species. Degrees of freedom  =  2.

Coral species* F ratio p- value

Acropora sp. 2.65 .0104
Fungiid sp. 1.37 .1771
Pocillopora sp. -.06 .9494

* Pontes sp. incurred one incidence of 
predation, not enough to measure with
statistical analyses

Nocturnal feeding schedule.— Scores from 
the Pearson's Chi-Squared analysis are 
reported in Table 5. C. nooaeguineae is more 
likely to feed at 11:00 pm than it is at 3:00 am 
or 7:00 am.

TABLE 5: Pearson's Test for
independence betw een nocturnal 
feeding times. D.f. =  2.00; value= 
12.286; P =  .002.. Total =  21.00.

Time 11:00 pm 3:00 am 7:00 am

X' 14.00 6.00 1.00
value
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FtG. 7. Analysis of variance results for Coral surface area effected compared to corallivore 
weight. n=36. F- ratio = .0008, p = .9777. Results not statistically significant.
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CaC03 assay

Standard deviation for the measurement 
error test is shown in Table 6 for each of the 
four coral species.

Experiment I. — The dry-weight 
experiment yielded no significant results.

Experiment 2 .— In the wet weight 
experiment, CaCCb content was shown to 
differ significantly among coral species ( p= 
.0001 ). (See Fig. 8). Relative CaCCb content 
was highest in Acropora sp. and Pocifiopora sp., 
lowest in Porites sp.

FIG. 8. Results of CaCO, assay. Coral samples were weighed, bleached and then re
weighed to determine relative CaCO, composition. Acropora sp. contained the greatest 
relative amount of CaCO„ Porites ms contained the least. n=6 per species. p= .0001.

100 i

Acmpofa sp. Funp/a sp. Pocit/opofa sp. Pontes sp.

Cora! species
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DISCUSSION

Though Acropora sp. was preyed upon 
with greater frequency than pMUgia sp, the 
results of the habitat and feeding experiments 
are not contradictory. Firstly, in the field, 
abundance w as described at the genus level, 
disregarding species. It is possible that species 
offered in the laboratory trials were not 
available at the same relative abundance of 
coral as all other species in the genus. 
Secondly, fungiid corals have a unique 
morphology that may increase their 
susceptibility to attack by C. nopaegn:neae. The 
asteroid lacks prehensile appendages and 
therefore has limited ability to climb large or 
high corals (Glynn and Krupp 1968). Fungiids 
are generally free living corals. They are flat, 
plate-like, and have the ability to migrate 
downslope (they are responsible for the 
establishm ent of new reefs and the extension 
of existing reefs onto sand) (Chadwick 1992), 
which would help to explain why in both the 
present study and in the Chadwick (1992) 
study, individual fungiids were found to 
occur in aggregations. In the current study, 
they were found in crevices in the reef, where 
C. novaegMineae may be likely to hide (pers. 
cbs.).

It is suggested by Glynn and Krupp (1986) 
that pocilloporid corals are the preferred prey 
of C. nopaeguineae. However, in the present 
study, Acropora sp. was both preyed upon with 
more frequency and incurred a larger mean 
area of dam age than PociHopora sp. (though 
not to a statistically significant level).
Pocilloporid corals often host xanthid crabs, 
which defend coral predators. These obligate 
symbionts were observed living on
pocilloporid coral used in this study. Removal 
of these crustacean guards significantly 
increases th e  predation by C. HouaegMineae on 
PociPopora spp. (Glynn 1982). For this study, 
crustacean guards were not removed.

The two experiments assessing CaCOs 
yielded contradictory results. Experiment 1 
suggests that there is no significant difference 
in CaCCb content across species. However, it 
was observed that the drying process involved 
in Experiment 1 made the coral samples more 
brittle, especially the fungiid coral. It is 
possible that, due to increased fragility as a 
result of the desiccation process, part of the 
CaCCb skeleton was lost in the bleaching 
process. Measurement error appears to be 
greater for Experiment 2 (see Table 6). 
However, if the same test for procedural error 
had been performed while tissues were still 
intact, for both experiments, it is possible that 
results would have differed from the results 
obtained in this experiment. Additionally, the 
effective mean soft tissue m ass m ay be 
significantly inflated when saturated, 
exaggerating the mean variance across species. 
Results would then be skewed, measuring not 
merely the "non-CaC03 content" of each 
sample, but also the water retention capacity 
of the coral. Experiment 1 theoretically 
eliminated this variable. Desiccation of 
samples prior to initial massing would 
eliminate this component. Further 
investigation to determine the accuracy of 
these methodologies is needed.

If it can be assumed that the coral used in 
the present study (analyses of predation and 
CaC03 content) were generally representative 
of their respective genera, then results can be 
compared with two previous studies. In a 
preference study, Bertics (2003) found that 
Mo'orean C. nopaegn:neae preferred Acropora 
aastera over Fangia borrida, which was 
preferred over Pontes iobafa. These findings 
follow the same trends found in the present 
study for surface area affected (Fig. 6) and 
incidence of feeding for Acropora sp., Fangia 
sp., and Pontes ras.

Comparing the Glynn and Krupp (1986) 
study with the present study, caloric density 
for species of the same genus are directly



TABLE 7. Summary of Glynn and Krupp (1986) findings. ^Incidence of feeding by C. 
Hopaeguineae when offered a single prey species. ^Oganic composition was assessed 
through an ashing process. Caloric density was determined with a Philipson 
mocrobomb calorimeter.

Incidence of 
feeding* (percent)

Organic
composition^

Caloric
density^

PodHopora Hawicorm's 61.8 1.6 5.6
pMHgia scafana 0 2.183 5.25
Pontes compressa 11.1 2.52 5.42

related to CaCCb content. This suggests that 
quality, rather than abundance of soft tissue is 
an important factor in determining predation 
by C. nopaegm'neae. For species of the genera 
Pontes, PociHopora, and Pungia, surface area 
affected and incidence of predation in the 
present study were found to be inversely 
related to these two factors. It is important to 
note, however, that because Pontes rus was so 
rarely preyed upon, there is likely another 
factor involved. Additionally, in the Glynn 
and Krupp (1986) study, incidence of 
predation did not follow the same trends.

Table 7 details the results obtained by 
Glynn and Krupp (1986). The organic matter 
levels follow the same trend as the incidence 
of feeding of the species of genera involved in 
the present study. In the present study, 
surface area killed was inversely related to the 
incidence of predation incurred by C. 
nopaegn:neae. These trends were inversely 
related to organic composition of species of 
the same genera (analyzed by Glynn and 
Krupp (1986)).

The differences between surface area 
harmed and surface area killed across species 
may have implications in terms of the ability 
of coral to recover after an attack. 
Explanations as to why Acropora sp. showed 
the greatest discrepancy in area harmed and 
area killed are beyond the scope of this study.

If it can be assumed that the matter 
removed in the bleach treatment was entirely 
organic in content, then these findings are

comparable to the results of the Glynn and 
Krupp (1986) experiments (Table 7). Similarly, 
if the majority of matter removed from the 
CaCCb skeleton in the present study was 
composed mostly of living coral tissue, then 
the CaCCb content appears to be inversely 
related to organic matter, an indication of 
caloric content. The organic matter levels 
determined by Glynn (1986) for the species of 
Pungia scnfar:'a, Ponies compressa, and 
PodHopora danucornis inversely relate to the 
incidence of predation for coral species of the 
same genera, and to CaCCb levels found in the 
present study. Glynn and Krupp (1986) 
found that when treated with a meat 
tenderizer, P. scMfana incurred higher feeding 
rates than P. scMfana not treated with 
tenderizer. Of thirty trials, five samples of P. 
scMtan'a (all treated) were eaten, while no 
untreated P. scMfana were eaten.

Nematocysts, mucous release, and toxicity 
each may play significant roles in the 
susceptibility of a given species to predation 
by C. nouaegM]'neae (Glynn and Krupp 1986). 
Additionally, high levels of soft tissue may 
have led to the development of defensive 
mechanisms. Further investigation into the 
relationship between toxicity (of nematocysts 
and soft tissue) may provide further insight 
into why species with lower levels of CaC03 
(and thus, likely higher levels of soft tissue) 
may have greater success at avoiding 
predation.
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In its natural h a b ita t , C. HOvaegMineae 
tends to liv e  in areas th a t  are in h ab ited  by 
Fungiid corals. W h ile  th is  m ay be due in 
p a rt to the fact th a t  some species of Fungiid 
corals are used as a food source for C. 
HouaegMineae, it  m ay be a greater in d icatio n  
of s im ila r  h a b ita t  needs betw een the two 
species. It  is possible th a t  i f  reefs w ith  
d ifferen t ch a ra cte ris tics  were surveyed and 
com pared, th e  h a b ita t  ind icated  for C. 
nopaegMmeae would h a v e  v a ried  
s ig n ifican tly .

Acropora sp. had  th e  h ig h e s t incidence 
of p red ation , th e  greatest m ean surface 
area  k il le d , and th e  h ig h e s t r e la t iv e  
le v e ls  of C aC 0 3 - C alo ric  content and 
organic m atter assessments w ere not 
a v a ila b le , and m ay provide furth er 
ex p lan atio n  into the feeding ecology of C. 
novaegMineae.

I t  w as concluded by B ertics (2003) th a t  
C. nouaegMHieae pose a rea l th r e a t  to th e  
coral d iv ers ity  in M o'orea, w h ile  G lynn 
and Krupp (1986) c la im  th a t  because 
in d iv id u a l C. novaeguiHeae consume 
ap p ro x im ately  1 /5  the surface area  th a n  do 
A. plane:, and th a t  i t  is im probable t h a t  
even in th e  areas of greatest population 
d ensity  (25 in d iv id u a ls /h a ), would C. 
HovaegMineae h a v e  a sig n ifican t im pact on 
th e  h e a lth  o f th e  reef (Glynn and Krupp
1986).

Though C. nopaeguineae alone is 
probably not a serious danger to ree f 
h a b ita t ,  i t  m ay  be im portant to m onitor 
th e ir  p op ulation s over tim e. Because A. 
plane: p re fer old er corals, and C.
nopnegnineae p re fer younger colonies, th e  
tw o species together m ay pose a 
considerable th r e a t  (Glynn and Krupp 
1986), e s p e c ia lly  in reef areas th a t  m ay be 
a t  r is k  to o th er natural th re a ts  or 
anthropogenic r isk  factors.

Because C. wouaegiuHeae do not ap p ear 
to  pose an  im m ediate th r e a t  to ree f 
ecosystem s, i t  is recommended th a t  
conservation  and  research efforts should 
f ir s t  be focused on more sign ifican t im pacts 
facin g  coral ree fs .

ACKNOWLEDGMENTS

S p ec ia l th a n k s to th e  co ra l w h o , 
though in v o lu n tarily , g av e  th e ir  liv e s  for 
th e  purposes of fin d in g  out more about l i f e  
on th e  reef, and to th e  s ta r f is h  w h o  w ere 
subjected to s l ig h t ly  torturous conditions 
before th e ir  ev en tu al re le a se  b a ck  to sea.

Peter H arriso n  and  Andrew  C a rro ll o f  
Southern  Cross U n iv e rs ity  (A u s tr a lia )  
offered  in v alu ab le  guidance

T h e snorkeling and  p h o to g ra p h ic  h e lp  
of T e a l W a tk in s , M ik e  K in n ey , Tam m y 
D 'A rten ay , Andy M cK eon, K ris te n  W eiss, 
and M arian  San d o v al w ere in teg ra l to  th e  
successful com pletion  o f th e  project.

T h an k  you to W il l ia m  K a is e r  for h is  
e d ito ria l h e lp  on th is  m anuscript.

M any th a n k s  to th e  en tire  fa cu lty  and 
s ta f f  involved  in  th e  continued success of 
th is  w onderful ed u catio n a l program , 
including Anna L arsen , R a f i M azo r, and 
B eck y  W illia m s  for th e ir  h ard  w ork and 
d ed icatio n  throughout th e  course, Roy 
C ald w ell for h is  h e lp  w ith  p ro ject design, 
T h e S ta t is t ic s  D octor George R od erick  for 
h is  m agical w iz a rd ry , and to R osem ary 
G illesp ie  w hose f ir s t  y e a r  as p rim ary  
organizer of th e  p rogram  w as an in cred ible 
success.

LITERATURE CITED

B ertics  V . 2003. F eed in g  B io lo g y  o f th e  
Cushion Sea  S ta r ,  CHlcffa nouaegM:neae, 
in M o'orea, F ren ch  P o ly n es ia . B io lo g y  
and G eom orphology o f T ro p ica l 
Islands: M o 'orea  R esearch  P ap ers 
12: 1- 1- 8 .

Blum berg S . 2004. Is co ra l ca lc iu m  a sa fe  
and e ffe c tiv e  supplem ent? A m erican  
D ie te tic  A sso cia tio n  104(9):1335-6.

C hadw ick-Furm an N ., Y . L o y a . 1992. 
M igration , h a b i ta t  use, and 
com petition among m obile co ra ls  
(S c le ra c tin ia : F u n g iid ae) in  th e  G u lf 
of E ila t , Red S e a . M arin e  B io lo g y  
(B e rlin ) 114 :617-623 .

151



Colem an N. 1994. Sea  stars of A u stralasia  
and th e ir  re la tiv e s . N e v ille  
Colem an's Underw ater G eographic 
Pty Ltd., Springwood Q ld, A u stralia .

Glynn P. W ., D. A. Krupp. 1986. Feeding 
biology of a H a w a iia n  U SA  S e a -sta r 
C orallivore Cnicit- nounegMineae. 
Journal of Experim ental M arine 
Biology & Ecology 96:75-96.

Glynn P. W . 1983. Increased survivorship. 
M arine B iology L etters 4:105-112 
G uilcher A. 1988. C oral R eef 
Geomorphology. John W iley  & Sons 
Ltd., Avon.

Jangoux M., J. M. Lawrence. 1982. 
Echinoderm  N utrition.

Opdyke B. N ., J. C. G. W alk er. 1992. Return 
of the coral ree f h yp othesis: B asin  to 
sh e lf p artitio n in g  of CaCO  sub(3) and 
its  effect on atm ospheric CO sub(2). 
Geology 20:733.

Roux F. X ., D . Brasnu, M . M enard, B . 
D evaux, G. N oh ra, and B . Loty. 1995. 
M adreporic coral for cran ia l base 
reconstruction. 8 y ea rs  experience. 
A cta N eurochir 133(3-4):201.

S a lv a t  B , H utchings P, A ubanel A , 
T a ta ra ta  M, D au p h in  C. T h e  S ta tu s  o f 
th e  Coral R eefs and M arine Resources 
of French P olyn esia . S ta tu s  rep ort 
update by the French C oral R e e f 
In it ia t iv e ; 2000.

Veron J. E. N. 1986. C orals o f A u stra lia  and 
th e  Ind o-Pacific. U n iv ersity  o f 
H a w a i'i Press, Honolulu, H I.

Y anagisaw a T ., 1. Yasum asu, C . Oguro, N . 
Suzuki, T . M otokaw a, ed ito rs. 
M orphological changes of th e  cushion 
star, Cnicita Mopaegufnene M uller e t 
Troschel, during grow th. 7th 
International Echinoderm Con/erence; 9 th  
- 14th  Septem ber 1990; R otterd am : 
A .A . B a lk e m a ; 1991 .323-326 .

152



COCONUT FRONDS AND HIBISCUS CHIPS AS ORGANIC 
MULCHES FOR CONTROL OF NON-INDIGENOUS WEED, 

WEDELIA TRILOBATA, MOOREA, FRENCH POLYNESIA
ADREA TENCER

Enm'roHHienfa/ Sconce Policy and Mawagcmcnf, Um'vcrsify q/*Caii/brnia, Berkley, Caii/orvia 94720 USA

Abstract. Wedelia friiobafa is an invasive ornamental ground cover that was introduced to 
the island of Moorea, French Polynesia approximately 20 years ago. It is now  widely 
distributed on Moorea but is a particular threat at low elevations. Conventional forms of 
weed control such as soil tillage or the use of herbicides can be highly destructive to the 
environment. Organic mulches are an effective alternative to these forms of weed 
control. This study looks at the efficacy of two organic mulches in controlling W. trdobafa. 
The mulches used were coconut fronds (Cocos vaci/era) and hibiscus chips (Hibiscus 
filiaceMs). This four-part study was conducted from October to November 2004 on the 
island of Moorea, French Polynesia (17°30'S, 149°50'W). This study included a natural 
history survey, an experiment in the efficacy of prevention and suppression of W. 
friiobafa growth using die two mulches, an experiment in the growth of IV. friiobafa from 
stolons with the different mulches at different moisture levels, and finally the application 
of these mulches integrated with crops at the UC Berkeley Botanical Garden, Moorea. 
The natural history survey showed that IV. triiobafa grows best in partial shade below 
350m. It is found on all the major roads and creek beds on the island. The organic 
mulches tested were able to keep the percent cover of W. friiobafa low er when used as 
both a preventative method and as a suppression method. There was a low sprouting 
rate of IV. friiobafa from the stolons collected. The application of these mulches integrated 
with crops in the UC Berkeley Botanical Garden, Moorea showed that the C. nuci/era 
fronds were the most effective at the suppression of lowland weeds in general. The 
mulches had a cooling effect on the soil. Organic mulches are a good option for weed 
control because they are readily available, biodegradable, and inexpensive. These are 
important concerns for remote tropical islands where the cost of im porting materials is 
high and waste management is a problem.

Key words.* Wedelia Trilobata, organic mulch, invasive ornamentals, non- 
indigenous weeds, Cocos nudfera fronds, Hibiscus tiliaceus chips, Moorea, French 
Polynesia, Soafh Paci/ic,

INTRODUCTION

Non-native plants are a threat to the 
high islands of French Polynesia because once 
established they compete with native flora and 
cause ecological disturbance. In addition, non- 
indigenous weeds can become problematic in 
agriculture where they compete with crops for 
nutrients and water and decrease the yield of 
the crop.

Wedelia friiobafa is an ornamental 
ground cover that was first introduced to the 
island of M oorea 20 years ago. It is in the 
asteraceae family and is native to tropical 
America (W histler 1995). Common names for 
W. friiobafa include the creeping daisy 
(Whistler 1995), carpet daisy (University of the 
W est Indies 2004), and Singapore daisy 
(Banitianoff 1997). It is highly invasive and 
has become widely distributed on the island

of Moorea. Wedelia friiobafa is localized to 
disturbed areas. Disturbance is one of the 
most important factors for weed invasion 
(Hobbs 1997).

Wedelia friiobafa on M oorea produces 
sterile seeds and therefore can only spread 
vegetatively. The ability of weeds to spread 
vegetatively makes them very competitive and 
difficult to control (Aldrich 1997). The 
introduction or development of a form W. 
friiobafa that produces fertile seeds on Moorea 
would increase its ability as an invasive. As 
the island of Moorea becomes more developed 
W. friiobafa will be able to spread even more 
and therefore become a greater threat to the 
biodiversity of the island.

The negative impact of W. friiobafa has 
already been observed in other parts of the
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world including Queensland, Australia and 
Guam. The introduction of W. iriio&afa to 
Queensland, Australia has had a severe 
impact on the costal regions. It is one of the 
most abundant invasive ornamental weeds on 
the beaches of the East coast of Queensland. 
In Queensland W. fnlobafa was able to cover 
2500 km in 15 years averaging 167 km per 
year. This is a much more rapid spread than 
any other invasive ornamental reported in 
Queensland. In Guam W. fnlobafa has also 
taken over lowlands. It has been reported that 
there are many places in Guam where W. 
fnlobafa has taken over entire clearings 
(McConnell 1991). The severe impact that IV. 
trilobate has had in both Australia and Guam 
demonstrate that it is important to look at 
methods of controlling W. trilobate in French 
Polynesia where it has a more recent 
introduction (Hobbs 1997).

One major challenge in weed control 
is developing methods that reduce the amount 
of herbicides used and the amount of soil 
tillage required (Mohler 1995). Herbicides are 
toxic to both the environment and organisms 
that come into contact with them (Hayes 2002, 
Beyond Pesticides). Soil tillage is depleting to 
the soil and requires fuel and machinery 
(Mohler 1995, Beets 1990). Mulching is an 
effective alternative to herbicides and soil 
tillage. The application of mulch to the soil 
surface can inhibit weed seed germination by 
blocking light or by suppressing seedling 
emergence physically (Bond 2001). There are 
many different kinds of mulches for example: 
living plant ground cover, sheets of artificial 
or natural materials, or loose particles of 
inorganic or organic matter placed on top of 
the soil on the soil surface.

Organic mulch is advantageous 
because it is biodegradable and therefore 
provides an energy source for organisms 
responsible for decomposition (Gliessman
2001). In addition to the inhibition of weed 
growth organic mulches provide several other 
benefits to the soil. For example, they increase 
soil moisture (Verdial 2001), maintain soil 
aeration (Billeaud 1989), increase nitration 
process (Alth 1977), and increase the 
boundary layer for gaseous diffusion 
(Gliessman 2000). The input of nutrients to 
the soil from organic mulch also causes a 
significant increase in the soil biota while soil 
tillage decrease the soil biota. Therefore a no
tillage system with organic mulch would 
promote the greatest number of organisms in 
the soil.

Using materials that are available on

the island is economically advantageous 
because imported synthetic materials (plastic 
for example) are very expensive. Waste 
management is also a problem on islands and 
therefore using biodegradable materials will 
eliminate the issue of having to deal with 
waste products (Bond 2001). In California, for 
example, organic materials are being diverted 
from going to landfill and being used instead 
as mulches. In 2000 California growers used 2 
million tons of urban derived materials in 
agriculture (California Integrated Waste 
Management Board). Mulches are particularly 
useful in tropical climates because there is a 
great variety of organic material available to 
use (Altieri 1988).

This study looks at the efficacy of two 
organic mulches on the growth of W. fnlobafa. 
The mulches selected were Cocos MMcf/era 
fronds and Hibiscus hiiaceMS chips. These two 
mulches were selected because coconut trees 
and hibiscus trees are very abundant on the 
island of Moorea and therefore these mulches 
make use of natural resources. Coconut 
fronds have a long historical use as mulch in 
Polynesian agriculture. In addition the fronds 
have been traditionally used to make baskets, 
mats, brooms, and for thatch (Whistler 1980). 
The Tahitian word for coconut frond is niau 
(Barrau 1970). Coconut trees are common to 
high islands. They can reach up to 30 meters in 
height and the fronds, clustered at the top, can 
reach up to 4 meters in length. Hibiscus chips 
were made from young branches of the Hibiscus 
fiiiaceus trees. These branches can be removed 
without harming the tree. Hibiscus iiiiaceus is a 
medium sized tree reaching up to 15 meters in 
height. It is common tree of high islands. 
Hibiscus fiiiaceus are characterized by their heart- 
shaped leaved and yellow flowers that turn 
pinkish-yellow once they fall off. The H. fiiiaceus 
tree is has a long historical use in Polynesia. The 
soft wood has been used in construction, canoe 
parts, and other purposes. The fiber from the 
plant has been used to make rope, mats, and 
strainers. The Tahitian word for hibiscus is 
purau. There is a historical use of coconut fronds 
in Polynesian agriculture while the use of 
hibiscus chips is a much newer mulching 
method (Whistler 1980).

This study aims to examine the 
efficacy of these two organic mulches as 
means to control W. frilobafa on Moorea. In 
order to do this, a four-part study was 
conducted. The first part of this study is a 
natural history survey. The objective of the 
natural history survey is to understand the 
abundance and distribution of W. fnlobafa on 
the island of Moorea. The second part of the 
study is an experiment in the prevention and

154



suppression of growth of W. trilobata using the 
two organic mulches. The objective of this 
part of the experiment is to see if these 
mulches can be used to prevent W. fnlobafa 
growth and to see if they can suppress the 
growth of W. fniobata that is already growing. 
In addition this experiment will test the seed 
bank to see if fertile W. trilobafa seeds are 
present at the study site. The third part of the 
experiment is an experiment where W. 
trilobata is sprouted from stolons in pots. A 
stolon is any specialized horizontal stem that 
can form roots at the nodes. Stolons are 
different from rhizomes because stolons are 
found above ground while rhizomes are 
found below  ground (Aldrich 1997). The 
objective of this part of the experiment is to 
see what combination of moisture and mulch 
best inhibit the sprouting of IV. trilobata from 
the collected stolons. The final portion of this 
study is a look at the practical application of 
these mulches integrated with crops in the UC 
Berkeley Botanical Gardens, Moorea. The 
objective of this portion of the experiment is to 
see what weeds are present in the seed bank at 
the study site, to determine the relative 
efficacy of the three mulches, and to see the 
effect of these mulches on soil temperature.

METHODS

Study site

This four-part study was conducted 
from October to November 2004 on the island of 
Moorea, French Polynesia located in the South 
Pacific (17°30'S, 149°50'W). The Natural History 
Survey of W. trilobate was conducted throughout 
the island. The other three experiments: 
Prevention and suppression of W. trilobata 
growth with organic mulches, Growth of W. 
trilobata from stolon under varying conditions of 
moisture and light, and the Application of 
organic mulches at the University of California, 
Berkeley Botanical Gardens, were conducted at 
the University of California, Berkeley Richard B. 
Gump South Pacific Research Station, Moorea, 
French Polynesia (17°24.4'S, 149°33.0'W). The 
research station is located on Cooks Bay 
indicated in figure 1.

Study Site 
UC Berkeley 
Gurnp Station

FIG. 1. Location of study site on the island 
of M oorea, French Polynesia (17°24.4'S, 
149°33.0'W)

Study Organist?!

Wedelia trilobata is a perennial herb. The 
leaves are opposite and obovate. This plant can 
be identified by its creeping stems, toothed leafs, 
composite inflorescences of yellow florets 
(Whistler 1995). Wedelia trilobata produces 
flowers throughout the year (Strother 1991). It 
has been widely cultivated as an ornamental 
ground cover but has now naturalized in 
disturbed areas throughout the Pacific Islands 
(Whistler 1995). Wedelia trilobata is found most 
abundantly below 500m and rarely above 900m 
(Strother 1991). Figure 2 shows a photograph of 
a flower of W. trilobata.

Natural History Survey

A natural history survey of W. trilobata 
was conducted on the island of Moorea. 
Observations were made about the presence and 
abundance of W. trilobata throughout the island.

Prevention and Suppression of W . trilobata 
growth with organic mulches

In order to gain an understanding of the 
vegetative growth of W. trilobata and the efficacy 
of organic mulches on the prevention and 
suppression of W. trilobata growth two 
experiments were conducted. A flat space about 
9m by 6m in dimension that was completely 
covered with W. trilobata was selected for these 
experiments. Within the study site there was 
minimal variation in elevation, sun exposure and 
percent cover of W. trilobata. For all of the 
experiments in which mulches were used, the 
materials for the mulch were collected from the 
University of California, Berkeley Richard B. 
Gump South Pacific Research Station. Three
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different treatments were used. The first 
treatment was a control in which no mulch was 
applied. The other two treatments were the 
coconut frond and hibiscus chip mulch.

Part 1. Growth Preuenf:on

In order determine if the application of 
organic mulches prevents the growth of IV. 
Inlobala, 9 quadrats each 0.5m by 0.5m were 
selected at random within the study site. All 
quadrats had an initial percent cover of IV. 
frdo&afg of 100%. The quadrats were spaced out 
within the study cite so there was at least 0.5m 
between all quadrats on all sides. IVedclia 
tnlobata was removed by hand so that the 
percent cover within all quadrats was reduced 
0%. Rhizomes were also removed from the 
surface of the soil but the soil was not tilled in 
any way. Three quadrats were treated with no 
mulch (control), 3 quadrats were treated with C. 
MMcf/era fronds, and the remaining three were 
treated with H. tiliaceus chips. The fronds were 
stacked so that there was a double layer of 
fronds covering all areas. H. tiliaceus chips were 
applied so that they covered 100% of the area 
within the quadrat. The hibiscus chip mulch 
was 2 inches deep on all quadrats. The percent 
cover of IV. tnlobata in each of the quadrats was 
measured daily. In addition, observations were 
made about whether the growth observed was 
vegetative or from seed. A repeated measures 
analysis of variance was performed to test the 
relationship between the treatments and time. 
An analysis of variance between the tree 
treatments was performed for the data collected 
on the final day of the experiment.

Part IP Growth Suppression

To determine if the application of 
organic mulches could suppress the growth of 
existing W. friiobafa, the mulches were applied to 
0.5m by 0.5m quadrats without removing the 
plant. The mulches were applied on top of the 
plant and the percent cover was measured daily. 
Nine plots were selected at random within the 
study site. The plots all had an initial percent 
cover of 100% of IV. friiobafa. Three of the 
quadrats were treated with no mulch (control), 3 
of the quadrats were treated with C. nuci/era 
fronds, and three were treated with H. filiaceas 
chips. The mulches were applied following the 
same protocol described in Part 1. The mulches 
were applied so that no IV. tnlobata was visible 
and therefore the initial percent cover was 0%. 
The percent cover was measured daily. A 
repeated measures analysis of variance was 
performed to test the relationship between the 
treatments and time. An analysis of variance 
between the tree treatments was performed for

the data collected on the final day of the 
experiment.

Growth of W. trilobata/row stolons with difj&rent 
mulches and varying moisture

Stolons were collected from live IV. 
tnlobata plants growing at the UC Berkeley 
Gump Station. Plants were cut into 3cm 
segments so that each piece of the stolon had one 
node. Forty-five pots, all 1 liter in volume, were 
planted with IV. tnlobata stolons. Five stolons 
were placed in each pot. Rocks were placed at 
the bottom of each pot to help drainage. An 
equal amount of soil was added to each pot. The 
stolons were placed on top of the soil and then 
covered with and additional 2 cm of soil. Table 1 
describes the treatment combinations for the 45 
pots. Plants were watered the respective 
amounts every other day. The pots were 
monitored daily for presence of IV tnlobata 
sprouts.

Low 
Water 
(50 ml)

M edium 
W ater 

(150 m l)

High 
Water 

(250 ml)

No Mulch SPots 5 Pots 5 Pots
Coconut

Fronds 5 Pots 5 Pots 5 Pots
Hibiscus

Chips 5 Pots 5 Pots 5 Pots

TABLE 1. Treatm ent com binations o f m ulch 
and water in 45 pots each containing five W. 
tnlobata stolons.

Practical application of organic mulches in UC 
Berkeley Botanical Gardens, Moorea

Six beds each 3.5m by 9.5m at the UC 
Berkeley Botanical Gardens, Moorea were 
weeded completely and planted with either 
Xanthisoma gaggitaturo or Maniota. All of the 
plots were thoroughly weeded prior to planting. 
After weeding and planting the plots were either 
treated with no mulch, C. nuci/cra fronds, or H. 
tiliaceus chips. Table 2 shows the planting and 
treatments in each of these plots. There were 
two plots for each treatment. Two quadrats were 
placed randomly within each plot. Each quadrat 
measured lm  by lm  in dimension. In order to 
determine if IV. tnlobata is a threat to agricultural 
crops in the botanical gardens the quadrats were 
monitored for IV. tnlobata seedlings. In addition, 
weeds that sprouted within the quadrats were 
counted and identified in order to gain a better 
understanding of the seed bank in the botanical 
garden. After letting the weeds grow percent 
cover measurements were taken during the last
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two weeks of each experiment. In order to look 
at the effects of mulch on soil temperature 
throughout the day soil temperature 
measurements were taken at 9:30, 11:30, 13:30, 
and 16:00 on a single day. Two measurements 
were taken within each quadrat at random 
positions.

Plot

Num ber Crop M ulch

1 F m l "

2 Maniota (Cassua) No Muich

3 (American Taro)

4 Maniota (Caasua) No Muich

5
Hibiscus

Chips

6 (American Taro) Chips

TABLE 2. Mulch treatment and crops planted 
in 6 plots in the UC Berkeley Botanical 
Garden, Moorea

RESULTS

elevated and there was very little if any light 
exposure.

Prepen f ion and suppression of W. trilobata 
growth with organic mulches

Part i: Growth Prevention

Natural History Survey

Wedelia trilobata grew most abundantly 
along the roads and in other disturbed areas on 
Moorea. There are two major roads on Moorea. 
One road goes around the entire periphery of the 
island and the other is a cross-island road that 
goes from the Pao Pao valley to the Opunohu 
Valley around Mt. Rotui. It was also observed 
on the Vaire-Pao Pao trail as well as the Three 
Coconuts Trail. Figure 3 shows a photograph 
taken on the Three Coconuts Trail of a clearing 
that has been covered in W. trilobate.

Wcdelia trilobate grew along the entire 
length of both of these roads. It grew most 
densely directly along the road and more 
sparsely with distance. Wedelia trilobate was not 
found growing in areas with native vegetation. It 
was observed in the creek beds in Aferaitu and 
in the Opunohu Valley. It grew in the moist soil 
adjacent to the creek as well as in areas of 
shallow water. In areas where the road 
intersected the creeks IV. trilobata particularly 
dense. Wedelia trilobata grew best in areas of 
partial shade. A preliminary survey of insect 
fauna showed that very few insects except for 
aphids and spiders live on IV. trilobata. There 
appears to be no herbivory of W. trilobata. In 
addition the perennating (vegetative) parts of IV. 
trilobata had substantial longevity. The plant 
was found alive in center of a compost pile 
where temperatures would have been very

The data collected over a period of 20 
days shows that the plots treated with hibiscus 
had the lowest average percent cover of IV. 
trilobata for the entire experiment. On day 20 the 
average percent cover values for each treatment 
are the following: no mulch 55%, C. nuci/era 
fronds 40%, and hibiscus chips 37%.

FIG. 4. Graph of percent cover of IV. 
trilobata over time after removal and 

treatment with mulches

and Mulch Treatment
60 r-

50 !

s**
TP"
C20 I 
a. 10 j

0 L—
0 5 10 15 20

Figure 4 shows the graph of percent 
cover for all three treatments over time. Data 
points are averaged from the date collected from 
the three replicates. The repeated measures 
analysis of variance gave and F value of 0.6103 
showing that the difference between these three 
mulches was not statistically significant. It 
seems as though the treatments and the control 
are diverging towards the end of the experiment.

FlG. 3. Photograph taken from  the Three 
Coconuts Trail on M oorea, French 
Polynesia shows w idespread W. friiobafa 
along trail
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TABLE 3. Number of sprouts for each treatment combination of muich and water

Mulch
Treatment N M kh NoMukh No Mulch % ro n d T Chips Chips Chips

Water
Treatment Low Mtdi High Low High Low Medium High

1 1 2 4 3 4 8 2 2

An ANOVA of the last date of the experiment the most W. tniohcfa sprouts. However, the low
gave an F value of 0.6561 which is also water treatment with no m ulch produced the
statistically insignificant. least number of sprouts.

Part if; Growth Suppression

Results from this experiment showed 
that the application of the organic mulches on 
top of the W. friiohaia do not kill it. Wedelia 
friiobafa was able to grow through both mulches. 
Coconut fronds were better at suppressing W. 
friiobafa growth than hibiscus chips at
suppressing the growth of W. friiobafa. The plots 
covered in H. fiiiaceus chips recovered
completely after an average of 18 days. Figure 5 
shows a graph of the average percent cover of W. 
friiobafa over time. For the growth suppression 
experiment the repeated measures analysis of 
variance gave an F value of <0.0001. This shows 
that the data was statistically significant and 
indicates that there was a correlation between 
the treatments and the time. In addition an 
ANOVA was run on the data from the final day 
of the experiment, which gave an F value of 
0.0156, which shows that the difference between 
the three treatments even at the end of the 
experiment is statistically relevant.

Growth o/W . frdobafa^rorn stolon with di//erenf 
mulches and varying moisture

There was a very low sprouting rate 
from the W. trilobate stolons. A total of 27 
stolons out of 245 planted were able to sprout. 
Table 3 shows the number of sprouts observed 
for the different treatments. The hibiscus chip 
mulch with the low water treatment produced

Application q/̂  organic mulches in L?C Berkeley 
Botanical Gardens, Moorea

Cocos nuci/era fronds were the most 
successful at preventing weed growth in the 
botanical garden. Hibiscus filiaceus chips were 
less effective than the C. nuci^ra fronds but more 
effective than no mulch. Figure 6. Shows the 
average number of weeds counted per quadrat 
for each of the three treatments: no mulch, C. 
nuci/era fronds, and H. filiaceus chips. The C. 
nuci/era fronds were the most successful at 
inhibiting weed growth.

FlG. 6. Average number o f weeds counted 
per week upon treatment with no mulch, C. 
nuci/era fronds, and H. filiaceus chips.

Thn* (W*tks)

TABLE 4. Information about the weeds 
observed in the UC Berkeley Botanical 
Gardens, Moorea____________________

Family Origin Habitat

C u cu rb it**.. 300m and

Convolvulacar. Pacific 300m and

AskracM .
1750m

Tridax A sk ra ca . A m ^ Lowlands

(Whistler 1995)

No W. friiobafa was found in any of the 
quadrats. The weeds observed within the 
quadrats at the botanical garden were: 
Momordica ebaranfia, Meremia umbelfafa, 
Crassocepbalum crepiodiodes, and Tridax 
procumbens. Table 4 gives more information 
about the weeds observed in the UC Berkeley 
Botanical Gardens Moorea. Momordica ebaranfia
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was the most abundant weed observed once 
growing it can cover a large surface area. It 
appeared to grow really well under the H. 
fiiiaceMs chips.

Soil temperature measurements showed 
that the application of mulches cooled the soil. 
The soil alone with no mulch was the warmest at 
all times during the day. The hibiscus chips 
cooled the soil and the coconut fronds cooled the 
soil even more. Figure 7 shows the effect of the 
two mulches on the soil temperature throughout 
the day. A regression analysis of variances gave 
an F value based of less than 0.0001 indicating 
that the difference observed in temperature 
between these three treatments is statistically 
relevant.

FlG. 7 Effect of different mulches on soil 
temperature throughout the day under no 
mulch, C. waci/era fronds, and H. tiiiaceus 
chips

Effect of DWfermt Mutch** on 
So!) Temperature Over Time

Table 5 shows the average values of 
percent cover of the quadrats measured for each 
treatment. For the week of 11/1/2004 the 
quadrats with no mulch had a higher average 
percent cover than either of the mulch 
treatments. However, a week later, the average 
percent cover for the quadrats treated with H. 
fiiiaceMs chips was higher than the quadrants 
with no mulch. The quadrats treated with C. 
nncf/era fronds had the lowest average percent 
cover both weeks.

Table 5. Average percent cover measured in 
quadrats during the final two weeks of 
experiment.

Date
No

Mulch

C.
HMctfera
Fronds

H.
HltacfMS
Chips

Percent
Cover

11/1/2004 32.50% 5% 26.50%
Percent
Cover

11/8/2004 43.50% 7.50% 55%

DISCUSSION

The natural history survey showed that 
IV. thiobafa is very abundant in disturbed areas 
on the island of Moorea. As Moorea becomes 
more developed IV. thiobafa will likely continue

to spread. Wedeiia thiobafa has taken over 
ecological niches once occupied by native plants. 
This shift from native to non-native vegetation 
could have serious impacts on other 
environmental factors such as soil quality and 
insect biota. Wcdeiia thiobafa was not found at 
high elevations. This could be because IV. 
fn/o&afa is incapable of growing past a certain 
elevation or it could be because there are very 
few disturbed areas at high elevations. The 
presence of IV. fri/o&afa at low elevations 
indicates that the weed is the greatest threat at 
the beachfronts and lowlands.

Based on the trends observed it appears 
that both the C. naci/cra fronds and H. fiiiaceMs 
chips prevent the growth of IV. thiobafa. The data 
from the growth prevention experiment was not 
statistically relevant. It is possible that if the 
duration of the experiment had been longer the 
data would have been statistically relevant 
because the treatments appear to be diverging 
from the control at the end of the experiment. 
Based on this information, a potential use of 
these mulches could be to lay them down along 
roadsides adjacent to where IV. fnlobatg is 
growing in order to prevent the spread of the 
weed. An important observation that was made 
during this experiment was that after IV. trilobate 
had been weeded the only kind of growth 
observed was vegetative. No sprouts of W. 
trilobata were observed within the weeded 
quadrats. This observation supports previous 
reports that IV. thiobafa in the Pacific Island 
produces sterile seeds. In the growth 
suppression experiment there was a statistically 
relevant difference between the two treatments 
and the control. From the data collected it 
appears that the C. naci/era fronds best inhibited 
the growth of W. trilobata. The plots that were 
treated with H. fifiacens chips were able to 
recover to 100% after an average of 18 days. This 
data shows how rapid the vegetative growth of 
IV. tniobafa is.

From the experiment of the growth of 
IV. thiobafa from stolons, the sprouting rate was 
really low. Wedeiia thiobafa grew most 
successfully with the low water and H. tiliaceus 
treatment. There were 8 sprouts total for this 
treatment. The low water treatment with no 
mulch had only one sprout (table 3). The H. 
tiliaceus chips probably prevented evaporation 
of water from the pots therefore, the stolons with 
the low water treatment and H. tiliaceus chips 
were able to survive while the ones with no 
mulch did not. Wedeiia thiobafa grew best with 
H. fiiiaceMs chips and low water. While there was 
no sprouting at all in the low water treatments 
with no mulch. There were 8 sprouts in the H. 
fiiiaceMS chip-low water treatment while there 
was only on sprout in the no mulch-low water 
treatment. The no mulch treatment had a lower 
sprouting rate than either of the two treatments.
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This couid be due to the fact that the mulches 
withheld water and created a partial shade 
environment. If one were to repeat this 
experiment it might be useful to try longer 
segments of W. fn'/obafa. It would be interesting 
to compare the sprouting rate of W. in/obafa from 
the stolon as compared to the rhizome. Based on 
this information it may be problematic to use 
hibiscus chips to control W. fnfobafa during a 
drought because the mulch may maintain 
enough water so the weed can grow. It is also 
possible to that stolons have a great longevity 
even in the dark. It would be interesting to see 
how long stolons can survive without light 
exposure.

The experiment in the UC Berkeley 
Botanical Gardens, Moorea repeated the 
results found in the growth prevention study 
that the removal of the rhizomes prevented 
sprouting of W. frflobafa. No W. (nlobafa was 
found in any of the quadrats. A longer study 
would be needed in order to really see if W. 
fnlobafa was eliminated for a longer period. 
The C. HMCi/era fronds were the most effective 
at keeping down a variety of weeds. Percent 
cover measurements show that C. nuci/era 
fronds are most successful at reducing the 
both the number of weeds and the percent 
cover. The temperature measurements show 
that throughout the day the mulches keep the 
soil at a cooler temperature that the soil with 
no mulch on top. The C. mici/era fronds kept 
the soil the coolest. It is possible that this 
reduction of temperature helps in the weed 
inhibition however further testing would be 
needed to prove this. In future studies it would 
be interesting to look at the comparison of these 
mulches with other weeds. One of the most 
prominent weeds found in the quadrats in the 
Botanical Garden experiment was Momordica 
cbarawtia. This weed seemed to do particularly 
well with the H. tiiiaceMS chip mulch. Momordica 
cbarawfia is also a non-native weed that 
originates from either tropical Asia or Africa 
(Whistler 1995). Momordica charantia was able to 
grow very rapidly. In six week it was able to 
spread abundantly and produce fruit.

In the case of W. frilobafa on Moorea it is 
important to look at concerns specific to the 
location. Due to the high mountains on Moorea 
soil erosion is a big problem. Because 
plantations are already susceptible to soil erosion 
a tillage system for weed removal could create 
severe long-term problems for farmers. 
Herbicidal treatments could threaten the 
biodiversity in the streams and in the ocean. For 
these reasons organic mulches present a 
sustainable alternative. The addition of organic 
matter in the soil is beneficial for many reasons. 
Organic matter helps aggregate sand, silt and

clay. It also causes an increase in the ant and 
earthworm populations and helps buffer the pH 
of the soil.

When organisms are taken from their 
natural habitat and put in a new habitat they 
often are no longer controlled by natural 
predators. Wcdelia frt'iobafa has been able to take 
over the lowlands of Moorea with very little 
competition. It is important to understand the 
complex interaction between crops and weeds, 
whiai can vary from location to location. 
Understanding how a weed propagates is 
essential to developing more permanent 
solutions to weed removal. The ultimate goal of 
weed control is to alter the environmental 
conditions so that they favor the growth of the 
crop and disfavor the growth of the weed 
(Altieri 1995).

Sustainable weed control will help is 
important for the economy in Moorea. Many 
products grown on Moorea are sold in the 
markets in Papeete and abroad. In addition the 
tourist industry accounts for one-fourth of the 
GDP on Moorea (UC Berkeley Moorea). 
Environmental conservation is necessary to 
maintain tourism on the island. Because W. 
trilobata is particularly threatening to the 
beachfronts future developers on beach property 
may have to control the spread of W. tniobata.
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SYSTEMATICS OF MOTHS (LEPIDOPTERA: GEOMETRIDAE) IN 
FRENCH POLYNESIA AND RETENTION OF THE TYMPANAL 

ORGAN IN THE ABSENCE OF BAT PREDATION

KIMBERLY TSAO

fnfegnih'pe Biology, Lfniuersify of Caii/brnia, Berkeley, Caii/brnia 94720 USA

Abstract. Intrafamilial relationships among the moths of Geometridae are not well 
resolved, and particularly little is known about the moths of the Society Islands, French 
Polynesia. Geometrid moths were collected on Moorea and Tahiti, and phylogenetic 
analyses were performed based on thirteen characters of adult m orphology. Relative 
tympana sizes were mapped onto the phylogeny comparing native and non-native 
groups to determine whether or not the absence of predation by bats resulted in 
tympanal degredation in native moths; no such pattern w as observed. Possible 
explanations for this retention include genetic mixing from immigrant m oths, insufficient 
time in isolation to show any effect, and linkage to another unknown, advantageous trait.

Key words.* Geometrid moths; taxonomy; phytogeny; systematics; French Polynesia; predator 
release

INTRODUCTION

Geometridae is one of the largest families 
of moths within the Lepidoptera, with about 
21000 species described worldwide (Scoble et 
al. 1995). Despite their ubiquity, the 
intrafamilial relationships of moths within 
Geometridae are still largely unresolved. 
Although the lepidopterous fauna of Rapa 
and the Marquesas Islands of French 
Polynesia have been described more 
comprehensively (Clarke 1971), limited 
background is available on the moths of the 
Society Islands.

Geometrids are thought to have 
developed hearing primarily to avoid 
predation by echolocating, insectivorous bats 
(Roeder 1970,1975, Fullard 1988, Conner 1999, 
Yager 1999 in Fullard et al. 2004). However, if 
insectivorous bats are not sympatric with 
moths, there is no selective pressure actively 
maintaining hearing in these moths. The 
hearing organs of moths should be found in 
various states of degeneration as a result of 
disuse. French Polynesia is an ideal place to

test this hypothesis as it is one of the few 
places in the world w ith native species of 
moths and without bats. As a result of this 
release from predation, Polynesian moths of 
the family Noctuidae, also thought to have 
developed hearing as a defense m echanism 
against bats, have indeed exhibited 
degradation in both their hearing range 
(Fullard 1994) and their startle response to 
ultrasound (Fullard et al. 2004). Geometrid 
moths, subjected to the sam e conditions, 
should have had a sim ilar response.

The first part of this study attem pts to 
resolve the subfamilial relationships among 
Society Island geometrids by generating a 
phylogeny based on adult m orphological 
characters. If current taxonom y represents 
evolutionary processes, individuals are 
expected to group b y  subfam ily in 
monophyletic clades. A dditional com m ents on 
the distributions of the taxa collected are 
included. Relative tym panal size is used in 
this study as an approxim ation of auditory 
capacity, and is mapped onto the generated 
phylogeny. Native and non-native geometrid

1 6 2



moth tympana are compared to determine 
whether or not tympana! deterioration has 
occurred in the native moths in the absence of 
bat predation.

MATERIALS AND METHODS

Specimen collection

Eighty-five geometrid moths were 
collected, at six sites in the Society Islands: the 
Richard B. Gump Biotogicai Field Station 
(Cook's Bay), Vaiare-Paopao ridge, the 
Opunohu Valley Belvedere lookout, and Three 
Coconuts Pass on Moorea, and two sites on 
Mount Aorai on Tahiti (Appendix 1). AH 
collecting sites except the Gump Station were 
selected for their high densities of native 
vegetation, which would be expected to host 
more native moths. The Cook's Bay locality 
was chosen as a site to collect non-native 
species, because it is predominated by non
native vegetation. The native vegetation that is 
present in the coastal strand of Cook's Bay is 
not generally known to host geometrid moths. 
Moths were collected at a sheet illuminated by 
a UV collecting light powered by two 6-volt 
lantern batteries. Specimens were identified to 
subfamily according to Minet and Scoble 
(1999). After processing, they were deposited 
in the Essig Museum of Entomology 
(University of California, Berkeley).

Specimen dissection

The abdomen and one set of legs, palps, 
and antennae per specimen were removed 
with forceps and wetted in ethanol, then 
softened in hot sodium hydroxide for 
approximately 30 minutes. The viscera were 
removed with forceps, the body cavity flushed 
with a syringe and needle, and the genitalia 
extended. The tissues were submerged in 
Cellusolve overnight. Scales were then 
brushed off using a bent wire tip, except for 
specialized scales such as setae and tibial scent 
pencils. The genitalia were then separated

from the pelt: simply pulled out for males, and 
for females the posterior abdom inal segment 
and ovipositor were tom  from  the rest of the 
pelt, with the bursa copulatrix attached. The 
tissues were stained with Chlorazol Black, 
then stored in glycerin.

Wings were removed w ith forceps with 
gentle upwards and downwards pressure. 
They were wetted with 95%  ethanol and 
submerged in 100% bleach until clear, then 
rinsed in water. They were then stained with 
acid fuschin, rinsed in water, then 95% 
ethanol, and floated onto slides and mounted 
with Euparal. A11 preparation procedures are 
based on those outlined in Zim m erman (1978).

Character selection

Characters were chosen according to the 
following criteria. They were heritable, which 
was inferred by consistency am ong specimens 
of the same morphospecies and sex, as well as 
consultation of the taxonomic literature. They 
were also independent; cases in which this 
was questioned are discussed further in the 
Results section. The characters also had 
discrete states. Finally, characters had to be 
true to the live specimens (i.e. not an artifact of 
preparation). For example, presence or 
absence of the frenulum on the hind wing was 
a considered character for analysis, until it 
was discovered that the frenulum had broken 
off in preparation of some specimens, and was 
actually present in all.

Most systematic studies of Lepidoptera 
focus on characters of the m ale genitialia (i.e. 
Robinson 1971). However, this presents a 
conundrum with exemplar coding (for 
example, the presence or absence of socii, a 
feature of male genitalia, cannot be coded for 
in females), so gender-specific characters were 
limited to four exclusively m ale characters and 
four exclusively female characters. The 
character states for male characters in female 
specimens and vice versa were coded as 
missing. A total of twenty-one equally 
weighted, unordered characters of adult
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morphology were used, twenty of which were 
binary and one of which had three character 
states.

Phylogenetic analysis

The outgroup specimen used was a male 
Drepana arcaafa collected in Mendocino 
County, California. It is in Drepanidae, the 
sister family to Geometridae (P. Oboyski, pers. 
comm.).

The morphological matrix was entered in 
MacClade (Maddison and Maddison 2000) 
and saved as a Nexus file. Taxa with identical 
vectors were merged. The file was then 
executed in PAUP* (Swofford 2000).

The data matrix was analyzed using 
heuristic searches using both parsimony- and 
distance-optimized criteria. The parsimony- 
optimized searches were set to 10000 
replicates with the "M ulTrees" option not in 
effect, and tree-bisection-reconnection (TBR) 
branch swapping. The results of this search 
were then subjected to a second search with 
the same criteria, but with the "M ulTrees" 
option enabled. A strict consensus tree was 
computed for the resulting trees of the 
parsimony-optimized analysis. A distance- 
based neighbor-joining tree was calculated 
using total character differences and among- 
site rate variation.

Analysis of Me tympanal organ

The tympanal organs of geometrids are 
located in the anterior part of the abdominal 
cavity, and are easily seen with careful 
removal of the abdomen. The size of the 
tympanum was assessed by measuring the 
diameter of the sderotized ring of the 
tympanal organ, perpendicular to the 
tympanal ansa, under a dissecting microscope. 
To obtain a standardized measure of relative 
tympanum size, this length was then divided 
by the body length of the specimen. This ratio 
w as rounded to the nearest hundredth and 
each value w as treated as an ordered character 
state, in increasing order, for a total of ten

states (Appendix 3 contains the morphological 
matrix, with the "tym p" character indicating 
the state assigned according to tym panal size). 
The character was then m apped onto a 
phylogenetic tree using M acClade's "character 
trace" feature and exam ined for patterns 
among and within clades. A one-w ay analysis 
of variance (ANOVA) was perform ed to test 
for significant differences am ong the average 
tympanal sizes of each clade.

RESULTS

SutT/amily distribution

All moths collected on M ount Aorai, the 
highest elevation collection sites, were 
identified to the subfamily Ennominae. M any 
of these moths were tentatively identified to 
the genus Cieora, and com parison of the 
genitalia suggests they are m onospecific. All 
moths collected at low elevation were in the 
genus Tbaiasso&s (subfam ily Geometrinae), 
also probably of one species. The other sites 
yielded a combination of these two groups, as 
well as specimens belonging to the Sterrhinae 
subfamily. Appendix 1 lists the identification 
of and locality for each specim en collected.

Characters chosen

Most characters w ere taken from  the 
literature and in m ost cases delim it higher- 
level taxonomic groups such as tribes or 
genera within a subfamily. However, many of 
these characters varied sufficiently among the 
collected specimens to be inform ative. All 
characters and states are listed in Appendix 2.

The length of the labial palps are often 
compared to the eye in geometrid systematics 
(as in Choi 1997), but the palps were removed 
for processing in order to better see the 
segments, which made com parison difficult. 
The segment lengths were therefore compared 
to each other (Fig. la ). Som e species of Cieora 
found in French Polynesia w ere originally 
differentiated by Prout (1929) as the third
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PIGS, la-d  (left to right), a. Labial palp, showing the third segment about one-third the length 
of the second segment, and swollen at one end. b. Fore-and hind wings, w ith the fovea 
indicated, c. A hind wing bleached, stained, and mounted. The M2 vein is indicated on the 
right and discal cell boundaries indicated on the left. d. Hind leg of a fem ale, showing 
different sclerotization in the caudal and distal parts of the leg. Numbers indicate character 
and state.

segment of the palp of one species being 
"perhaps a little shorter and blunter," so 
shape of the third segment was also used as a 
character (Fig. la).

The morphology of the scales between the 
antennae was a character taken from Sihvonen 
and Kaila (2004) in classifying tribes within 
Sterrhinae, although it also varied between the 
Geometrinae and Ennominae, and also within 
the Ennominae for the spedmens examined in 
this study.

Green wing color is a result of 
synthesizing high concentrations of the 
pigment geoverdin, and has been suggested 
by Cook et al. (1994) to be an apomorphy for 
the subfamily Geometrinae. Discal spots on 
the fore- and hind wings have been suggested 
as a useful character for defining the 
Sterrhinae as a group (Covell 1983). Forewing 
areoles are characteristic of Geometridae 
(Minet and Scoble 1999), although in some 
specimens the anterior forewing veins are 
clustered so tightly so as to make areoles 
indistinguishable even under magnification. 
The character was therefore modified to 
differentiate only between distinct versus 
indistinct areoles. The fovea (a blister-like 
patch devoid of scales) at the base of the 
forewing (Fig. lb ) is typically applied to only 
males (as in Scoble and Kruger 2002), but 
occasionally occurs in females of some 
ennomine species (Minet and Scoble 1999). 
This character was therefore not treated as 
sex-specific.

The boundaries of the d istal cell in the 
hind wing (Fig. lc ) do n o t seem to be 
addressed in the taxonom ic literature, 
probably due to variability and  unreliability in 
wing venation. However, the character coded 
fairly consistently within the groups of this 
study, with the exception of one specimen that 
had a combination of the two states. 
Polymorphisms were treated as uncertainties 
in analysis. The absence or reduction of the 
M2 vein in the hind wing (present state shown 
in Fig. lc ) is traditionally used to define the 
Ennominae subfamily (M inet and Scoble 
1999).

Whether a frenulum consists of a single 
bristle or multiple bristles m ay be sex- 
dependent, but similar to th e  fovea, not all 
males have single-bristled frenula, nor do all 
females have multiple bristles (Zimmerman 
1978). This character was thus treated as sex- 
independent as well.

FtGS. 2a-b (left to right). Tym panal organs 
with ansa indicated, a. Sw ollen-type ansa. b. 
Narrow ansa with ovoid membrane and 
hammer-like tip. Numbers indicate character 
and state.
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The abdom inal tympana are present 
throughout the family Geometridae with a 
few exceptions (Minet and Scoble 1999). The 
tympanic ansa (Fig. 2), a sclerotized structure 
thought to protect and support the tympanic 
membrane, is  an autapomorphy for die family 
and varies w idely within it (Cook and Scoble
1992), m aking it a useful character for defining 
subfamilial groups.

The presence of setae on the third male 
stem ite m ay be physiologically linked to the 
presence of tibial hair pencils (Rindge 1983), as 
both structures are a means of pheromone 
distribution. However, characters with this 
type of linkage were treated in this study as 
independent since one is not directly 
dependent o n  the other. Furthermore, the 
setae were n ot coded as simply present or 
absent, but a s  discrete stages of "present" (one 
(Fig. 3a) or two (Fig. 3b) patches). These 
characters m ight therefore be treated as 
nested, but w ere left as independent as was 
appropriate fo r the scope of this study.

Male specim ens with tibial hair pencils 
occasionally had the caudal part of the tibia 
where the h airs were attached sclerotized, 
while the d ista l part remained membranous 
(visible after staining, Fig. Id). This feature 
was also noticed  in some female specimens 
despite not having hair pencils, so this was 
used as another sex-independent character. 
There are n o  references to such sclerotization 
patterns in th e  literature, but again it varied 
consistently enough to justify inclusion.

Features o f the male genitalia such as the

FIGS. 3a-b (left to right). Ventral view of 
male abdom ens, a. One transverse setae 
patch, b. Tw o setae patches. Numbers 
indicate character and state.

FIGS. 4a-b (left to right). M ale genitalia of 
Geometrine moths, a. Uncus and socii, 
with socii indicated, b. Right valve, w ith 
lobe indicated. Numbers indicate character 
and state.

presence or absence of socii (Fig. 4a) and 
various ornamentations are standard 
taxonomic characters used in classifying 
Lepidoptera. The lobes present on the valves 
of the male genitalia (Fig. 4b) were used as a 
character based on my own observations from 
comparing various specimens. The females 
too have their own set of standard characters. 
The ovipositor length and presence or absence 
of the signum were taken or adapted from 
Heddle (2003), but are likely standard 
characters. The relative size of the bursa 
copulatrix and presence or absence of the 
sclerotized ostial plate were characters 
derived from personal observations.

Phylogenetic analysis

The parsimony-optimized search yielded 
55 equally parsimonious trees of 55 steps. One 
randomly chosen tree is shown in Figure 5; the 
consensus tree is shown in Figure 6. The 
distance-based neighbor-joining search 
yielded a tree of score 3.22507. Because the 
same subfamilial relationships appeared in the 
neighbor-joining tree as the in parsimony- 
based trees, the neighbor-joining tree is not 
shown.

Ennominae consistently appears as the 
most basal lineage in the generated trees of 
both types of searches, as w ell as the
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consensus tree. Geometrinae and Sterrhinae 
appear as monophyletic sister groups in ali 
trees.

Because about half the collected 
specimens were male and about half female, 
each sex-dependent character had data 
missing for about half the taxa. As a result, the 
sex-specific characters had to be excluded due 
to extremely slow computational analysis.

FlG. 5. One randomly chosen tree of the 55 
generated by the parsimony-optimized search 
(55 steps, CI=0.27, RI=0.85). Darker shades 
indicate relatively larger tympana; the absence 
of a box by the taxon name indicates missing 
data.

Tympana? uan'ah'on

Figure 5 shows the tympana: body length 
ratio mapped onto one of the cladograms 
generated by the parsimony-optimized search. 
The Ennominae subfam ily is represented by 
mostly native moths (Orhant 2002), so the 
entire subfamily was treated as native for this 
analysis. Likewise, the Geometrinae are 
almost certainly all non-native (P. Oboyski, 
pers. comm.), and the status of Sterrhinae is 
unknown. Visual assessment reveals no 
apparent patterns among nor within these 
groups. A one-way analysis of variance 
among subfamilies yields no significant 
differences.

Geometrinae

Drepana arcuata 
Cump1 \
Beivedere 6^
Beivedere 7 
Beivedere 8 
Beivedere i 0  
Beivedere i 1 
Beivedere ! 7  
3  Coconuts 7 5  
Yaiare-Paopao 82 .y.j.r.jp.°p<..85-. sterrhinae
Belvedere ) 4  
3 Coconuta 7 7  
Belvedere ) 3  
Belvedere 15 
Belvedere 18 
Belvedere 19 
Belvedere 2 2  
Aorai 2 8  
Aorai 2 9  
Aarai 3 )
Aorai 3 2  
Aorai 3 3  
Aerai 3 4  
Aorai 3 5  
Aorai 3 6  
Aorai 3 7  
Aorai 3 8  
Aorai 3 9  
Aorai 4 3  
Aorai 4 5 Ennominae

FlG. 6. Strict consensus of 55 equally 
parsimonious trees, w ith subfamilies indicated.
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DISCUSSION

D:sfnhMlM)H

M oths of the genus Cfeorn, of which most 
specimens collected are probably native and 
endemic (Orhant 2002), appear to be restricted 
to higher elevations, possibly as a result of 
higher densities of native vegetation or 
minimal disturbance. Thaiassodes, as a 
widespread group across the tropics 
(Holloway 1996), is probably non-native and 
may associate with non-native vegetation, 
found at the lower and middle elevations. The 
remaining specimens of Ennominae and 
Sterrhinae were collected at middle elevations, 
where there is a mix of native and non-native 
vegetation. Unequal amounts of collecting 
time were devoted to each site, so more 
sampling may well yield more ennomines at 
lower elevations or geometrines at higher 
elevations.

PhyIogenef:'c analysis

The trees generated by all searches 
support the subfamilial groupings of 
Geometrinae, Sterrhinae, and Ennominae. 
However, only the Geometrinae and 
Sterrhinae are monophyletic. More taxa 
should be examined before determining 
whether or not the characters supporting the 
monophyly of these groups have any 
analytical significance in a phylogenetic 
context. Although in the literature 
Geometrinae is often shown as the most basal 
subfamily (as in Sihvonen and Kaila 2004), 
they are here shown as sister to Sterrhinae. 
These findings also suggest that the 
Ennominae is the most basal group. The 
relationships within Ennominae were the most 
ambiguous from tree to tree compared to 
other subfamilies, but this may be an artifact 
of having more samples within that group. 
Likewise, the Sterrhinae were represented by 
only three specimens, so more samples from 
that group might provide further support for 
these phylogenetic trees.

Moths collected from M oorea and Tahiti 
are interspersed with each other throughout 
the trees. This suggests that there is either 
little spatial isolation between islands or that 
the morphology of the moths changes so 
slowly that the effects of isolation are 
undetectable.

Since the inclusion of sex-specific 
characters necessitates m any missing 
character states, which is not optimal for 
analysis, the typical approach to moth 
systematics uses the composite coding 
method. The outcome of this study does not 
make for a strong argument in  favor of 
exemplar coding, but it is still a feasible 
approach as long as the characters chosen are 
applicable to the majority of the taxa. 
Additionally, exemplar coding is useful for 
testing assumptions regarding the usefulness 
of characters to define current taxonomic 
groups. The findings in this study suggest that 
the characters chosen are indeed informative 
for delimiting subfamilies.

Tympanal maintenance

The consistent maintenance of the 
tympanal ear in all geometrids examined, 
while not the expected result, agrees w ith 
previous studies. On the Faeroe Islands in 
Denmark, another area lacking bats, Surlykke 
(1986) examined noctuid moths, and not only 
found the tympana intact, but without any of 
the expected changes in their hearing range. 
Further studies in French Polynesia 
addressing hearing and the acoustic startle 
response demonstrate that while there are no 
patterns of degradation in the tympanal 
organs themselves, noctuids display a reduced 
hearing range (Fullard 1994) and many no 
longer displayed the startle response w hen 
exposed to ultrasound (Fullard 2004). Clearly, 
the presence of the tympana does not 
necessarily indicate anything about 
functionality. Further behavioral studies of the 
geometrids are necessary to see if the response 
to the absence of bats is consistent across 
different families. Because the behavioral
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response is the actual trait affected in 
selection, whether indirectly affected through 
tympana! functionality or not, studies 
focusing on behavior should prove more 
informative in resolving this issue.

The reasons behind the retention of the 
physical tympanal organ is debatable. Some 
moths in Pyralidae, another family of eared 
moths, have developed a secondary use for 
their ears using sounds in courtship (Dahm et 
al. 1971 in Cook and Scoble 1992). Since no 
known adult geometrids produce sounds 
(Cook and Scoble 1992) this is unlikely. 
Furthermore, a few flightless females have 
secondarily lost their tympana (Cook and 
Scoble 1992), suggesting the ears do not play a 
role in courtship, at least in that group.

It may be that in the absence of bats, 
another predator has filled their niche. A rare 
but nonetheless present bird on Tahiti and 
M oorea is the Tahiti swiftlet (Aerodramus 
leucophaeHS, Apodidae), which is known to 
echolocate (Jordan et al. 2004). However, they 
use echolocation more as a navigation tool 
since they roost in caves, which would 
probably be at a significantly lower frequency 
than that of aerial hawking insectivorous bats. 
Indeed, studies have shown they do not use 
echolocation to hunt insects, but rather for 
obstacle avoidance (i.e. Medway 1962 in 
Jordan et al. 2004). Furthermore, these birds 
are diurnal, temporally isolating them from 
these moths and probably not posing a threat 
to them.

In the case of T7M/assodes, its wide 
distribution may allow for more frequent 
genetic interchange among populations 
exposed to and isolated from bats. The 
geographically nearest insectivorous bats are 
in the family Mystacynidae and occur in New 
Zealand (J.L. Patton, pers. comm.). 
Movements of moths in these areas are not 
well studied enough to eliminate nor accept 
mixing from these populations as a 
plausibility. However, this explanation does 
not account for retention of the tympana in 
native, theoretically isolated species.

It may be that the tympana simply have 
not had enough time to noticeably deteriorate. 
Not enough is known of the physiological 
properties of the moth ear, nor of discrete time 
periods required to lose features with no 
selective pressure maintaining them.

The tympanal organ may also be linked to 
some other advantageous trait of which we 
are unaware, and its presence is a byproduct 
of selection for that trait. Again, this 
explanation could be supported or refuted by 
further research on the physiology of the moth 
ear.

The restricted distribution of native moths 
is an argument for preserving areas with 
native vegetation, which is particularly true 
on small islands with limited space. The 
taxonomy of the geometrid subfamilies 
remains elusive, but some groups within them 
appear monophyletic. The inclusion of more 
taxa, as well as more characters, should 
further elucidate their relationships. The 
reasons for retaining the tympana are still 
unknown. Until we better understand the 
developmental aspects of the geometrid ear, 
we can only assert that low energetic costs in 
maintaining the hearing organs outweigh any 
benefits of losing them in the absence of any 
selective pressure.
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APPENDIX 1: List of specimens coiiected and their localities

Specimen, Identification Locality Elevation Latitude Longitude
1 TZiaZassodes sp. Gump Station Moorea 15 m -17.49213728 -149.82638242
2 TMassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
3 TMasso^es sp. Belvedere Moorea 200 m -17.545556 -149.833056
4 TMassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
5 Thalassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
6 7%aiassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
7 Thaiassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
8 TTtaiassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
9 Lhaiassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
10 T7:alassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
11 77:aiassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
12 17:alassodes sp. Gump Station Moorea 15 m -17.49213728 -149.82638242
13 CZeora sp. Belvedere Moorea 200 m -17.545556 -149.833056
14 Ennomine sp. Belvedere Moorea 200 m -17.545556 -149.833056
15 Ennomine sp. Belvedere Moorea 200 m -17.545556 -149.833056
16 Thaiassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
17 77:aiassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
18 Ennomine sp. Belvedere Moorea 200 m -17.545556 -149.833056
19 Ennomine sp. Belvedere Moorea 200 m -17.545556 -149.833056
20 77:aiassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
21 T7:alassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
22 Ennomine sp. Belvedere Moorea 200 m -17.545556 -149.833056
23 T7:aZassodes sp. Belvedere Moorea 200 m -17.545556 -149.833056
24 ThaZassodes sp. Gump Station Moorea 15 m -17.49213728 -149.82638242
25 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
26 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
27 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
28 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
29 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
30 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
31 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
32 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
33 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
34 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
35 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
36 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
37 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
38 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
39 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
40 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
41 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
42 CZeora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5
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Specim en Identification Locality Elevation Latitude Longitude

43 Cieora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5

44 Cieora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5

45 Cieora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5

46 Cieora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5

47 Cieora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5

48 Cieora sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5

49 Ennomine sp. Mount Aorai (Fare Ata) Tahiti 1800 m -17.61667 -149.5

50 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

51 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

52 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

53 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

54 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

55 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

56 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

57 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

58 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

59 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

60 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

61 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

62 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

63 Ennomine sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

64 Ennomine sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

65 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

66 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

67 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

68 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

69 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

70 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

71 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

72 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

73 Cieora sp. Mount Aorai (Fare Mato) Tahiti 1400 m -17.58896 -149.50526

74 T^aiassodes sp. Three Coconuts Pass Moorea 400 m -17.54897057 -149.84168262

75 TMassodes sp. Three Coconuts Pass Moorea 400 m -17.54897057 -149.84168262

76 Thaiassodes sp. Three Coconuts Pass Moorea 400 m -17.54897057 -149.84168262

77 Ennomine sp. Three Coconuts Pass Moorea 400 m -17.54897057-149.84168262

78 Cieora sp. Three Coconuts Pass Moorea 400 m -17.54897057 -149.84168262

79 Cieora sp. Three Coconuts Pass Moorea 400 m -17.54897057-149.84168262

80 Cieora sp. Three Coconuts Pass Moorea 400 m -17.54897057 -149.84168262

81 7%aiassodes sp. Vaiare-Paopao ridge Moorea 200 m -17.54897057 -149.84168262

82 TTtaiassodes sp. Vaiare-Paopao ridge Moorea 200 m -17.52172061 -149.80116557

83 Stenrhinae sp. Vaiare-Paopao ridge Moorea 200 m -17.52172061 -149.80116557

84 Sterrhinae sp. Vaiare-Paopao ridge Moorea 200 m -17.52172061 -149.80116557

85 Sterrhinae sp. Vaiare-Paopao ridge Moorea 200 m  . -17.52172061 -149.80116557
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APPENDIX 2: List of characters used in morphological analysis 

Exclusively male characters denoted by (M); exclusively female characters denoted by (F).

Head

0. Labial palp: length of distal (third) segment relative to second segment: (0) one-third of 
second segment or shorter (Fig. la ); (1) longer.

1. Labial palp: shape of distal (third) segment: (0) consistent width for length of segment; (1) 
swollen at one end, bulbous (Fig. la).

2. Scales between antennae: (0) flattened and narrowed; (1) only flattened.

Wings

3. Coloration: (0) not dominantly green; (1) dominantly green.
4. Forewing discal spot: (0) distinct; (1) indistinct.
5. Forewing areoles: (0) no distinct areoles; (1) one distinct areole.
6. Forewing fovea: (0) absent; (1) present (Fig. lb).
7. Hind wing, discal spot: (0) present, either dark markings or pale markings on dark 

background; (1) absent.
8. Hind wing: distal boundaries of discal cell arising (0): caudal to roots of M l and M3 (Fig. 

lc ); (1) distal to roots of M l and M3.
9. Hind wing: Vein M2: (0) strong, tubular (Fig. lc ); (1) indistinct or absent.
10. Hind wing: frenulum consisting of: (0) one bristle; (1) more than one bristle.

Abdomen

11. Tympanic ansa: (0) narrow with ovoid membrane; (1) swollen in middle (Fig. 2a); (2) 
narrow with ovoid membrane and hammer-shaped at one end (Fig. 2b).

12. (M) Setae on third stemite: (0) one transverse patch (Fig. 3a); (1) two patches (Fig. 3b).

Hind legs

13. Tibia sderotized differently along caudal-distal length: (0) no; (1) yes (Fig. Id).
14. (M) Hair pencils on tibia (0) present; (1) absent.

Male genitalia
15. (M) Sodi: (0) absent; (1) present (Fig. 4a).
16. (M) Lobes on dorsal side of valva: (0) absent; (1) present (Fig. 4b).

Female genitalia

17. (F) Ovipositor: (0) l-2x  length of seventh abdominal segment; (1) more than 2x longer 
than seventh abdominal segment.

18. (F) Signum: (0) absent; (1) present.
19. (F) Bursa copulatrix: (0) one-third or more of total abdomen volume; (1) less than one- 

third total abdomen volume.
20. (F) Sderotized ostial plate: (0) absent; (1) present.
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APPENDIX 3: Morphological matrix

1 2 3 4 5 6 7 8 9 10 11 12M 13 1 4 M 1 5 M 16M 1 7 F 1 8 F 1 9 F 2 0 F tympi
? 1 1 1 0 0 1 0 0 7 7 ? 0 1 ? ? ? ? ? ? ?
7 1 1 1 0 0 1 0 0 7 1 ? 0 ? ? ? 0 1 1 ? 3
1 1 1 1 0 0 1 0 0 0 7 1 0 0 1 1 ? ? ? ? 3
1 1 1 1 0 0 1 0 0 0 7 1 0 0 1 1 ? ? ? ? ?

1 1 1 1 0 0 1 0 0 0 7 1 0 0 1 1 ? ? ? ? 6
1 1 1 1 0 0 1 0 0 0 7 1 7 7 1 1 ? ? ? ? ?
7 1 1 1 0 0 1 0 0 ? ? 1 7 ? 1 1 ? ? ? ? 8
0 1 1 1 0 0 1 0 0 0 7 1 0 0 0 0 ? ? ? ? ?

1 1 1 1 0 0 1 0 0 0 7 1 0 0 1 1 ? ? ? ? 5
1 1 1 1 1 0 1 0 0 0 0 1 0 0 1 1 ? ? ? ? 7
1 1 1 1 0 0 1 0 0 7 7 1 0 0 1 1 ? ? ? ? 5
1 1 1 1 0 0 1 0 0 0 1 1 0 0 1 1 ? ? ? ? ?
7 0 0 0 1 0 0 1 1 1 2 ? 7 7 ? ? 1 0 1 0 4
0 1 0 1 0 0 ? 1 1 1 1 2 ? 1 7 ? ? 1 0 1 0 4
0 0 0 1 0 1 1 1 1 0 0 0 1 0 0 0 ? ? ? ? 2
0 1 1 1 0 0 1 0 0 0 1 1 0 0 1 1 ? ? ? ? 2
7 1 1 1 0 0 1 0 0 0 7 1 0 0 1 1 ? ? ? ? ?

0 1 0 0 1 1 1 1 1 0 0 0 1 0 0 0 ? ? ? ? 5
0 1 0 0 0 1 1 1 1 0 0 7 1 1 0 0 ? ? ? ? 7
0 1 1 1 0 0 1 0 0 0 7 1 0 0 1 1 ? ? ? ? ?

1? 1 1 1 0 0 1 0 0 0 1 1 0 0 1 1 ? ? ? ? 5
1 1 0 1 0 1 1 1 1 0 2 0 1 0 0 0 ? ? ? ? 7
0 1 1 1 0 0 1 0 0 0 7 1 0 0 1 1 ? ? ? ? ?

0 1 1 1 0 0 1 0 0 0 1 1 0 0 1 1 ? ? ? ? 6
1 0 0 1 0 1 0 1 1 0 0 0 1 0 0 0 ? ? ? ? 4
1 0 0 1 0 1 0 1 1 0 0 0 1 0 0 0 ? ? ? ? 3
7 0 0 1 1 1 0 1 1 0 0 0 1 0 0 0 ? ? ? ? 3
1 1 0 0 1 0 0 1 1 1 0 7 7 7 ? ? 1 0 1 0 2
7 0 0 0 1 1 0 1 1 ? 2 0 1 0 0 0 ? ? ? ? 4
1 0 0 0 1 0 0 1 1 1 2 7 1 7 ? ? 1 0 1 0 2
1 0 0 0 1 1 0 1 1 0 0 0 1 1 0 0 ? ? ? ? 3
? 0 0 0 0 0 0 1 1 1 2 7 1 7 ? ? 1 0 1 0 4
7 0 0 1 1 0 0 1 1 1 2 7 1 7 ? ? 1 0 1 0 3
1 0 0 1 1 1 0 1 1 1 7 0 1 0 0 0 ? ? ? ? ?

1 0 0 1 0 1 1 1 1 0 0 0 1 0 0 0 ? ? ? ? 3
1 0 0 0 1 1 0 1 1 0 0 0 1 0 0 0 ? ? ? ? 2
1 0 0 1 1 1 7 7 7 7 7 7 1 0 ? ? ? ? ? ? ?
1 0 0 1 1 1 0 1 1 0 7 0 1 0 0 0 ? ? ? ? 0
1 0 0 0 1 0 0 1 1 1 2 7 1 7 ? ? 1 ? 1 0 3
0 0 0 1 0 0 0 1 1 1 2 ? 1 7 ? ? 1 0 1 0 2
0 0 0 0 1 1 0 1 1 0 2 0 1 0 0 0 ? ? ? ? 3
1 0 0 0 1 0 0 1 1 1 2 7 1 7 ? ? 1 0 1 0 4
1 0 0 1 1 0 7 1 1 1 2 7 1 7 ? ? 1 0 1 0 2
1 0 0 1 1 1 0 1 1 ? 2 0 1 0 0 0 ? ? ? ? 4
1 1 ? 0 1 1 0 0 1 1 1 2 7 1 ? ? ? 1 0 1 0 3
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Spec/C hars 0 1 2 3 4 5 6 7 8 9
46 0 0 0 0 0 1 1 0 1 1

47 0 0 0 0 1 1 0 0 1 1

48 0 0 0 0 1 0 0 0 1 1

49 0 0 1 0 0 0 0 0 1 1

50 0 0 0 0 1 1 1 0 1 1

51 0 1 0 0 1 1 0 0 1 1

52 0 0 0 0 0 0 0 0 1 1

53 1 1 0 0 1 0 1 0 1 1

54 0 1 0 0 0 1 0 0 1 1

55 7 7 0 ? 0 0 1 0 0 1 1

56 0 0 0 0 1 1 0 0 1 1

57 0 1 0 0 1 1 1 0 1 1

58 1 1 0 0 1 0 0 ? 1 1

59 0 1 0 0 1 1 1 0 1 1

60 ? 7 0 0 1 1 1 0 1 1

61 ? 7 0 0 1 1 1 0 1 1

62 7 7 1 ? 0 0 1 0 0 1 1

63 0 1 0 0 1 0 0 1 1 1

64 0 1 1 0 1 0 0 1 1 1

65 7 7 0 0 0 1 1 0 1 1

66 7 7 0 0 0 1 1 0 1 1

67 0 0 0 0 0 1 1 0 1 1

68 0 0 0 0 1 7 1 0 1 1

69 1 1 0 0 1 0 1 0 1 1

70 0 0 0 0 1 1 0 0 1 1

71 1 0 0 0 1 1 1 0 1 1

72 7 7 0 0 1 0 1 0 1 1

73 1 1 0 0 1 1 1 0 1 1

74 1 0 1 1 1 0 0 1 0 0

75 1 0 1 1 1 0 0 1 0 0

76 7 7 1 1 1 0 0 1 0 0

77 0 0 1 0 1 1 0 1 1 1

78 0 1 0 0 0 1 1 0 1 1

79 0 0 0 0 0 0 1 0 1 1

80 0 1 0 0 0 0 1 0 1 1

81 7 7 1 1 1 0 0 1 0 0

82 1 0 1 1 1 0 0 1 0 0

83 ? ? 1 0 1 0 0 0 0 0

84 ? 7 1 0 1 0 0 0 0 0

85 1 0 1 0 1 0 0 0 0 & 1 0

Outgroup 1 0 0 0 0 1 0 0 1 0

11 12M 13 14M 15M 16M 17F 18F 19F 20F tymp
2 0 1 0 0 0 7 7 7 7 7
2 7 7 7 ? 7 1 0 1 0 2
2 ? 1 7 ? 7 1 0 1 0 4
2 0 1 0 0 0 ? 7 7 7 7
2 0 1 0 0 0 ? 7 7 7 3
2 7 1 7 7 7 1 0 1 0 3
2 7 1 7 7 7 1 0 1 0 1
0 0 1 0 0 0 7 7 7 7 4
0 ? 1 7 ? 7 1 0 1 0 3
2 7 1 7 7 ? 1 0 1 0 4
2 7 1 7 7 ? 1 0 1 0 2
2 0 1 0 0 0 ? 7 7 7 6

2 ? 1 ? 7 ? 1 0 1 0 4
0 0 1 0 0 0 7 7 7 7 3
2 0 1 0 0 0 7 7 7 7 2
0 0 1 0 0 0 7 7 7 7 5
2 7 1 ? 7 ? 1 0 1 0 2
2 0 1 0 0 0 7 7 7 7 9
1 7 0 ? 7 7 1 0 1 0 8
0 0 0 0 0 0 7 7 7 7 7
7 0 1 0 0 0 7 7 7 7 7

2 0 1 0 0 0 7 7 7 7 2
2 0 1 0 0 0 7 7 7 7 5
2 0 1 0 0 0 7 7 7 7 9
2 7 1 7 7 7 1 0 1 0 1
2 0 1 0 0 0 7 7 7 7 5
0 0 1 0 0 0 7 7 7 7 3
2 0 1 0 0 0 7 7 7 7 4
1 1 0 0 1 1 ? 7 7 7 0
1 7 0 7 7 7 0 7 1 1 2
1 7 0 ? ? 7 0 1 1 1 4
0 7 1 7 7 7 1 7 1 0 4
2 0 1 0 0 0 7 7 7 7 2
2 0 1 0 0 0 ? 7 7 7 3
0 0 1 0 0 0 7 7 7 7 4
1 7 0 7 7 7 0 1 1 1 8
1 7 1 ? 7 7 0 1 1 1 3
1 7 0 7 7 ? 0 0 0 1 5
1 7 0 7 ? 7 0 0 0 1 9
1 7 0 ? ? 7 0 0 0 1 6

? 1 0 1 1 0 7 7 7 7 7

10
0
1
1
0
0
1
1
0
1
1
1
?

1
0
0
0
1
0
1
0
0
0
?

0
1
0
0
0
0
?
7

1
0
0
0
7

?
1
1

1?
0
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AN INVASIVE PLANT MICONM CAEVESCENS AND THE 
FUNGAL BIOCONTROL PATHOGEN COEEETOTRICHUM 

GEOEOSPORfOIDES E. SP. MICONME: 
INVESTIGATION OF FACTORS AFFECTING THEIR 

DISTRIBUTIONS ON MOOREA, FRENCH POLYNESIA

W . TEAL W ATKINS

D ept, o f Integrative Biology, U niversity of California, Berkeley, C alifornia 94720 USA

Abstract. Inv asive p la n ts  can d ev a sta te  th e  n a tiv e  flo ra  in  h a b i ta t s  t h a t  are  
extrem ely  iso la te d  and devoid of n atu ra l controls. C la ss ic a l b io lo g ica l control projects 
a tte m p t to c a p ita l iz e  on th e  n atu ra l enem ies o f in v a siv e  p la n ts  and p ests. Such a 
biocontrol project w as sta rte d  in th e  1990s to find  a so lution  for MfconM catucscens, an 
in v a siv e  p la n t  from  C entral and South A m erica th a t  h a s  d e v a sta te d  F ren ch  P o ly n esia  
and H a w a ii. . CoIIetofrichnwi gloeosponoides /  sp. Mfconiac (Cg%) a fungus, w a s deem ed 
su itab le  for use as a biocontrol agent o f Micouto and w as re lea sed  on T a h it i  in  2000, Since 
th e n , Cgm h a s  m anaged to spread to M oorea, an is la n d  lo cated  - 1 8  km  N E o f T a h i t i .  
MfconM p la n ts  betw een 10 cm and 3 m  in h e ig h t w ere sam p led  and h e ig h t , b a s a l 
d iam eter, number of le av e s, density , e le v a tio n , and number of p la n ts  g re a te r  th a n  300 
cm in  h e ig h t w ere recorded to get an estim a te  of th e  d istrib u tio n  and  e x p la in  th e  
im p act o f Cgm, as show n by percent of le a v e s  infected , p ercent o f d am age o f th e  m ost 
in fected  le a f , and number o f Cgm lesions on the m ost in fected  le a f . O f m ore th a n  900 
sam pled  Mfconfa p lants, only 3 show ed no signs of in fectio n  by Cgm. E very  o th e r  Mfconfa 
h ad  a t  le a s t  one le a f  in fected . T h e size  o f p la n t is  p o s itiv e ly  co rre la te d  w ith  th e  
percent o f d am age of th e  most infected  le a f  o f le a v e s  in fected  (p < 0 .0 0 1 ))  and th e  
number of Cgm spots on th e  m ost infected  le a f  (p < 0 .0 0 1 ), w h ic h  suggests t h a t  th e  age o f 
th e  stand  does influence th e  lev e l o f infection. A lth o u g h  in i t ia l ly  not a ta rg e t, th e  
number of p la n ts  greater th a n  300 cm in h e ig h t lo cated  w ith in  a qu ad rat proved to  be a 
s ig n ifica n t p redictor of percent dam age o f th e  m ost in fected  le a f  (p < 0 .0 0 1 ) , percent o f 
le a v e s  in fected  per p la n t (p < 0 .0 0 1 ), and th e  number of Cgm spots on th e  m ost in fected  
le a f  (p < 0 .0 0 1 ).

Key Words.' invasive plant; biological control; C o lle to trich u m  gloeosp orio id es f sp 
M icon iae; M icon ia calvescens; Moorea; French Polynesia

INTRODUCTION

In v a s iv e  p lan ts d ev a sta te  invaded 
flo ra  (M eyer 1996) and are costly in term s of 
th e ir  im p acts on the ecosystem , th e  
d iv e rs ity , and  th e  landscape, as w ell as 
th e  economy (V itou sek  e t a l. 1997). 
Islan d s h a v e  been  p a rticu la rly  disrupted 
by  in v a siv e  p la n ts  probably due to 
r e la t iv e ly  low  d iv ers ity  and evolutionary 
is o la tio n  (F o m w a ll and Loope 2004, M eyer 
2004, V ito u sek  e t a l. 1996). M ech an ical and 
ch em ica l m eth o d s are among the f irs t  
em ployed in  a tte m p ts  to lim it  th e  effects  of 
in v a siv e  p ests ; how ever, th ese  m ethods 
h a v e  s h o r t fa l ls  in th a t  th e y  u sually

require larg e  amounts of labor, equipm ent, 
and c a p ita l  som etim es ov er long periods o f 
tim e. O ften , m ach in es, p eo p le  and 
ch em ica ls  cannot re a c h  and e ra d ica te  a l l  o f  
th e  pests due to d if f ic u lt  and dangerous 
terra in  or sim p ly  too g re a t o f an  area  o f 
invasion . Furtherm ore, m ovem ent of 
personnel and m ach in ery  used in th e  control 
e ffo rt can  u n in ten tio n ally  sp read  seed to 
previously  u naffected  lo ca tio n s (M edeiros 
and Loope 1997).

C la ss ica l b io lo g ica l control 
c a p ita l iz e s  on th e  n a tu ra l enem ies o f 
in v asiv e  p la n ts  and pests th a t  a re  absent 
from th e  new ly  in v ad ed  a re a . In v asiv e  
p lan ts o ften  find  a h a b ita t  d evoid  o f
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n atu ra l enem ies th a t  h a v e  evoived 
congruent to th e  p est and often  heip  keep 
th e  p op u lation  of the p est in check in its  
n a tiv e  range (R an d all and Tu 2001). 
(R a n d a ll and Tu 2001). M odem  biocontrol 
research ers attem p t to control unintended 
effec ts  through th e  use o f extensive host 
sp e c ific ity  tests for th e  p o ten tia l biocontrol 
organism . W h ile  th e re  is th e  conception 
t h a t  p la n t p athogens are risk y  to use as 
biocontro! agents, B arto n  (2004) show ed 
t h a t  th e re  is no record of a fungi biocontrol 
agen t a tta ck in g  a nontarget species 
unexpectedly, due m ostly to stringent host 
sp e c ific ity  testing.

MicoHM ca/uesceMS (common name 
"v e lv e t  tre e " ) , a lso  referred  to as th e  
"p u rp le p lag u e" (M eyer and Florence 1996), 
is  an in v asiv e  and destructive p la n t in 
French  P olyn esia  th a t  is  d ev asta tin g  to 
n a tiv e  and endemic flo ra  in French 
P o ly n esia , as w ell as H a w a ii. O rig in a lly  
introduced as an  ornam ental p la n t to w h a t 
is  now th e  H arrison  S m ith  B o tan ica l 
G arden on T a h it i  in  1937, MicouM soon 
escap ed  and becam e one of the w orst 
in v a s iv e  p la n ts  on the is lan d  and spread to 
se v e ra l surrounding island s. On T a h it i ,  
MicoMM is d ire ctly  responsible for 
th re a te n in g  up to 100 n a tiv e  species o f 
w h ich  up to h a lf  (50 species) are endemic 
(M ey er and Florence 1996). Introduction to 
M oorea occurred som etim e prior to being 
discovered in th e  "e a r ly  1970s on mountain 
t r a i l s "  (M eyer 1996).

Miconta grows in v irtu a lly  a l l  
h a b i ta ts  from  10 m  to 1300 m  and in m esic 
and w et (> 2 0 0 0  m m /y r) conditions (M eyer 
1996). Growing to be a tree up to 15 m ta l l ,  
form ing th ic k  m onotypic stands, and deep 
sh a d e  in  w h ich  n a tiv e  species cannot grow, 
Miconta e ra d ica te s  most o th er v egetation  
including v ir tu a lly  a l l  n a tiv e  p lants 
(M ey er 1996). MiconM is re a d ily  id en tified  
by  its  larg e le a v e s  (up to 1 m) w ith  deep 
purple underside and 3 prominent veins 
running the length  of th e  le a f . Under id e a l 
conditions, p la n ts  can grow 1.5 m  (in  
h e ig h t)  or m ore in a single y ear (M eyer 
1998a). MicoHtn can flow er and fruit a t 4-5  
m  ta l l  or 4-5 y ears  from seed, though tend to 
do so (m ature) only w hen exposed to fu ll 
l ig h t ,  such as w hen a gap in the canopy 
form s, or th e  tree grows through th e  canopy

of n a tiv e  v eg eta tio n  (M eyer 1998b). M ey er 
(1998b) ca lcu la ted  th a t  a single 10 m  tree 
could produce over 3 m illio n  seeds in a y e a r . 
Furtherm ore, up to 90%  or more of th e  seeds 
can be v ia b le  and can p ersist in th e  so il for 
a t  le a s t  2 y ears and p erh a p s more th a n  4 
y ears  (M eyer 1996, M ed eiros and Loope 
1997). A ll th e se  factors contribute to 
MiconM being such a p ro blem atic and 
d estru ctive in v asiv e  p la n t.

In th e  m id -1990s, a search  began for 
su itab le  biocontrol agents to com plem ent 
m ech an ica l and ch em ica l e ra d ica tio n  
efforts. CoMeiofnchun! gioeospohoides / .  sp. 
MicoHMe (Cg?n), a fungus from Subdivision  
D euterom ycotina (Fungi Im p erfecti), C la ss  
C oelom ycetes, O rder M elan con iales, w as 
th e  f irs t  successful organism  found. Iso la ted  
from  le a f  lesions on Mfcowia in B ra z il, Cgm 
w as sent to th e  U n iv e rs ity  of H a w a ii for 
h o st sp e c ific ity  testin g  (K ilg o re  e t  a ! . ,  
1997). A fte r  successful tests, Cgm w as f ir s t  
re leased  on th e  H a w a iia n  Islands in Ju ly , 
1997 (K ilg o re  e t a l .  1997). A fter fu rth er 
h o st sp e c ific ity  testin g  for French 
P oly n esia , necessary due to th e  presence of 
n a tiv e  species in  th e  fa m ily  
M elasto m ataceae , Cgm w as re leased  on 
T a h it i  in  A p ril, 2000 (M eyer, pers. comm).

Lesions caused by Cgm are d is tin ct 
and can be id e n tified  v isu a lly  w ith o u t a id . 
L eav es w ith  new  Cgm lesions h a v e  
"ch lo ro tic  h a lo s"  ap p ro x im ate ly  one w eek 
a fte r  in fection  (K illg o re  and Sugiyam a 
1999). Lesions expand in  a roughly c ircu lar 
p a ttern  form ing necrotic centers th a t  become 
dry and b r it t le , b efore fa ll in g  out and 
causing extensive le a f  dam age and le a f  
abscission a fte r  about one m onth (K illg o re  
e t a l. 1998, K illg o re  and Sugiyam a 1999). 
Lesions, or spots, caused by Cgm show  a 
d istin ct orange to red, rust colored border a t  
th e  outer edge or new est portion (M eyer 
pers. comm.). Reproduction is a ch iev ed  by 
asexu al spores w h ich  are  d ispersed by wind 
and ra in  (K illg o re  e t a l. 1998). 
G erm ination  occurs w h en  free m oisture is 
a v a ila b le  on th e  surface o f leav es (K illg o re  
e t a l. 1998). T h e  fungus a lso  causes stem  
lesions w h ich  g ird les  th e  stem  and causes 
d ieback , though th is  resu lt is fa r  less 
common (K illg o re  e t  a l .  1998, Pers. obs.).

Though never in ten tio n a lly  
re leased  on M oorea, Cgm w as found th e re
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Fig. 1- Map of Site iocations on the tsiand of Moorea. Potentiai sites were chosen based 
primariiy on previous M/con/a distribution maps from Bock (1997) and Pasari (2000). 19 sites 
were sampied and marked using GPS data. For Site descriptions, see Appends A.

w ith in  a few  y ea rs  (M eyer pers. comm., 
Pers. obs.). T h e  sp read  of Cgm from T a h it i  
to  M oorea h a s  g en era lly  been  attribu ted  to 
one of th ree  p ossib le  scenarios: by people on 
boots and v e h ic le s , by w ild life  such as 
bird s, a n d /o r by w ind and rain . T h e  
d istrib u tio n  and  im pact of Cgrn, w h ile  
exam ined  in th e  in it ia l  research , and 
studied  on T a h it i ,  w as not known onM oorea 
beyond th e  fa c t  th a t  i t  w as on th e  island  
and w as fa ir ly  w id esp read  (M eyer pers. 
com m .). B ecau se  d istribu tion  of th e  fungus 
on M oorea w a s not known, m y study set out 
to  d eterm in e th e  d istribu tion  of Cgm and to 
exam in e th e  e ffe c ts  of Cgm w ith  a tten tio n  
to  facto rs t h a t  m ay  be contributing to th e  
p a th o g en 's  d istrib u tio n  and im pact.

I in v e stig a te d  th e  d istribu tion  of 
Cgm and tested  fiv e  m ajor h yp oth eses. 
F irs t , due to m oisture requirem ent of th e  
fungi, I exp ected  to find it  in greater 
abundance in  a re a s  w ith  g rea ter ra in fa ll . 
Second, because e le v a tio n  and moisture are 
o ften  re la te d , I  expected  to find more effects 
of Cgm a t  h ig h e r  e le v a tio n . T h ird , as 
m ost in fectio u s agents require a certa in  
d en sity  o f h o sts  to be e ffe c tiv e , I expected 
t h a t  th e  d en sity  of th e  Miconta stand would 
be p o s it iv e ly  co rre la ted  th e  infection  ra te  
and abundance of th e  pathogen. Fourth, I 
exp ected  t h a t  th e  size of MiconM p lants 
w ould e ffe c t  th e  d istribu tion  and im pact of

Cgm. I w ould exp ect t h a t  th e  la rg e r  th e  
p lan t, th e  g re a te r  th e  p ro b a b ility  o f 
in fectio n  and th e  g re a te r  th e  im p act. 
F if th , and f in a lly , I a lso  expected  th e re  to 
be a s im ila r  response o f th e  w h o le  stan d  or 
p a tch  to th e  number o f p la n ts  g rea ter  th a n  
300 cm in  h e ig h t  w ith  resp ect to  th e  im p act 
and exten t o f in fection .

M ETHODS 

Sample Sites
T h e  sam p lin g  for th is  study w as 

conducted from  O ctober 9 ,2 0 0 4  to N ovem ber 
4, 2004 on th e  is la n d  o f M oorea, S o c ie ty  
Islan d s, Fren ch  P o ly n e s ia . I ta rg e ted  a re a s  
of in terest b ased  on stu d ies by form er U C 
B e rk e le y  students from  1997 and 2000 
w h ich  w ere id e a l fo r th e  purpose of 
obtain ing  a b a se lin e  o f th e  d is trib u tio n  of 
Miconia. A fte r  p re lim in a ry  observatio ns, I 
sam pled  a re a s  w h ic h  ap p eared  to contain  
a t  le a s t  30 p la n ts . T h is  resu lted  in  19 
sam p le s ite s  from  throughout M oorea (S e e  
F i g . l ) .

O th e r  a re a s  w ere  search ed , but 
e ith e r  no MicowM w ere found on th e  
p re lim in ary  survey, an  in su ffic ien t number 
of Miconta w ere found, or th e  te rra in  w as too 
dangerous ( i .e .,  too s te e p ). .1 a ttem p ted  to 
m ark v ia  G PS every  lo ca tio n  a Miconia 
p la n t w as seen, e s p e c ia lly  w h en  se p a ra ted
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from  a large p a tch , or beyond previous 
survey 's indicated  d istributions. I observed 
and recorded th e  presence of Cgm infection 
o n a ii  accessible p lan ts.

Study Protocol

1 h a v e  em ployed th e  protocol used 
for a Cgm survey on T a h it i ,  French 
P olyn esia  by Jean -Y v es M eyer w ith  
suggestions from J.-Y . M eyer for 
m o d ifica tio n  to su it M oorea (M eyer, pers. 
comm., see A ppendix B for M eyer protocol). 
Q u ad rat size  w as adjusted to suit each  s ite  
based on a p re lim in ary  estim ate  of d ensity , 
so th a t  a t  le a s t  30 p lan ts  were measured a t  
ea ch  s ite . Some site s  contained su ffic ien tly  
sm a ll pop ulations so th a t  I w as ab le  to 
census a l l  p lan ts found. In such cases I 
m easured the to ta l a rea  occupied by 
MfconM. W h en  p a tch e s  w ere large or very 
dense, I used m y standing position on 
roughly th e  edge of th e  p atch  as an 
a rb itra ry  sta rtin g  point, and then  
random ized th e  actu al startin g  point using 
a random  number ta b le . A ll quadrats w ere 
a lig n ed  w ith  sid es a t  346 degrees N x  76 
degrees E. To illu stra te  th is , a 
h y p o th e tic a l exam p le would be th a t  i f  I 
cam e upon a p a tc h , w h ich  w as to th e  
n orth w est of w h ere  I w as standing w hen I 
noticed th e  p a tc h , I would use the sp o t 
w h ere  I w as stan d in g  as th e  startin g  point 
and p ick  a random  number to move east and 
a random  number to move north. Prior to 
m oving from  th e  a rb itra ry  startin g  point, I 
w ould estim a te  th e  density , and from th a t  
m ake an e s tim a te  of th e  size of quadrat 
necessary to capture a t  le a s t  30 in d iv id ual 
p la n ts . I would th e n  move according to th e  
random  numbers generated before and th is  
new  spot w ould th en  be the startin g  point 
for la y in g  down a square quadrat. I would 
th e n  sta r t  th e  square head ing 346 degrees N 
turning 90 degrees in a clockw ise d irection  
to m ake a square b e fittin g  my estim ate o f 
d en sity . W h en  a quadrat w as com pleted 
w ith  too few  p la n ts , th e  quadrat w as 
extended in th e  d irection s stated  above in 1 
m  increm ents (in  2 d irections) u n til 
su ffic ie n t p la n ts  w ere counted and 
m easured.

W ith in  e a ch  q u ad rat, a l l  MicouM 
p la n ts  betw een 10 cm  and 3 m  in h e ig h t  
w ere counted, and for e a c h  I m easured th e  
b a sa l d ia m eter and d ia m eter a t  b re a st 
h e ig h t  (D B H ) w h en  p ossib le ; counted th e  
to ta l number of le a v e s  and th e  number of 
Cgm in fected  le a v e s  on ea ch  p la n t, and th e  
number o f le a f  spots; and  e s tim a ted  th e  
ap p ro x im ate  percentage o f le a f  d am age on 
th e  le a f  w h ich  w as considered to be th e  
m ost infected  by th e  Cgm. T h is  procedure 
gave an estim ate  of th e  m axim um  im p act o f 
th e  Cg?n, (M eyer, pers. com m .). In order to 
av o id  th e  problem  of la rg er p la n ts  h a v in g  
more le av e s, I used percent o f le a v e s  
in fected  ca lcu la ted  by d iv id in g  th e  number 
of le a v e s in fected  by th e  to ta l number of 
le a v e s  on th e  p la n t. For e a ch  s ite , 
e le v a tio n  and lo ca tio n  d a ta  w ere co llected  
by a h a n d h eld  G PS u nit. M oisture d a ta  
w as inferred  from th e  A t la s  de la  P o lyn esie  
F ran caise . For d en sity  d a ta , th e  av erag e 
d ensity  of th e  p lo t (#  o f p la n ts /q u a d ra t 
a re a )  w as used.

A ll GPS coordinates h a v e  been 
corrected using a lin e a r  correction 
d eveloped  by E ric Edlund, U n iv ersity  o f 
M ontana (Equations: U TM  N o rth in g
lo ca tio n  - 162.75, UTM  E astin g  lo ca tio n  +  
9 .6 ).

Data Analysis

Regression a n a ly s is  w as used to 
find in teraction s betw een  m y proposed 
factors th a t  m ay b e  a ffe c tin g  th e  
d istribu tion  and im pact o f Cgm. In d iv id u al 
p la n t d a ta  w ere used for an aly ses 
perform ed using JM PIN  S o ftw a re . For e a ch  
regression, th e  so ftw are  c a lcu la te d  an 
A N O V A  as w ell as th e  R squared v alu e 
and F -ra tio .

RESULTS

Survey of Cgm <i:sfr:&Mf:on

T h is  study confirm s th e  an ecd ota l 
reports of th e  spread o f Cgm throughout 
M oorea. O nly 3 MicouM p la n ts  (a l l  a t  th e  
sam e lo cation ), out o f more th a n  900 
exam ined, show ed no signs of in fectio n  by
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Cgm. Every o th er Mfconia h ad  a t  le a st one
le a f  in fected . Moisture

Survey o^Micouia dfsfWhuhon

T h is  study w as ab le  to  create  a 
rev ised  d istribu tion  m ap o f Miconia on 
M oorea (See  appendix C). A reas th a t  w ere 
search ed  w ith o u t finding any Mfconta, 
w h ere previous surveys in d icated  invasion, 
h a v e  been  erased . And new  locations, not 
previously  noted, h a v e  been  added to 
provide a more accurate and current 
d istribu tio n  m ap.

R a in fa l l ,  a s  d eterm in ed  by  av era g e  
r a in fa ll m aps, p ro ved  to be co m p lete ly  
unp red ictive of Cgw in fectio n  ra te  (T a b le  
1). T h e re  w as no s ig n ifica n ce  found in  any 
of th e  regressions, and  a ll  r-squared v a lu es  
w ere less th a n  0 .0001 . I propose h ow ever, 
th a t  m ore sh o rt term  r a in fa l l  amounts are 
more p re d ic tiv e  a s  th e re  is  a p o s itiv e  
co rre la tio n  b etw een  th e  tim e  o f sam p lin g  
and b o th  th e  p ercen tag e o f  le a v e s  in fected  
(p < 0 .0 0 0 1 , y = 1 .1 7 x  +  6 5 .0 6 , R -sq u ared =0.13 ,

Tab!e 1. Shows the reiationship between Rainfat! (mm/year) and the response variabies 
(percent of !eaves infected, percent of damage of most infected ieaf, and number of Cpm spots 
(iesions) on the most infected ieaf). Significance indicated by * for p<0.05, and ** for p<0.01. R- 
squared vaiues cioser to 1 indicate a cioser reiationship and expianation of the variation of the 
response variabie.

Fit Y=Mx + b DF Rsquared P-vaiue F Ratio

% of Lvs 
infected By 
Rainfaii

% of Lvs infected = 74.94605 + 0. 00061 
Rainfaii

919 0.000928 0.3559 0.8530

% Damage 
By Rainfaii

% Damage = 18.099181 - 0.0003525 
Rainfaii

919 0.000891 0.3658 0.8188

# Cgm Spots # Cgm Spots = 12.740194 + 0.0003635 919 0.000943 0.4450 0.5840

Tabie 2. Shows the reiationship between Eievation and the response variabies (percent of 
ieaves infected, percent of damage of most infected ieaf, and number of Cgvn spots (iesions) on 
the most infected ieaf). Significance indicated by * for p<0.05, and ** for p<0.01. R-squared 
vaiues cioser to 1 indicate a cioser reiationship and expianation of the variation of the response 
variabie.

Fit Y=Mx + b Df Rsquared P-vaiue F-Ratio

% of Lvs 
infected by 
Eievation

% of Lvs infected = 0.01412 Eievation + 
73.77192

919 0.006449 0.0148* 5.9587

%  of Damage 
by Eievation

% Damage = 0.0048683 Eievation - 
18.040453

919 0.002179 0.1572 2.0044

# of Cgm 
spots by 
Eievation

# Cgm Spots = 0.009956 Eievation - 
15.836628

620 0.009114 0.0173* 5.6932
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Tab!e 3. Shows the reiationship between Density (# of piants/quadrat area) and the
response variabies (percent of ieaves infected, percent of damage of most infected ieaf, and 
number of Cym spots (iesions) on the most infected ieaf). Significance indicated by * for p<0.05, 
and ** for p<0.01. R-squared vaiues cioser to 1 indicate a cioser reiationship and expianation of 
the variation of the response variabte.

Fit Y=Mx + b DF R-
squared

P-vaiue F Ratio

% of Lvs 
infected By 
Density

% of Lvs infected = 73.23897 + 4.88319 
Density

919 0.050023 <.0001** 48.339f

% Damage 
By Density

% Damage = 15.349507 + 2.1437613 
Density

919 0.02741 <.0001** 25.87H

# Cgm Spots 
By Density

# Cgm Spots = 13.846841 - 0.0425418 
Density

620 0.000014 0.9266 0.0085

F -ra tio = 1 3 7 .0 , n=920) and percentage o f Density
d am age on th e  most infected  le a f
(p < 0 .0 0 0 1 , y = 0 .5 4 x  +  11.5, R-squared=0.08, D ensity  a lso  proved to be
F -ra tio = 7 9 .6 , n =920). s ig n ifica n tly  co rre la ted  w ith th e

percentage of le a v e s  in fected  and th e
Elevation percent of d am age on th e  m ost in fected  

(T ab le  3).
le a f

T h ere  are  sig n ifican t correlations 
betw een e ie v a tio n  and both percent of 
ie a v e s  in fected  and number of Cgm spots 
(T a b le  2 ). H ow ever, th e  r-squared v alu e is 
le ss  th a n  0.01 for both  in d icatin g  th a t  
e le v a tio n  is a poor predictor of infection 
response v a r ia b le s .

Size

Because h e ig h t  and b a sa l d ia m eter 
w ere extrem ely  c lo se ly  re la te d  ( p » 0 .0 0 0 1 ,  
y =8 .95x  +  14.2 , R -squ ared =0.79, F-
R a tio = 3 5 1 4 .7 ), I chose to use just use b a sa l

Tabie 4. Shows the reiationship between Basai diameter (mm) and the response variabies
(percent of ieaves infected, percent of damage of most infected ieaf, and number of Cpm spots 
(iesions) on the most infected ieaf). Significance indicated by * for p<0.05, and ** for p<0.01. R- 
squared vaiues cioser to 1 indicate a cioser reiationship and expianation of the variation of the 
response variabie.

Fit Y=Mx+b DF R-
Squared

P-vaiue F Ratio

% of Lvs 
infected By 
Basai 
Diameter

%  of Lvs infected = 75.47215 + 0.16414 
Basai Diameter

919 0.003054 0.0939 2.8119

% Damage 
By Basai 
Diameter

%  Damage = 13.942892 + 0.3451305 
Basai Diameter

919 0.038385 <.0001** 36.6436

# Cgm Spots 
By Basai

#  Cgm Spots = 7.2403907 + 0.709718 
Basai Diameter

620 0.177718 <.0001** 133.783:
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Tab!e 5. Shows the retationship between number of piants greater than 300 cm in height
(Too Tai) Ptants) and the response variabies (percent of ieaves infected, percent of damage of most 
infected ieaf, and number of Cgr/n spots (iesions) on the most infected ieaf). Significance indicated 
by * for p<0.05, and ** for p<0.01. R-squared vaiues cioser to 1 indicate a cioser retationship and 
expianation of the variation of the response variabie.

Fit Y=Mx + b DF R- P-vatue F Ratio
_______________________________________________________________________ squared_________________________

% of Lvs 
infected By 
Too Tai! 
Piants

% of Lvs infected = 75.27314 + 1.20122 
Too Taii Piants

739 0.083201 <.0001** 66.974
9

% Damage 
By Too Tati 
Piants

% Damage = 15.244688 + 0.9418423 
Too Taii Piants

739 0.13153 <.0001** 111.77 
01

# Cgm Spots 
By Too Taii 
Piants

# Cgm Spots = 10.572595 + 0.8038381 
Too Taii Piants

620 0.104594 <.0001** 72.306
7

d ia m eter as my in d icato r of s ize . A lso, due 
to se v era l trees being cut down, y e t h av in g  
m any resprouts, I fe l t  th a t  b a sa l d iam eter 
w as a m ore d escrip tiv e  m easure of size . 
B a s a l d ia m eter is s ig n ifica n tly  and 
p o s itiv e ly  co rre la ted  w ith  th e  percent 
d am age o f th e  m ost in fected  le a f  and w ith  
th e  number o f Cgm spots (T ab le  4 ). B a s a l 
D ia m e te r , w h ile  sig n ifican t, does l i t t le  to 
e x p la in  th e  v a r ia t io n  in percent dam age 
w ith  an R-squared v alu e of 0.038.

Number o f plants greater than 3 meters tail

Islan d . A s I p o in ted  out, only 3 p la n ts  
m easured d id  not h a v e  signs of Cgm 
in fectio n , and a l l  w ere in  th e  sam e location . 
A t th is  sam e lo ca tio n , th e re  w as only one 
o th er p la n t  close b y , w h ic h  d id  sh ow  signs 
of in fectio n  by  Cgm. In  one survey it  is  
d iff icu lt  to sa y  w ith  a n y  a u th o rity  w h a t  
e ffe c t th is  w id e sp rea d  in fec tio n  w ill do to 
th e  p o p u latio n . T h e re  d id  not a p p e a r to  be 
much sp read  o f Mfconfa from  previous 
studies. A s th is  is  th e  in ten d ed  e ffe c t o f 
th e  Cgm, th e re  is h o p e t h a t  th is  biocontrol 
agent is a id in g  th e  control e ffo rt.

T h e  number of p la n ts  greater th a n  
300 cm  proved to be a s ig n ifica n t factor for 
percent o f le a v e s  infected  p er p lan t, percent 
d am age of th e  m ost in fected  le a f , and th e  
number of Cgm spots on th e  most infected  
le a f  (T ab le  5 ) . T h e  number of p lan ts greater 
th a n  300 cm  w as th e  only predictor th a t  
w as s ig n ifica n tly  re la te d  to a ll  th ree  of the 
response v a r ia b le s .

DISCUSSION 

Survey of Cgm

T h e  frequent ra in  and w ind storms, 
a lo n g  w ith  th e  m ovem ent of people and 
a n im a ls , seem  to h a v e  insured th e  
w id esp read  d istrib u tio n  of Cgm on th e

Survey o f MicouM Distribution

O bserv atio n s m ad e in  th e  f ie ld , 
a lo ng  w ith  notes ta k e n  on lo ca tio n  h a v e  
a llo w ed  me to u p d ate  and  rev ise  previous 
d istribu tion  m aps o f Micowia on M oorea 
During th is  study, i t  cam e to m y a tte n tio n  
th a t  previous d is tr ib u tio n  m aps w ere not as 
accurate as th e y  could h a v e  been  h ad  GPS 
been em ployed. I t  is from  th is  ob serv atio n  
th a t  I h a v e  u p d a te d  and  a ttem p ted  to 
correct th e  p revious d is tr ib u tio n  m aps (Se e  
A ppendix B ). I t  a p p e a rs  th a t  th e  
d istribu tion  of Micouia h a s  ch ang ed  very 
l i t t l e  in th e  p a st 4 y e a rs , w h e re a s  previous 
studies h a v e  show n m uch g re a te r  change. 
T h e  obvious in ference is  t h a t  th e  progress of 
th e  sp read  o f Mfcouia h a s  slow ed  w h ic h
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could be a result o f th e  Cgm. H ow ever, 
since th e  purpose of th is  study w as not to 
determ ine th e  d istribu tion  of Miconta and 
th e  resulting updating of Miconia 
d istribu tio n  w as only incid ental 
in form ation  acquired w h ile  searching for 
Cgm, I fee l th a t  th is  question w as not 
resolved . In ad d itio n , d iffe ren t m ethods 
h a v e  been used for each  study, so d irect 
com parison is tenuous a t  best. T h a t sa id , I 
th in k  th a t  th e  d istribu tion  m ap is 
im p o rtant as it  g iv es some clue as to th e  
exten t of MicoHM in festa tio n .

M y purpose w as to try to g et a 
rep resen ta tiv e  sam ple, but w as focusing on 
th e  Cgm fungus; th erefo re  I h ad  to capture 
MicoKM. Because of th is , i t  w as n e ith e r  
fe a s ib le  nor p ra ctica l to  com pletely  
random ize m y s ite  location .

Moisture

Though th ere  w as ap p arently  no 
response to increased ra in fa ll (as 
determ ined  by y e a rly  av erag es), th ere  m ay 
be a t le a s t  one exp lan ation . F irst, th e re  
m ay be a th resh o ld  amount o f rain , w h ere 
th e  amount over w h ich  is  insign ificant. 
Second, prior to th e  beginning of the study, 
th e re  w as a r e la t iv e ly  long dry period on 
M oorea. D uring the course of the study th e  
w et season began and ra in  becam e more 
frequent. T h e  increase in ra in  on the island  
as  a w h o le  m ig h t h a v e  influenced th e  
results as th e re  is a s ig n ifica n t trend in th e  
d a ta  for both  percent of le a v e s infected and 
percent d am age w hen compared to th e  
order in w h ich  s ite s  w ere sam pled. W h ile  
th e  percent dam age could be attribu ted  to a 
b ia s  on m y p a rt as th e  sam p ler, th e  percent 
of le a v e s  dam aged is a more q u an tifiab le  
number and th erefo re  not subject to th e  sam e 
sam p lin g  b ia s . Furtherm ore, I rem ained 
con servative in my determ ination  of 
in fected  le a v e s , only ca llin g  them  as such 
w h en  it  w as c le a r  th a t  Cgm w as the cause 
of th e  spot or necrosis. T h e p o sitiv e  
co rre la tio n  betw een percentage of leav es 
in fected  and order of sam pling has th e  
im p lic a tio n  th a t  th e  fungus m ay h a v e  its 
g rea tes t im p act in a seaso n ally  influenced 
cycle  connected to th e  w et season. For th is  
reason, I w ould suggest any future studies to 
ta k e  th is  p o ss ib ility  into account, p erhap s

conducting a round o f sam p lin g  in th e  dry 
season and an o th er in th e  w et season. I 
would further suggest th a t  th e  tran sitio n  
period  betw een th e  2 seasons be avoid ed  so 
as  to p revent th is  p ossib le confounding 
v a r ia b le  from causing problem s.

Elevation

Because th e  g re a te s t e le v a tio n  on 
M oorea is w ell w ith in  th e  documented 
range o f MicoHM, th e  la ck lu ste r  e le v a tio n  
response m ay be due to an  incom plete range 
of possible e le v a tio n s  tested . T h is  problem  
w as further ex a sp era ted  by th e  fa c t  th a t  i t  
w as not possible to  re a ch  s ite s  h ig h e r  th a n  
-4 0 0  m  h ig h  due to steep ness and lack o f 
sa fe  tra ils . T h e  range exam ined  in th is  
study w as less th a n  H th  o f  th e  documented 
range of Miconia, w h ic h  h a s  been 
documented as g re a te r  th a n  1800 m  in its  
n a tiv e  range (M eyer 1 9 9 8 a ). I w as not ab le  
to find in form ation  about th e  e le v a tio n  
range of Cg?n in  its  n a tiv e  range, so th is  
issue is a lso  unresolved. I t  is possib le t h a t  
th e  fungus does extend  up to th e  h ig h e s t 
e le v a tio n s  th a t  MicouM since it  h as only one 
h o st (Miconia) and it  needs w ind and ra in  to 
spread n a tu ra lly , b o th  o f  w h ic h  are found 
a t  h ig h e r  e le v a tio n s . H ig h er islan d s 
would be b e tte r  ca n d id a te s  for fu rth er 
studies in the r e la tio n s h ip  w ith  e le v a tio n .

T h e  find ing o f th e  order o f sam p le 
s ite  being re la te d  to a h ig h e r  percentage of 
le a v e s  infected  and d am age to th e  m ost 
in fected  lead  m ay confound th e  e le v a tio n  
a n a ly s is  a lso . I found a sm a ll n eg a tiv e  
trend in e le v a tio n  com pared to s ite  # . T h is  
could in d icate  th a t  e le v a tio n  m ig h t h a v e  a 
la rg e r  e ffec t on im p act o f Cgm th a n  w as 
reported in th is  study.

Density

T h e find ing t h a t  percent d am age to 
th e  most infected  le a f  is s ig n ifica n tly  and 
p o s itiv e ly  co rre la ted  is prom ising. 
Furtherm ore, t h a t  th e re  is  a co rre la tio n  
betw een density and th e  percentage of 
le a v e s  infected  suggests th a t  Cg?n effects  
sm a ller  and more dense stand s o f Miconia, 
w h ich  pose a p roblem  even if  th e  m ature 
p la n t are com p letely  e ra d ic a te d , because
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th e  young p lan ts  w ill  quickly  tak e  over and 
m ature.

Size

T h e  size of p la n t in a site  being 
correlated  w ith  th e  percent dam age th e  
m ost infected  le a f  and th e  number of Cgm 
spots on th e  m ost infected  le a f  suggests th a t  
th e  size o f a p la n t does influence the le v e l 
o f in fection. Because larg er p lants tend to 
be r e la t iv e ly  o ld er, i t  is  lik e ly  th a t  age of 
th e  p la n t a lso  factors in. T h e Cgm spot 
d a ta  is less im pressive due to th e  
lik e lih o o d  o f b igger p la n ts  h avin g  leaves 
w ith  la rg er surface area  o f th e  le a d , 
w h ich , u nfortu nately , is a v a r ia b le  not 
recorded.

N ew er le av e s, determ ined by 
p o sitio n  on stem , tended to be less infected 
and th e  m ost infected  le a f  w as alm ost 
a lw a y s  one of th e  low est on th e  p lan t (pers. 
obs.). T h is  observation  m akes sense because 
o ld er leav es h a v e  lik e ly  been exposed to 
th e  fungus longer, and th erefo re  are more 
l ik e ly  to be h ig h ly  infected  and dam aged. 
H ow ever, th is  study lik e ly  underestim ates 
th e  m axim um  effec t o f Cgm, because leaves 
abscise a fte r  se v era l w eeks w hen th ey  
becom e very  infected  (K illg o re  and 
Su giyam a 1999. T h is  consideration also, 
th e re fo re , m ak es an  exact m easure of th e  
e ffe c t  o f Cgfn (or any s im ila r  fo lia r  d isease 
agen t) v ir tu a lly  im possible in a sh ort term  
f ie ld  survey, w h ic h  w ill be discussed la ter.

Conclusions

Though th ere  are sign ifican t 
co rre la tio n s betw een  th e  im pact of Cgm and 
a b io tic  and b io tic  v a r ia b le s , th ey  are 
in tertw in ed  in  a com plex manner. Because 
of th e  response o f th e  Cg?n to m oisture, 
longer studies are needed w ith  closer 
a tte n tio n  p a id  to th e  d a ily , w eekly , and 
cum ulative r a in fa l l  amounts. Id ea lly  sites 
could be resam p led  several tim es during 
w et and dry p erio d s to get a true sense of 
th e  im pact o f  Q pn. Possibly due to fa ir ly  
id e a l cond itions for th e  Cg?n fungus a t a ll  
s ite s  w ith  MicouM on M oorea, th e  
co rre la tio n s w ere w eaker th an  I had  
exp ected . M onitoring  th e  tim e taken  for

th e  Cgw! to in fect, sp read , and abscise a le a f  
under re a l co n d itio n s m ig h t g iv e  b e tte r  
results for co rre la tin g  th e  e ffe c t  o f  th e  
p a th o g en  to facto rs such as sh a d e , su n lig h t, 
r a in fa l l ,  and siz e . F in a l ly , m ore care 
should  be ta k e n  to m onitor w e a th e r  
v a r ia t io n  during th e  course o f th e  study so 
as to p reven t i t  from  confounding results.
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14) V a ia n a e R iv e r V a lle y l  — 17.54947062 S , 149.84009924 W ; E le v . 3 3 3  m -  S ite  is about 
100 m  down tra il from  3 Coconuts Ridge on south sid e . C an  b e  accessed from  A g. 
Sch oo l t r a il  to 3 Coconuts, or from road up V a ia n a e  R iv e r  V a l le y .  E n trance to road  
is  betw een  PK  21 and P K  22. M ust cross bridge on r ig h t and continue on road  about 2 
km  up road.

15) V a ia n a e R iv e r V a lle y 2  -  17.55543731 S , 149.84319930 W ; E le v . 179 m  -  C an be 
accessed from  Ag. Sch oo l tra il  to  3 Coconuts, or from  road up V a ia n a e  R iv e r  V a lle y .  
Entrance to road up V a ia n a e  R iv e r V a lle y  is  betw een  P K  21 an d  P K  22 . M ust cross 
bridge on rig h t and continue on road about 2 km  up road. S ite  is in a s trea m  bed 300 m  
beyond farm  a t top of road.

16) V a ih a n a  — 17.51243728 S, 149.88198291 W ; E le v . 200 m - T o  access s ite , go up road in 
P a p a to a i, w est of P K  22. A t f i l te r  sta tio n , cross stream  and  continue up tr a il  to  
banana farm . From  th ere , another tra il  le a d s  to some te rra ce  ruins. Continue 
southw est to clearin g .

17) N iuroa V a lle y  -  17.53938736 S , 149.79784896 W ; E le v . 150 m -  S i t e  is  3 0 m b e lo w b ig  
w a te r fa ll  a t  end of t r a i l  beyond th e  end of th e  road  into th e  v a l le y .  Entrance to th e  
v a lle y  is road just e a s t  of P K 9 .

18) V a ip a p a 2  -  17.56285387 S , 149.83368254 W ; E le v . 160 m -  S ite  is  about 0 .5  k m n o rth  
of end of road  a t  s p illw a y . Follow  road p a st fa l le n  trees to s p l i t  in  ro ad  w h ere  you 
h e a d  r ig h t and cross stream  and follow  t r a il .  Entrance to road  is  b e tw een  P K  18 and 
P K  19.

19) N ea rT e ta iu o P t -- 17.51938721 S , 149.90829976 W ; E le v . 53 m -  A bout 0 .4  km  up road 
on p r iv a te  property. Entrance is through g ate  betw een  PK  29  and  P K  30.

A ppend ix B . Protocol for studying the d isp ersa l/sp read  of Cgm o n T a h it i ,  fro m  Jean -Y v es 
M eyer and h is  suggestions for M oorea:

H ere is  th e  protocol I used in T a h it i  to study th e  d isp e rsa l/sp re a d  o f th e  Cgw in  T a h it i :
-s ite s  a ll  around th e  is lan d  at d iffe re n t e le v a tio n  (0 m -1,000 m  asl) - 1 0  m  tra n se ct ( lin e )
- counting ea ch  MicoHM p lan t touching th e  lin e  (p lants betw een 10 cm  and 3 m  in  h e ig h t)
- m easuring th e  d iam eter a t  b ase  and /or dbh (d iam eter a t  b reast h e ig h t  =  1 ,30  m ) w h en  
possible and th e  p la n t h e ig h t
- counting th e  number of le av e s on each  p la n t
-co u n tin g  th e  number of infected  leav es (w ith  leafsp ots caused by th e  Cgw ) on ea ch  p la n t
- counting th e  number of lea fsp o ts and th e  approxim ate percentage o f le a f  d a m a g e  on A  SIN G LE 
le a f , th e  one w h ic h  is considered to be th e  most infected  by th e  Cgm. T h is  w i l l  g iv e  th e  
m axim um  im p act o f th e  Cgm. I h ad  betw een 50-100 m:co?!M p la n ts  per tra n sect w h ic h  is a huge 
number w h en  you tak e  a ll  th e  measurem ents.

In  your case (M oorea), a lin e of 10 m w ill be m aybe not su ffic ien t because you w il l  not fin d  larg e 
MiconM p o p u latio n s but ra th e r  iso la ted  Micouia p lants. You should p e rh a p s s e tu p  a larg e  
tran sect ( 2 0 m x 5 m ) o r  a quad rat ( 1 0 m x l0 m ) o f  100 sq.m to h a v e  a t  le a s t  30  p la n ts  /  p lo t (for 
a l l  th e  s t a t is t ic a l  tests). If  you don't h a v e  too many Miconta p lan ts in  your p lo t  ( <  5 0 ), you can 
try  to count th e  le a fsp o ts  and th e  % dam ages on ALL the infected  le a v e s .
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A ppendix A .

1) 3C ocol — 17.53915385 S, 149.83544922 W ; E le v . 106 m -  On tra it  from  A griculture 
School to 3-Coconuts pass. S ite  is a t  th e  com er of f irs t sw itch b a ck  on sin g le -tra ck  
tr a il .

2) 3Coco2 — 17.54745387 S, 149.83971586 W ; E le v . 2 6 5 m - N e a r  t r a il  from  Ag. School to 
3-Coconuts pass. S ite  is to th e  w est o f tr a il  just as it  begins f in a l ascent to ridge.

3) A fa re a itu  W a te r fa ll -  17.54528727 S, 149.80743225 W ; E le v . 114 m  -  About 30m  
below  W a te r fa ll  on east sid e  of t r a il  in H otutea V a lle y . R oad  entrance is just south 
of bridge in A fa rea itu , betw een PK  9 and P K 10.

4) Toto V a lle y  1 -  17.56035386 S, -149.82161575 W ; E lev . 277  m -A b o u t  0 .5  km  north o f 
th e  end of th e  road on east sid e  o f M ah aeru a  R iv er. R oad is betw een  PK  13 and PK  
14 (closer to PK  14) on th e  w est sid e o f th e  islan d  in th e  tow n o f M a a te a . N ot much 
of a tra il .

5 ) Toto V a lle y  2 -  17.55782063 S , -149.82273247 W ; E lev . 395 m  -  About 1 km  north o f 
th e  end of th e  road on east sid e  of M a h aeru a  R iv er. R oad is b etw een  PK  13 and PK  
14 (closer to PK  14) on the w est sid e of th e  islan d  in th e  tow n of M a a te a . N o t r a i l  
a fte r  f irs t  few  hundred m eters.

6 ) V a ip a p a l  -  17.56342056 S , 149.83696586 W ; E lev . 267 m  -  S ite  about 0 .5  km  
northw est o f end o f road a t  sp illw a y  on V a ip a p a  R iv e r. F o llo w  road  p a st fa l le n  
trees th en  veer le f t  a t  road sp lit . No t r a il  to s ite . Entrance to road  is betw een  PK  18 
and PK  19.

7) P aho n u l -  17.56568731 S , 149.84008255 W ; E le v . 309 m -  S ite  is about 1.5 km  up road 
and th e n  tra il  beyond ch a in /fe n ce  for farm . A fter t r a i l  ends, w ent n orth w est up 
h i l l  to ridge, then  along ridge about0.25 km toMfcoHM p a tch  on w est face  o f h i l l .

8) K ellu m  Property -  17.51497059 S , 149.84688259 W ; E le v . 20  m  -  On M ari M a ri 
KeH um 's property, about 0 .3  km  w est o ff m ain  road, up m ore northern  m ain  p a th  
east through garden. S ite  is about 30m north  of p a th .

9 ) R te . 23 -  17.52720386 S, 149.83256582 W ; E le v . 42 m  -  A bout 3 .25  km  along R te . 23 
fro m P ao  Pao to Opunahu B a y , on south side o f th e  road.

10) V a ifa r e  -- 17.55663420 S , 149.85652140 W ; E lev . 205 m  -  A bout 1 km  beyond end of 
road in V a ifa re  R iv e r v a lle y . Entrance is about h a lf  w ay b etw een  PK  23 a n d P K 2 4 , 
just south of H a a p iti.

11) F a!se3C oco -  17.54662056 S , 149.83993253 W ; E lev . 239 m  -  S i te  is  about 0 .5  km  
a lo n g o ld  tra il  to ridge near M ouaroa, th e n a b o u t0 .5  k m o n n e w tr a ilb a c k  to w a rd s3  
Coconuts pass. S ite  is about 0.25 km  east o f new lookout, on new  tr a il .

12) V a ia re to P a o P a o l -  17.52123730 S, 149.80081550 W ; E le v . 308 m  -  About 2 km  up 
V a ia r e  to Pao Pao tra il . S ite  is about 100-200 m below  ridge on east sid e.

13) V a ia re to P a o P a o 2  -  17.52007066 S , 149.80186555 W ; E le v . 323 m  -  About 200-300 km  
down tra il from ridge on V a ia re  to Pao Pao tra il .
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A ppendix C. N ew  distribution  map o f A4:conM cafpescens onM oorea

Figure 2. Map of Miconia distribution on Moorea. Oidest iayers are the darkest (1997), 
medium grey are from 2000, newest are the tightest grey (2004). Lines going in to the istand show 
area covered in this study.



INSECT-HOST RELATIONSHIPS AMONG ENDEMIC AND 
INVASIVE LEAFHOPPERS (HEMIPTERA: CICADELLIDAE) AND 

PLANTHOPPERS (HEMIPTERA: FULGOROIDEA) ON THE 
ISLAND OF MOOREA, FRENCH POLYNESIA

KRISTEN CHERI W EISS

EmHronmenfH? Science Policy and Management, Um'uersi'ty of Cati^rnia, Berkeley, CaB)brnia 94720
USA

ABstract. T h e  d istribu tion  o f endem ic versus in v asive  C ica d e iiid s  and Fuigoroids in 
re la tio n  to th e ir  host p lan ts w as assessed on the islan d  of M oorea, French  P o ly n esia . 14 
species of C ic a d e iiid s  and Fuigoroids w ere co llected  from a to ta l o f  4 7  p la n t  hosts. O f 
th e se , 2 insect species w ere lik e ly  indigenous and 12 p la n t sp ecies w ere n a tiv e . 
A n aly ses w ere perform ed to com pare th e  host ranges of endem ic and in v a s iv e  insect 
species, and to determ ine w h e th e r  endem ic insects were lim ited  to n a tiv e  hosts or 
a lte rn a tiv e ly  if  endemic and in v asiv e  insect host ranges o v erlap p ed . Endem ic insect 
species w ere found in s ig n ifica n tly  h ig h e r  abundances on n a tiv e  hosts th a n  exotics, and 
n a tiv e  v eg eta tio n  supported h ig h e r  insect b io d iv ersity  th a n  exotic v e g e ta tio n . Sp ecies 
d istribu tion s v aried  s ig n ifica n tly  by h a b ita t  location, w ith  endem ic insects m ost 
abundant a t  h ig h  e lev a tio n s. T h is  m ay be due to th e  h ig h er number o f endem ic p la n t 
species a t  h ig h  e le v a tio n  h a b ita ts  com pared to the more a lte re d  low er e le v a tio n  
h a b ita ts . In terestin g ly , host ranges d id  not v ary  s ig n ifican tly  betw een  endem ic and 
in v a s iv e  insect species. Future an a ly ses w ill determ ine sev era l sp e c ies  id e n tit ie s  
including descriptions and rev ea l m ore d e ta ile d  p h ylo gen etic  p a tte rn s  betw een 
C ica d e llid  and Fulgoroid species and th e ir  host p lants.

Key Words; L eafh op p er, p lan th o p p er, insect-host re la tio n sh ip s , endem ism , in v asiv e , 
b io lo g ica l control, M oorea, French P oly n esia .

INTRODUCTION

T h e introduction of non-native 
species onto tro p ica l island  h a b ita ts , 
w h e th e r  accid en ta l or purposeful, can  h a v e  
d ra stic  a ffe c ts  on n a tiv e  anim al and p la n t 
p op ulation s (P im entel 2002, Cox 2004). 
In v a siv e  insects are p a r t ic u la r ly  
w orrisom e, as th ey  are e a s ily  transported  
from  m ain lan d  to is lan d  h a b ita ts  due to 
hum an -m ed iated  trad e and transp ortation . 
Insect species often  carry harm ful d isease  
agents th a t  m ay destroy econom ically  
im p o rtan t crops or n a tiv e  p lan t and an im al 
sp ecies (B enrey  and Lam p 1994). A s a 
result, th e se  fra g ile  islan d  com m unities are  
a t  r is k  of losing th e ir  unique b io d iv ers ity  
and economic w orth (G ille sp ie  and 
R o d erick  2002).

W h ile  extensive biocontrol 
program s ex ist in m ain lan d  ag ricu ltu ra l 
a re a s , on is lan d s such program s are o ften

hindered by a la c k  o f know ledge regarding 
lo cal b io d iv ersity  and endem ism  (G ille sp ie  
and Roderick 2002). T h e  e ffects  of 
biocontrol in such fragm ented  ecosystem s 
m ay h av e  d e v a sta tin g  a ffe c ts  on n a tiv e  
organisms, w a rra n tin g  considerable 
research before th e se  program s can be 
im plem ented.

L eaf hoppers (H em ip tera :
C ica d e llid a e ) and p lan th o p p ers 
(H em ip tera : Fu lgoro id ea) com prise some of 
th e  most w id esp read  ag ricu ltu ra l pests 
(Denno & R od erick  1990), including island  
h a b ita ts  throughout th e  tro p ica l P a c ific . 
As xylem  feeders, th e se  insects h ave th e  
c a p a b ility  o f tran sm ittin g  p la n t d iseases as 
w ell as p h y s ic a lly  d am ag in g  th e ir  p la n t 
hosts (N a u lt 1994), e s p e c ia lly  as in v asiv e  
species th a t  m ay d isru p t th e  eco log ical 
balance a ch iev ed  by endem ic insect species 
and th e ir  host p lan ts.
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Y e t outside of a few  w ell-stu d ied  
species, l i t t l e  is known about th e  d iv ers ity  
of th ese  insect groups (R oderick  1994). 
In it ia l  surveys throughout islan d  ch a in s 
including th e  H a w a iia n  Islands, th e  
M arquesas, and th e  So cie ty  Islands of 
French P oly n esia  in d ica te  im pressive 
p attern s of le a fh o p p er and p lanth op p er 
a d a p tiv e  ra d ia tio n  and endemism in 
asso cia tio n  w ith  h ost p la n t ra d ia tio n s  
(G ille sp ie  e t. a l. 2000). A d d itio n a lly , 
current stu dies in d icate  unique species 
ra d ia tio n s  w ith in  islan d  arch ip e lag o s , 
even for p la n th o p p e r sp ecies sh arin g  th e  
sam e genus throughout th e  P a c ific  ( i .e .  
Nesodyne p lan th o p p ers in th e  M arquesas 
show  l i t t le  m orp hological re la tio n  to 
Nesodyne species in th e  So ciety  Islands).

In  H a w a ii, th e  s im ila r  
p h y lo g en etic  p a ttern s betw een d elp h acid  
p lan th op p ers and th e  A steraceae  p la n t 
fa m ily  d e lin e a te  th e  rem ark ab le  a d a p tiv e  
c a p a b ili t ie s  o f th ese  insects on remote 
is la n d  a rch ip e la g o s (R od erick  1997; D rew  
and R oderick— in press). I t  is lik e ly  t h a t  
s im ila r  p a ttern s  ex ist on o th er island  
ch a in s across th e  P a c ific , though sp ecific  
re la tio n sh ip s  betw een insect and h ost 
species h a v e  y e t to be determ ined in m ost 
cases.

R ecent introductions of non-native 
le a fh o p p ers  and p lan th o p p ers to P a c ific  
Islan d  ch a in s, m ost n otably  th e  G lassy - 
W inged  S h a rp sh o o ter (HowMlodisca 
caagulafa) and th e  T w o-Spotted  L eafh o p p er 
(SophouM ru/p/ascM) h a v e  caused noticeable 
s h if ts  in insect community structure and 
th re a te n  th e  v ia b i l i ty  of sev era l islan d  
crops (D a v ie s  et. a l .  2004; Y ang et. a l .  
2001). Sh arp sh o o ters , introduced into 
P olynesia  from  C a lifo rn ia , are known 
vectors of p la n t d iseases th a t  dam age such 
econom ically  im portant crops as w ine 
v in eyard s, p ea ch  orchard s, and o liv e  trees. 
T h ese insects are found on l i te r a lly  
hundreds of p la n t hosts in  th e  So cie ty  
Island s, including both  n a tiv e  and exotic 
v eg eta tio n . T h e  exten t o f dam age caused by 
H. coHgMlafn in  French P olyn esia  is a subject 
o f g rea t concern for th e  French government, 
though stu d ies h a v e  only recently  
commenced. T h e  continual introduction of 
exotic p la n t sp ecies from  a ll over th e  w orld 
serves to increase the chances of exotic

insect d isp ersa l (Lenz &  T a y lo r  2 0 0 1 ), 
fu rth er th re a te n in g  th e  s u rv iv a l o f  is la n d  
endem ics.

D eterm in in g w h e th e r  is lan d  in sect 
species are endem ic or introduced is  a 
p a r tic u la r ly  d if f ic u lt  ta s k , but such 
know ledge is  essen tia l fo r  b io lo g is ts  w h o  
d esire  to p reserve en d em ic is la n d  sp ecies 
(G ille s p ie  and R o d e rick  2 0 02). In v a siv e  
species are frequently successful because 
th e y  tend  to be g e n e ra lis ts , ou t com peting 
n a tiv e  sp ecies w ith  s m a l le r  h o st or h a b i ta t  
ranges. C onversely , en d em ic sp ecies a re  
often  tho u gh t to e x h ib i t  ex ten siv e  n ich e  
sp e c ia liz a tio n  or h o s t  s p e c if ic ity  
Fulgoroid  p la n th o p p e rs  in  p a r t ic u la r  
usually  h a v e  sm a ll h o st ranges (R o d erick  
1997). H ow ever, recen t fin d in gs suggest 
th a t  ev en  h erb iv o re  s p e c ia lis t s  p ra c tice  
h o st s h if t s  p e r io d ic a l ly , ev en  onto non
n a tiv e  p la n ts  (Cox 2004).

U n fortu n ately , i t  is  im possible to  b e  
certa in  w h en  most p la n th o p p e r  and 
le a fh o p p e r  sp ecies re a c h e d  Fren ch  
P oly n esia  w ith o u t e x te n s iv e  m olecu lar 
a n a ly se s . P reviou s su rveys conducted by 
Osborn (1934), Z im m erm an  (1948), F en n ah  
(1958), and R od erick  (1 9 9 7 ), among o th ers , 
h a v e  noted se v e ra l en d em ic C ic a d e llid  and 
Fulgoroid lin eag es th ro u g h o u t th e  P a c if ic  
A rch ip e la g o s . T h e  o rig in s  o f th e se  sp ecies 
are  s t i l l  u nclear; th e y  cou ld  h a v e  a rr iv e d  
prior to hum an co lo n iz a tio n , during 
P o ly n esian  e x p lo ra tio n , European 
co lon ization , or even  w ith in  recent d ecad es, 
as d id  H. coagulafa.

Few  stu d ies h a v e  ad dressed  th e  
r e la t iv e  d istribu tio n s of end em ic and a lie n  
C ic a d e llid s  and Fu lgoroid s in  th e  S o c ie ty  
Islan d s. E ven for th o se  sp e c ie s  th a t  h a v e  
been documented on th e  is la n d s, l i t t l e  is  
known about th e ir  h o s t  in teractio n s or 
p h y lo g en etic  re la tio n s h ip s . O ne o f th e  
goals o f th is  study w a s  to increase th e  
lim ite d  know led ge-base o f  C ic a d e llid  and 
Fulgoroid d istrib u tio n s in th e  S o c ie ty  
Islan d s. In a d d itio n  to in ten sive is la n d  
surveys, I addressed s e v e r a l questions w ith  
m y research . 1: D o en d em ic insect sp ecies 
h a v e  h ig h e r  h ost s p e c if ic ity  th a n  
introduced insects? 2: A re  endem ic insect 
species lim ite d  to en d em ic hosts and 
in v a s iv e  insects to ex o tic  hosts, or do h o st 
ranges o v erla p ?  3 : D o es th e  d iv e rs ity  o f
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insect sp ecies v ary  s ig n ifica n tly  betw een 
n a tiv e  and exotic host p la n ts?  T h e  answ ers 
to th ese  questions were considered in th e  
context o f findings from o th er P a c ific  islan d  
studies.

METHODS

Study Sites

I conducted L e a f hopper and 
P la n th o p p er surveys on th e  islan d  of 
M oore a, French P olyn esia  (17°30 'S , 
149°50 'W ) betw een Septem ber 25 and 
N ovem ber 12, 2004. M oorea is a h ig h  
vo lcan ic islan d  com prised of 
ap p ro x im ate ly  85 square k ilom eters o f 
lan d . N on -nativ e v eg eta tio n  dom inates 
most low  to m id -e le v a tio n  h a b ita t , w h ile  
pockets o f n a tiv e  and endem ic v eg eta tio n

Fig. 1 Location o f planthopper and leafhopper 
survey sites on the island o f  Moorea, French 
Polynesia.

im p ortant Carica papaya. S ite s  4  and 5 w ere 
p laced  a t  m id -e le v a tio n , w ith  s ite  4 
dom inated by m any d o m estica ted  v a r ie t ie s  
(Morinda c;fn/b?ia, Cordyhue /ruficosa) and 
s ite  5 by n a tiv e s  w ith  som e exo tic  w eeds.

TABLE 1: S ite  lo cation s and descriptions for C ic a d e llid  and Fulgoroid surveys.

Site Location Elevation Dominant Vegetation
1 Temae Beach; GIS Low Coastal strand native
2 Opunahu Valley lower; -17.515, -149.847

U.C. Berkeley Botanical Garden, Cook's Bay; -17.492, -
Low Introduced/domesticated varieties

3 149.826 Low Mixed native & exotic
4 Lycee d'Agriculture, Opunahu Valley; -17.530, -149.840 Mid Introduced/ danesticated varieties
5 The Belvedere; -17.546, -149.833 Mid Mixed native & exotic
6 Three Coconut Ridge; -17.549, -149.847 High Mostly native/endemics
7 Vaiare-Paopao Ridge;-17.521, -149.801 High Mostly native / endemics

e x ist as iso la te d  co asta l strand s and h ig h  
e le v a tio n  ridge h a b ita t .

M y survey s ite s  w ere lo cated  a t  
th re e  e le v a tio n  lev els (low  =  <  10m, m id  =  
10-300m , h ig h  =  >300m ) and among se v era l 
h a b ita t  ty p es th a t  d iffered  in th e ir  
r e la t iv e  com position of n a tiv e  versus exotic 
p la n t sp ecies (ta b le  1). T h is  s ite  p lacem ent 
w as se lected  in  order to m axim ize th e  
d iv e rs ity  o f  p la n t species and h a b ita t  
ty p es sam p led . S ite s  1-3 w ere a t  low 
e le v a tio n s ; s ite  1, Tem ae beach , consisted of 
sev era l n a tiv e  co asta l strand  p la n t 
v a r ie t ie s  including Scaepoln sp., BarnugfowM 
astahca, and Causarina S ite s  2
and 3 , s itu a te d  w ith in  50 m eters of 
O punahu B a y  and Cook's B a y  resp ectiv e ly , 
contained a com bination of n a tiv e  and 
exotic  v eg e ta tio n , such as th e  in v asiv e  
w eed Wiedaha and th e  ag ricu ltu ra lly

T h e la s t  two s ite s , 6 and 7 , w ere p laced  a t  
h ig h  e le v a tio n s  on tw o m ountain rid ges on 
th e  islan d , both  consisting  of se v e ra l 
endem ic tree and shrub v a r ie t ie s  including 
CanfluMM barhafu??! and M%sfroe?WM coreacea.

Suruey Method

A t ea ch  s ite  I random ly se lected  
tw o 5 X 10m plots in  w h ich  to  survey. In 
each  p lo t I used a sw eep  n et to sam p le 
every in d iv id u al p la n t above lm  in h e ig h t. 
Low -lying v eg eta tio n  ( <  lm .)  w as sw ept for 
th ir ty  seconds per p lo t. AH sw eep sam p les 
of C ica d e llid s  and Fulgoroids w ere 
co llected  and grouped according to p la n t 
h o st species for la te r  a n a ly s is .

C ica d e llid  and Fulgoroid specim ens 
w ere preserved in e th y l a lco h o l (75% ) and 
brought back  to th e  lab  a t  U n iv ersity  of
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Native insect sp. introduced insect sp.

FlG 2. Number of endonic vs. invasive 
Cicadeilid and Fulgoroid species found on 
native and exotic plant hosts.

C a lifo rn ia , B e rk e le y  for taxonom ic 
c la s s ifica tio n . Specim ens were id en tified  to 
fa m ily , genus and species w h en  possible. 
E ach  id e n tified  specim en w as also  rendered 
e ith e r  indigenous or introduced based on 
a v a ila b le  p h y lo g en etic  and p la n t h o st 
in form ation . P la n t specim ens of a l l  h o st 
species w ere a lso  co llected  from the f ie ld  
for p o sitiv e  id e n tifica tio n , and c la ss ifie d  
as n a tiv e  or exotic.

Analyses

In sect-h o st p la n t re la tio n sh ip s  
w ere assessed using C hi-Squ ared  a n a ly s is  
to  search  for d ifferen ces in host range 
among insect sp ecies. A d d itio n a lly , C h i-  
Squared tests w ere used to com pare endemic 
and in v asiv e  insect species abundances 
among n a tiv e  and exotic  hosts, and among 
e lev a tio n s .

S im p son 's b io d iv ersity  index w as 
ca lcu la ted  to com pare th e  d iv ers ity  o f 
insect sp ecies found on n ativ e  versus exotic 
v eg eta tio n . T -te s ts  w ere perform ed to look 
for d ifferen ces in  to ta l insect abundance 
betw een n a tiv e  and exotic vegetation .

RESULTS

A  to ta l o f 14 P lan th o p p er and 
L eafh o p p er sp ecies were co llected  on 47 
h o st p la n t sp ecies, o f w h ich  5 insect species 
and 27  p la n t  sp ecies could be p o s itiv e ly  
id e n tifie d  to species lev e l (ta b le  2 ; 
appendices A  &  B ). 2 insect species w ere

Site

FlG. 3. Number of invasive insect spedes vs. 
endemic insect spedes at each of seven sites at 
either low or high elevation. Sites 1-5 and 9 are 
lower elevation, sites 6-8 are higher elevation.

id e n tifie d  as indigenous and  12 p la n t 
species as n a tiv e . O f th e  tw o indigenous 
insect species, AfyZana tuehssa is  considered 
endem ic toM oo rea, w h i le  /assts fahihensis is 
found throughout th e  S o c ie ty  Islan d s.

Survey resu lts w ere  com bined w ith  
species in form ation  p ro v id ed  by F en n ah  
(1958) in order to  e f fe c t iv e ly  a n a ly z e  
in sect-h o st r e la tio n s h ip s  am ong n a tiv e  and 
in v a siv e  insects. H ost ran g es d id  not v a ry  
s ig n ifica n tly  b etw een  indigenous and 
in v a s iv e  insect sp e c ie s . H ow ever, 
indigenous insects w ere  found in  g rea ter 
abundance on n a tiv e  h o sts  th a n  on exotics 
(X^ =  5.736, P  =  .016; f ig . 2 ) . A d d it io n a lly , 
th e  number of indigenous sp ecies found a t  
h ig h  e le v a tio n  s ite s  w a s  s ig n if ic a n tly  
h ig h e r  th a n  a t  low  e le v a tio n s  (X^ '  5 .066, P  
<  .05 ; fig . 3 ). Introduced in sect sp ecies w ere 
found more often  on exo tic  th a n  n a tiv e  hosts 
( t - te s t  =  2 .02, D F  =  11.93, P  <  .05 ; fig . 2 ), and 
w ere more abundant th a n  endem ic insects on 
n a tiv e  and exotic v e g e ta tio n .

N a tiv e  v e g e ta tio n  contained  both  a 
s ig n ifica n tly  g rea ter num ber o f insect 
in d iv id u a ls  th a n  ex o tic  v e g e ta tio n  (X  =  
24.94, D F  =  1, P  <  0 .5 )  and a h ig h e r  
Sim pson's B io d iv e rs ity  ran k in g  (0.62 
com pared to 0.58 for ex o tics).

D IS C U S S IO N
D esp ite  p a st records b y  F en n ah  (1958) and 
Osborn (1934) docum enting se v e ra l 
indigenous p la n th o p p e r and  le a fh o p p e r  
species in th e  So cie ty  Is la n d s, m y surveys 
only found two; th e  p la n th o p p e r  Afyiana
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me/issa, and th e  le a f  hopper /assis fahifieMsis. 
A. mehssa h as only been described on th e  
is lan d  of M oorea, w h ere it  w as found at 
both  of my h ig h  e le v a tio n  sites  as w ell as 
th ree  low er e le v a tio n  sites, a n d o n 7 n a tiv e  
hosts com pared to only 1 exotic host 
(Mortndc cftrifblta, th e  Noni tree). /. 
fahifiewsis h a s  been documented throughout 
th e  So cie ties. I only found two in d iv id u als 
on M oorea, both  of w h ich  occurred a t one 
h ig h  e le v a tio n  s ite ; one in d iv id u al on 
HiMscus hieaceMS, and th e  o th er on low - 
ly in g  herbs. O f th e  unknown Fulgoroid 
species co llected  in my study, tw o were 
id e n tified  as belonging to th e  fa m ilie s  
D e lp h a c id a e  and D erbid ae. According to 
Fennah, th e  lik e ly  origin  for m ost of th e  
indigenous Fulgoroids is So u th -E ast A sia  
and Sam oa. Osborn attribu tes th e  n a tiv e  
C ic a d e llid  stock to th e  E ast Ind ian  region.

A ll o f th e  o th er specim ens 
co llected  during my study th a t  w ere not 
previously  described by Fennah (1958) or 
Osborn (1934) w ere c la ss ifie d  as in v asive  
species. Sp ecies id e n tifica tio n s for most 
specim ens w ere im possible to determ ine due 
to a la ck  of su ffic ien t lite ra tu re  p erta in in g  
to P a c ific  Islan d  C ica d e llid  and Fulgoroid 
d iv e rs ity . In v asiv e  insect species th a t  
could be id e n tifie d  to species le v e l included 
th e  th ree  C ic a d e llid s  Homa/odisca coagu/afa, 
SophonM rM/o/ascia, and Lamenia ca/ginea.

H. coagu/afa w as ubiquitous

throughout m y site s , and w as th e  most 
represented species in  term s o f number of 
in d iv id u als and number o f h ost p lan ts. 
These findings su b stan tia te  recent c la im s 
th a t  H. coagu/afa is ra p id ly  in vad in g  is lan d  

-h a b ita ts  throughout th e  S o c ie tie s . W ith  
such a broad host range and  across so m any 
h a b ita ts , it  is l ik e ly  t h a t  H. coagu/afa m ay 
pose a serious th r e a t  to  se v era l n a tiv e  
insect and p la n t sp ecies (D a v ie s  et. a l. 
2004). Though I only found one in d iv id u al 
of S. rM/q/ascia, its  presence on th e  island  
suggests th e  p o te n tia l for ev en tu al 
w idespread h a b ita t  m o d ifica tio n  and 
destruction s im ila r  to e ffe c ts  noted by Lenz 
et. a l. (2001) in H a w a ii.

B ased  on p a st resea rch , I expected  
to find h ig h er h ost s p e c if ic ity  among 
indigenous C ic a d e llid s  and Fulgoroids th a n  
among in vasive sp ecies, bu t th is  w as not 
th e  case. Though indigenous insect species 
were found in g reater abundance on n a tiv e  
vegetation , th e ir  o v e ra ll h o st ranges were 
s im ila r to in v asiv e  insects. S e v e ra l factors 
m ight exp la in  th e  broad  h o st range of 
indigenous insect species on M oorea.

One p o ss ib ility  is  th a t  
p lanthop p ers and le a fh o p p e rs  in th e  
So ciety  Island s are not as g e n e tica lly  
constrained as assum ed e lsew h ere  (W ilso n  
et. a l. 1994), m eaning th a t  th e ir  a b i l i ty  to 
ad a p t to new  host sp ecies is  r e la t iv e ly  
rapid . A lte rn a tiv e ly , th e  indigenous

TABLE 2. Summary of Fulgoroid and Cicadellid specimens collected during this survey. Host ranges did not vary
significantly between endemic and invasive insect species.

Species Family
Indigenous 
or Invasive

No. of 
Specimens

No. Native 
Hosts

No. Introduced 
Hosts

Lafnenia ca/ginea Derbidae Introduced 216 10 14

/tty/ana me/issa Isiidae Indigenous 31 7 1

Unknown Delphacidae Introduced 2 2 1

Unknown Unknown Fulgoroidea Introduced 22 8 4

Unknown Unknown Fulgoroidea Introduced 84 5 7

Unknown Unknown Fulgoroidea Introduced 2 0 2

Unknown Unknown Fulgoroidea Introduced 6 3 1

/assis fahifiensis Cicadellidae Indigenous 2 1 0
HomaZodisca coaga/afa Cicadellidae Introduced 427 12 14

Sopho/a ra/bfascia Cicadellidae Introduced 1 1 0

Unknown Cicadellidae Introduced 7 2 1

Unknown Cicadellidae Introduced 4 0 1

Unknown Cicadellidae Introduced 2 1 0

Unknown Cicadellidae Introduced 3 1 1
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sp ecies considered in th is  study m ay h ave 
e s ta b lish e d  th em selv es so long ago th a t  
th e y  h a v e  h ad  su ffic ie n t tim e to ra d ia te  
onto d ifferen t host species and fa m ilie s  
d esp ite  genetic constraints. O th er studies 
a ttr ib u te  host range p attern s to such factors 
as insect body size (N ovotny and B asset 
1999), presence of o th er insect species 
(S t i l in g  1994), and s h if ts  in m ating, 
o v ip osition , or feeding preference (R oderick  
1994). Because so few  indigenous species 
w ere recovered in  m y surveys, ad d itio n a l 
research  is encouraged to confirm  host range 
trends for p lan th o p p ers  and leafh o p p ers on 
M oorea.

In m y study, indigenous insects were 
more lik e ly  to be found on n ativ e  hosts 
w h ile  in v asiv e  insects w ere more lik e ly  to 
be found on exotic hosts. T h e  cause of these 
tendencies is unclear, esp ec ia lly  i f  endem ic 
sp ecies are under l i t t le  genetic constraint 
and in v asiv e  sp ecies h a v e  few  or no natu ral 
p redators present. Possib ly , p la n t 
ch em istry  d iffe rs  betw een  n ativ e  and exotic 
v e g e ta tio n  to an extent th a t  host sw itch ing  
is  extrem ely  d if f ic u lt  betw een th e  two 
(C ook and Denno 1994). O r perhaps p la n t 
structure p la y s  a su ffic ien t role so th a t  
n a tiv e  insects are  more lik e ly  to continue 
choosing stru ctu rally  s im ila r  n a tiv e  hosts 
(D enno 1994).

Introduced insect species m ay be 
asso cia ted  w ith  exo tic  p la n t species th a t  
o rig in ate  from  th e  sam e locale or h a b ita t  
ty p e  th a t  th e y  th em selv es cam e from, or 
m ay be excluded from  certa in  n a tiv e  hosts 
due to new p red ators or p lan t defenses. 
In tersp ecies com p etition  is not thought to 
p la y  a prom inent role in  host se lection  
p a ttern s for le a fh o p p e rs  and planthop p ers 
(S t i l in g  1994), so host d iffe re n tia tio n  
am ong indigenous and in v asive insects is 
l ik e ly  a resu lt o f  some host-d eterm inant 
facto r.

Indigenous insects were not only 
m ore abundant o n n a tiv e  hosts, but occurred 
m ore o ften  a t  h ig h  e le v a tio n  sites. T h is  is 
l ik e ly  because n a tiv e  and endemic 
v e g e ta tio n  occurs m ain ly  a t  h ig h er 
e le v a tio n s , w h e re a s  exotic  v eg etatio n  
dom inates low er e le v a tio n  h a b ita ts . Thus, 
th e  m ountain rid g es on M oorea provide 
is o la te d  p o ck ets o f endem ic v eg etation  for 
n a tiv e  herb ivorou s species, and deserve

a p p ro p ria te  e co lo g ica l m an ag em en t to 
ensure th a t  exo tic  v e g e ta t io n  does not 
encroach upon th e se  h a b i ta t s .

In te re s tin g ly , n a t iv e  v e g e ta tio n  
contained  a h ig h e r  le v e l o f  insect 
b io d iv e rs ity  th a n  ex o tic  v e g e ta tio n , even  
tho ugh  th e  number of to ta l  in v a s iv e  insects 
found w as g re a te r  th a n  indigenous insects. 
T h is  m ig h t be a ttr ib u te d  to  in v a s iv e  insect 
sp ecies' g re a te r  a b i l i ty  to exp an d  host 
range th a n  n a tiv e  in sects, resu ltin g  in  both  
indigenous and in v a s iv e  in se c t sp ecies on 
n a tiv e  p la n ts , w h ile  on ly  in v a s iv e  insects 
a re  found on m ost e x o tic  h o sts .

M y study resu lts  p ro v id e  se v e ra l 
in terestin g  trends w h ic h  m a y  re v e a l unique 
p a tte rn s  of r a d ia t io n  and h o st range 
exp an sion  for C ic a d e ll id s  and  Fulgoroids in 
th e  S o cie ty  Is la n d s. H o w ev er, ce rta in  
tem p oral re s tra in ts  p re v en ted  m e from  
ad d ressin g  m any o f th e  p o te n tia l facto rs 
a sso c ia ted  w ith  th e s e  tren d s. W h e re a s  my 
study took p la ce  w ith in  one season, future 
studies m ig h t exp an d  upon th is  to consider 
e ffec ts  o f se a so n a lity  on in sect d istribu tio n s 
on M oorea. A d d it io n a lly , I  d efin ed  h ost 
ranges based  upon b o th  n y m p h  and ad ult 
specim ens for e a c h  sp e c ie s . M ore exten sive 
surveys m ay w ish  to l im it  h o st range 
a n a ly se s  to n y m p h al d is tr ib u tio n s  to 
a c h ie v e  h ig h e r  accuracy  in  h o st range 
ca lcu la tio n s .

M o lecu lar a n a ly s e s  o f specim ens 
co llected  for th is  stu dy w i l l  l ik e ly  re v e a l 
se v era l sp ecies id e n t if ic a t io n s  and h e lp  to 
c la r ify  h o st r e la t io n s h ip s  am ong species 
w ith in  th e  su p e r-fa m ily  Fu lg o ro id ea  and 
fa m ily  C ic a d e ll id a e . T h is  g en etic  
in form atio n , in  co m b in atio n  w ith  m ore 
d e ta ile d  a n a ly s is  o f  tem p o ra l and s p a t ia l  
insect d en sities , w i l l  b e  e s se n tia l for 
understanding th e  e ffe c ts  o f  in v a siv e  
insects on indigenous in sect and p la n t 
com m unities. Proper e co lo g ica l m anagem ent 
of vu lnerable  is la n d  h a b i ta t s  including 
M oorea w ill  depend upon exp ed ien t 
research  and com m unication  of results to 
th e  a p p ro p ria te  governm ent in stitu tio n .
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APPENDIX

c icad ellid N a t i v e
Insect species or or Total #H ost # Plants N ative Exotic
ordescription Fulgoroid? Family Intro? individuals species found on hosts hosts

unknown
1 Blue-Wing Fulgoroid Fulgoroidea 1 22 15 19 8 4
2 Brwn / White Fulgoroid Delphaddae

unknown
1 2 2 2 0 2

3 Green
/assis

Fulgoroid Fulgoroidea 1 84 23 43 5 7

4 fahifiensis Gicadellid Ciddellidae N 2 2 2 1 0
5 Long-Leg Cicadellid Cicidellidae

unknown
1 7 3 4 2 1

6 Long-Proboscis Fulgoroid Fulgoroidea 1 2 2 2 0 2
7 Sm. Brwn-Wing Cicadellid Cicidellidae 1 4 1 2 0 1
8 &n. Green 

Lamer: ia
Cicadellid Ciddellidae 1 2 1 2 1 0

9 caiginea Fulgoroid Derbidae 1 216 24 33 10 14
10 H. coagu/aia Cicadellid Ciddellidae 1 427 26 57 12 14
11 yel-orange

Sophoia
Cicadellid Ciddellidae 1 3 2 2 1 1

12 r a ^ b / a s c M

/liyiana
Cicadellid Ciddellidae 1 1 1 1 1 0

13 meassn Fulgoroid Isiidae
unknown

N 31 8 17 7 1

14 Spotted-Wing Fulgoroid Fulgoroidea 1 6 4 4 3 1
Oiiarus High

15 Fulgoroid Cixiidae N NOT COLLECTED W e in r rM n n M : N elevation
Ugyops High

16 ^ahacmoM Fulgoroid Delphaddae 1 NOT COLLECTED nidus N elevation

Nesosdync High
17 refH77I!MS Fulgoroid Delphaddae N NOT COLLECTED 7 ? elevation

Deipi:acodes
herbs

Low
18 dryope Fulgoroid Delphaddae 1 NOT COLLECTED 1? elevation

Deipi:acodes
herbs

Low
19 rnH:re/ia Fulgoroid Delphaddae 1 NOT COLLECTED 1? elevation

Cd<or:ona Lu w
20 aMpowpe Fulgoroid Delphaddae 1 NOT COLLECTED herbs 1? elevation

21 ExitianMS sp. Cicadellid Cicidellidae 1 NOT COLLECTED herbs 1? 7

A l. C ic a d e llid  and Fu lgoroid  specim ens used for an a ly sis .



APPENDIX

1
Plant Sp. 
Annona fnaricafa

Native  
o r Exotic 
E

# Insect sp.
1

# Insect 
indiv's

2

#
Indigenous  
insect sp.

0

#
Introduced  
insect sp.

1
2 Asysiasia gangefica E 1 9 0 1
3 BroMssonefM papitera E 1 4 0 1
4 Carica papaya E 1 8 0 1

5 CBamaesyce sp. E 1 2 0 1
6 CBrysop^yBaw cainifo E 1 2 0 1
7 Citrus aarawtii^iia E 2 6 0 1
8 Cordyline /rtn'fcosa E 4 18 0 4
9 DesmanfliMS uirgafus E 1 16 0 1

10 Grasses E 7 15 1 10
11 Znga /eHiliei E 2 6 0 2
12 Miconta caluescens E 4 7 0 4

13 Morinda cifri/biia E 5 57 1 4
14 Nephrolepis species E 1 1 0 1

15 Psidium guajaua E 3 22 0 3
16 Sfac^yta?pZ:eta cayannensis E 1 1 0 1
17 Dicranopferis linearis N 3 20 1 2
18 Fagraea &erferiawa N 2 30 0 2
19 Hi&iscus fileaceus N 7 68 2 5
20 fnocarpus ^:giie N 2 3 0 2
21 Leucania ieucocephaia N 1 2 0 1
22 Mefros:iieros coiiina N 4 9 0 4
23 Scaeuoia sp. N 1 97 0 1
24 Tarenna samhucina N 2 14 0 2
25 Angiopteris enecia N 3 4 1 2
26 Barringfonta asiafica N 1 9 0 1
27 OiiophyBum inopByBMW N 1 2 0 1
28 CantBiun! i?ar&atuw N 5 25 4 1

A 2. L is t o f a l l  id e n tifie d  p la n t species co llected  during th is  study.
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HOST PLANT PREFERENCE AND FEEDING RATE OF 
GLASSY-WINGED SHARPSHOOTER (HOMALODiSCA 

COAGULATA) ON MOOREA, FRENCH POLYNESIA
INGA D . WILDER

Plant and Microbial Biology, University o^Cali/bmia, BcrMey, Ca/:ybrMM 94720 US^4

Abstract. The glassy-winged sharpshooter (GWSS), Homaiodisca coagaiata, is a vector 
for Xylclla yasfah'osa, a bacterium that causes Pierce's disease in grapevines and similar 
diseases in other agriculturally important plants. In 1999, H. coagaiafa w as introduced 
into French Polynesia and now it is so well established in Tahiti, Moorea, and  Huahine 
that it is difficult to find habitats lacking the invasive insect. Currently, the populations of 
H. coagulate are increasing and its host range is likely expanding. This study examines 
plant preference and feeding rates on six plants in Moorea. Plant preference and feeding 
experiments do not show a correlation between plants preferred and plants that have 
high excrem ent rates. This difference may be due to the conditions of the plants, or it 
may be explained by the differences in leaf surface area of the plants.

Keywords.* HomaMisca coagulate; glassy-winged stiafpshoofer; pre/erence study; feeding rates; 
Moore; French Polynesia

INTRODUCTION
The glassy-winged sharpshooter (GWSS), 

Howaiodisca coagulate, is a xylem-feeding 
leafhopper in the family Cicadellidae 
(Hemiptera). It is an effective vector for 
Pierce's disease of grapevine and similar 
diseases in  other agriculturally important 
crops, such as Phony peach disease and Citrus 
variegated chlorosis (Hopkins, 1989; Purcell, 
1990). P ierce's disease is caused by a 
bacterium, Xylcila /astidiosa, which lives inside 
the xylem vessels of host plants. Once inside 
the xylem tissue, the bacterium multiplies and 
eventually blocks the flow of water 
throughout the plant, causing leaf scorch and 
fruit shriveling (Purcell and Hopkins, 1996). 
Formerly restricted to the southeastern United 
States and northeastern Mexico, H. coagulata 
has now becom e an abundant and destructive 
pest in California. In 1999, H. coagtdata was 
detected in  Tahiti, French Polynesia. 
Currently, H. coagulata is very abundant in 
Tahiti, M oorea, and Huahine, and it is difficult

to find habitats lacking the invasive insect 
(Parnell, 2003).

H. coagulata is a generalist and in  the 
United States it has been recorded to have 
over 100 documented hosts (Adlerz, 1980), but 
this list has expanded as its range has 
expanded. It may change host plants 
regularly, and H. coagulata may require 
different hosts, depending upon its 
developmental stage (Brodbeck et at., 1990). 
Amino acid concentration in xylem  sap may 
play an important role in sharpshooter plant 
selection (Andersen et a!., 1988). Xylem fluid, 
which consists of more than 95% water, is 
dilute in nutrients such as amino acids. 
Therefore, H. coagulata m ust ingest large 
volumes of xylem fluid, m ost of which is 
excreted (Raven, 1983). The ability of H. 
coagulata to travel long distances coupled with 
its ability to feed on the w oody tissue of plants 
(Purcell and Saunders, 1999), m akes it a severe 
threat as a vector of Xylellayastidiosa.

H. coagulata is an normative pest in French 
Polynesia and it poses m any threats to the
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South Pacific islands. Islands have high 
extinction rates and many species found on 
them are endemic. Introduced species can 
increase extinction rates and also disturb the 
ecology of island systems (Gillespie and 
Roderick, 2002). Although the populations of 
H. coagtdafa are increasing in French Polynesia 
and its host range is expanding, little is known 
about its host preference and its rate of 
feeding on different plant species. If the basis 
of host plant palatability can be determined, 
the knowledge gained may be used to 
understand the movement of H. coaglafa in 
environments that are currently invaded or 
habitats that are at risk to invasion.

The goal of this study was to investigate 
GWSS feeding and determine H. coagulate 
plant preference and feeding rates on six 
plants in Moorea.

MATERIALS AND METHODS

This study site was the UC Berkeley 
Gump Research Station in Moorea, French 
Polynesia, Society Islands (see figure 1). GWSS 
adults were collected from October 21- 
November 17, 2004 on Hibiscus (Hibiscus rosa- 
sinewsis) during the day and from fluorescent 
lights at night. GWSS collected at night were 
caged on Hibiscus until they were ready to be 
used. The plants used for this study were 
propagated in the UCB Moorea 
botanical/cultural garden. Six common plant 
species were selected because they were found 
to harbor a high number of GWSS nymphs

FIG. 1. Moorea, French Polynesia. Star 
marks the UC Berkeley Gump Research 
Station, Cooks Bay.

and adults: 'Aute (BroMSSOneh'a papyn/h*a), 
Papaya (Carica papaya), Pi (Lablab purpureas), 
Pua Tea (Pisonia grawdis), L oca l Pine (Bauhima 
monandra), and M iri (Ociwuun grahssHMMW!).

Study Organism
Homaiodisca coagaiafa is  large for a 

leafhopper (approximately 12 m m  in length as 
an adult). It is able to probe farther into plant 
tissue with its stylet and feed on the woody 
tissue of plants, whereas sm aller leafhoppers 
are restricted to softer tissue (Almeida and 
Purcell, 2003).

H. coagaiafa has five nym phal instars and 
usually takes about 45 days to reach 
adulthood, depending on th e  temperature. 
Adults are normally dark brow n to black in 
color and have yellow  flecks on their heads 
and backs. H. coagaiafa nym phs are usually 
grey with red eyes and they lack fully 
developed wings.

As an adult, H. coagalfa is  a strong flyer 
and a voracious eater. Fem ales, which are 
larger than males, lay eggs by depositing them 
beneath the epidermis of th e  underside of 
leaves (Turner and Pollard, 1959). H. coagaiafa 
is known to eat over 100 tim es its body weight 
in liquid per hour(A ndersen ef a!., 1988). 
Current research being done a t  the University 
of California, Riverside also show s that large 
numbers of GW SS feeding on citrus has 
significant affects on the plant (Hix, 2004).

Test Plants
The test plants used in  this study are 

common on M oorea and are significant 
culturally or m edicinally for Tahitians. For 
example, 'Aute (Broassoaefia papyri/cra) is a 
Polynesian introduced plant. It is in  the 
family Moraceae and its inner bark is used to 
make tapa cloth by the Polynesians. Baabiaia 
aioaaadra or Local Pine (family 
Ceasalpinaceae) is a m odem  introduction and 
it is used medicinally. M iri (Ociaiaai 
grafissiiaaia), in the Lam iaceae family, was 
recently introduced and is  used for its 
medicinal properties and as a decoratory plant
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(Steele, personal communication). LaMab 
parpareas or Pi (family Fabaceae) also has 
many medicinal uses (Murdock, personal 
communication). Carica papaya, also known as 
Papaya is native to tropical America, but 
Europeans introduced it to Polynesia (Moorea 
Digital Flora Project).

Plant preference
Plant preferences were determined by 

allowing GWSS to choose between two plants. 
A total of fifteen different plant combinations 
were tested. Each combination was tested by 
caging with one hundred GWSS. GWSS were 
aspirated into the cage to avoid biasing the 
experiment. Every hour, for four hours, the 
number of GWSS on each plant was counted. 
The number of dead insects, the number of 
insects on the mesh, and the number of 
uncounted insects (100 -  ^  insects counted) 
was recorded. Plant areas were measured by 
estimating the dimensions of the plant's 
leaves. This data was used to compare the 
relative sizes of the six plants.

Scientific Plant Win Loss Rank
name species
OCHHMH! Miri 2 3 4
gratissifnafn
BroMSsonef:'c 'Aute 3 2 3
papyri/cra
Canca Papaya 4 1 2
papaya
La&iab Pi 5 0 1
paypareas
Baahinia Local 1 4 5
monandra Pine
Pisonia Pua 0 5 6
g ran ts Tea

TABLE 1. Table showing how preference 
ranking was acquired. Plant species were 
arranged in pairs and 100 GWSS were 
allowed to choose between the two plants. 
"W in" means the plant species was preferred 
when compared to another plant species and 
"loss" signifies the opposite. Win/loss was 
determined by  the mean number of GWSS on 
the plant species in the comparison.

After the preference experim ent was 
complete, the plants and rem aining GWSS 
were removed from the cage. New GWSS 
were collected for each trial to avoid effects of 
learning. Each plant com bination was tested 
twice (a total of 30 preference tests).

GWSS ̂ ceding
Feeding on plants w as examined by 

measuring GWSS honeydew. Sealed sachets 
were constructed from Parafilm^ (Pathak ef a/., 
1982) and one GWSS was placed in each 
sachet. Sachets were placed o n  either a petiole 
or a stem of one of the six test plants and 
GWSS were left to feed for approximately 20 
hours. Start and stop times for feeding were 
recorded as well as the status o f the insect (i.e. 
dead or alive). All test plants used were 
watered twice a day with approximately 500 
ml of water during the excrem ent experiment. 
Excrement volume was m easured with a 1 ml 
graduated pipette. A total of 215 sachets were 
distributed among the six plants and insect 
feeding rates (ml h*) were calculated by 
placing the excrement volum e from each 
sachet over the total feeding tim e.

Statistical analysis
Means for the number of GW SS per plant 

in the preference experiment were computed 
and the preferred plants w ere plotted on a 
matrix in Microsoft Excel. This led to a 
proposed ranking of the six plants in this 
study (most preferred to least preferred). A 
Mantel Test was used to determine if there 
was a relationship betw een relative plant 
preference and relative surface area.

Mean feeding rates were computed for all 
of the test plants. A Chi-square (x^) test of 
independence was used to compare the 
number of honeydew sam ples collected from 
each plant versus the num ber of samples 
collected with no honeydew. To test for 
differences between the excrement sample 
means (ml) and the rate m eans (ml h*), a 
Kruskal-Wallace Analysis of Variance was 
used (JMPIN software).
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RESULTS 

Plant pre/erence
Data collected from the 30 preference 

experiments was compared to determine 
variation among the selected study plants. 
Plant species per combination with the highest 
average of GWSS were scored as "w in," while 
the plants with the smaller average number of 
GWSS were scored as "loss." Ranks were 
assigned based on the number of "w ins" 
acquired for each plant species. The following 
is the plant ranking achieved from the 
preference study, arranged from most 
preferred to least preferred plant: Pi, Papaya, 
'Aute, Miri, Local Pine, and Pua Tea (table 1).

Leaf area was computed for the 6 plant 
species. Miri: 215 hP, 'Aute: 168 up, Papaya: 42 
up, Pi: 2772 in^, Local Pine: 112 up, and Pua 
Tea: 34 up. A Mantel test was used to test the 
similarity between preferred plant and surface 
area. Leaf area was significantly correlated 
with the number of GWSS per plant (figure 2). 
Larger plants were preferred 11 times out of 
the 15 combinations. Papaya, with a leaf 
surface area of 42 cnP, however, was only less 
preferred when it was paired with Pi.

Excrement experiment
A total o f 215 honeydew samples were 

collected from the test plants. Figure 3 shows 
the percentage of sachets collected from the 
test plants w ith excrement. Significantly more 
GWSS fed that did not feed on the test plants 
(Chi-squared test; n=215; df=5; p-value= 
0.0325).

GWSS/ceding
Mean excrem ent rates were computed for 

the plant species (table 4), and the variance 
between the honeydew samples per plant was 
measured (Wilcoxon/Kruskal-Wallis test; n= 5; 
p= 0.007). This test supported the hypothesis 
that GWSS fed  more on different plant species. 
Main feeding differences are seen between 
'Aute (mean excrement rate + SE: 0.046 ml h * +

0.009 ml h*') and M iri (m ean excrement rate + 
SE: 0.011 ml h t + 0.005 ml h i).

DISCUSSION

Plant preference and leaf sM?/ace area
It is known that H. coagnlafa as well as 

other species in the genus Homalodisca, show 
some degree of food preference based on the 
"tem porarily satisfactory condition" of a plant 
and the "unsatisfactory condition of alternate 
food plants" (Turner and Pollard, 1959). In 
this study, H. coagnlafa p lant preference and 
honeydew samples did not show  a correlation 
between plant species preferred and species 
that have high excrement rates. This difference 
may be due to the conditions that the plants 
were in (for example Miri, w hich was ranked 
fourth, was producing seeds at the time of the 
experiment). Differences betw een the rankings 
may also be explained by the differences in 
leaf area of the plants.

Surface area seemed to play a significant 
role in which plants w ere preferred by H. 
coagalafa. Larger plant species probably had a 
higher probability of hosting m ore GWSS than 
smaller plants. Papaya, how ever, only had a 
leaf surface area of 42 up, but its ranking in 
the preference study was high. Although its 
surface area was small, Papaya was the tallest 
plant in this study, approxim ately 55.12 inches 
in height. Height as well as leaf area may also 
be a factor in  plant selection by GWSS, but this 
hypothesis was not tested in  this study.

GWSS excrement rates
I used excrement volum e as a measure of 

plant palatability. It is hypothesized that 
feeding behavior is linked to the nutritional 
status of the host plant (Andersen, Brodbeck, 
and Mizell III, 1988), therefore one may expect 
to find different excrement rates for different 
plant species, as I observed (table 4). 'Aute 
had the highest mean excrem ent rate of 4.62 x 
1 0 i ml h  ', but it came in third place in the 
preference study.
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Plant species M ean excrement rate (ml/hr)

Aute 4.62 x 10 '
Papaya 2.29 x 10 '
Pi 3.49 x 10 '
Pua Tea 1 .7 6 x 1 0 '
Local Pine 2.6 x 1 0 '

Miri 1.18x10'
TABLE 4. Table showing mean excrem ent 
rates per plant species in m l h '.

This inconsistency also suggests that 
preference and feeding rate may not be 
correlated.

H. coagtdcfa adults were used in the 
feeding experiment, while nymphs were 
excluded. It is known that plant preference is 
different during the different developmental 
stages of the sharpshooter (Brodbeck ef al., 
1990). The abundance of GWSS nymphs was 
used to select the six plant species tested, but

they were excluded in  both parts of the study. 
Therefore, results for this project only reflect 
the actions of H. coaguiafa adults.

Factors :npo?ped :'n host plant selection
Insects use a num ber of factors to select 

their host plants, and this process usually 
begins with habitat location, "host location, 
host acceptance, and host u se" (Heard, 1999). 
For example, plant odor is quickly 
acknowledged by adult apple maggot flies 
(Ritagolefis pomonella) (Aluja and Prokopy,
1992).

Plant selection by H. coagplafa is affected 
by many factors as well. Fem ale GW SS often 
oviposit on many species of plants. However, 
many sharpshooters lay their eggs on a few 
choice plant species that have a higher quality 
of xylem fluid, which is needed for nymph 
survival (Mizell III and Andersen, 
unpublished data). Therefore, female GWSS

Ptant Species

FiG. 4. Kruskal-W allis Test showing excrement rates per plant species. M ean excrem ent values for each 
species are show n with a black circle and bars that depict the standard error. This analysis supports 
the hypothesis that GWSS feeding is different on different plant species (with m ain differences seen 
between 'A ute and Miri). 'Aute mean excrement rate +  SE = 0.046 ml h * +  0.009 m l h  L Papaya mean 
excrement rate + SE = 0.023 ml h * + 0.005 ml h '. Pi mean excrement rate + SE =  0.035 ml h  * + 0.007 ml 
h*'. Pua Tea m ean excrement rate + SE = 0.018 ml h * + 0.006 ml h  *. Local Pine m ean excrement rate + 
SE =  0.026 m l h  ' +  0.008 ml h*'. Miri mean excrement rate +  SE = 0.011 ml h * +  0.005 m l h '.
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may exhibit ovipositionai preferences for 
plants that they may not prefer as food plants.

The results from this study suggest that 
plant size may affect GWSS host selection, but 
this proposition has to be investigated further. 
Plant color is also a factor in host selection. 
Recently, a new  particle film, Surround ^  WP 
has been implemented to protect plants from 
herbivory and oviposition. Surround WP, 
is a white mineral substance used to coat the 
surface of plants and consequentially it turns 
the plant's leaves white. When the color white 
was compared to yellow (which is very 
attractive to GWSS) and other colors, it was 
determined that white was one of the least 
preferred colors (Puterka ef a?., 2003). Thus, 
plant color may be one of the factors 
influencing GW SS host preference.

Host plant selection and GWSS spread
The inform ation learned about how H. 

coagaiafa chooses its host plants may be used 
to develop w ays to prevent the spread of the 
sharpshooter and possibly reduce the risk of 
Pierce's disease.

In urban environments GWSS is a 
problem because it produces large volumes of 
honey dew. Honey dew production is
particular nuisance in French Polynesia where 
GWSS populations are extremely dense. Plant 
species that are known to be less preferred by 
H. coagMiafa m ay be planted in areas where the 
populations o f GWSS are high to reduce the 
amount of excrem ent produced. These plants 
would be particularly useful in areas that are 
frequented b y  people.

Plants a re  equipped with many ways to 
protect them selves against herbivory, such as 
toxic alkaloids and symbiotic relationships 
w ith carnivorous insects. However, one 
advantage o f  xylem is that it contains almost 
no "secondary metabolites," such as defense 
chemicals (reference). Therefore, the color, 
location, an d  nutrient status of preferred 
plants may b e  examined to determine what 
makes som e plant species more preferable to 
others.

Finally, plant species without high feeding 
rates may be examined for compounds that 
may potentially discourage GW SS feeding. 
Thus, acquired substances may be used to 
increase plant resistance to attack by GWSS as 
well as other phytophagous insects that m ay 
be vectors for diseases.

Introduced species on islands have 
always been a major issue and they can affect 
all inhabitants of the island. In the Hawaiian 
islands for example, there is evidence that 
introduced mosquitoes (Ctdex (yMimyae/asciafus) 
and malaria from introduced birds are causing 
the extinction or endangerment of many 
native forest birds (van Riper III ef a!., 1986). 
.H. coagaiafa threatens South Pacific islands 
with its large populations and its ability to 
vector Pierce's disease. Therefore, all means of 
control should be implemented to protect the 
environment from further invasion.
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Sunrise on Cook's Bay, from the Executive Director's House, 
Richard B. Gump South Pacific Research Station, Moorea. 
Photo by George Roderick
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The Richard B. Gump South Pacific Research Station, Cook s Bay, Moorea
Ay T /p p i

The Moorea Class 2005

Introduction

"The Moorea Class", or officially the P/o/ogy <3M<7 Geowo^pAo/ogy o/7ropfca/ 
(Environmental Science, Policy, and Management C107 and Integrative Biology C158), is a 
unique undergraduate experience. This semester-long class is based on the Island of Moorea, 
18 kilometers from Tahiti in French Polynesia. Moorea is an ideal setting for a held science 
course: it's a small tropical paradise, the area o f the city o f San Francisco. Because o f its 
isolation and history, Moorea is a microcosm o f biological diversity. In this class, Berkeley 
undergraduates move from the lecture hall into the world of professional scientific 
investigation through the creation, design, and completion, o f their own original research 
projects. Like any research expedition, the course includes planning, logistics, field 
reconnaissance, field research, and oral and written presentation of the final results. After 
three weeks at Berkeley preparing, equipping, and intense study, the class travels to Moorea, 
where the students encounter the diverse environments and research opportunities on Moorea 
and nearby Tahiti and Tetiaroa. Students explore the reefs, lagoons, shorelines, mangroves, 
and marsh swamps, rivers, tropical agricultural lands, and high elevation forests, to find their 
own special research interests. They encounter unique plants and animals, as well as rock 
formations, soils, and human activities spanning 1500 years. Like Captain James Cook and 
Charles Darwin, who explored these islands centuries before us, the students return with new



insights into scientific subjects, as well as themselves. During the last two weeks o f the 
semester the students are back in Berkeley, where they finalize their work and deliver their 
final presentations at a public research symposium. Their scientific papers are published in 
this series o f books, F/o/ogy a n J GeoworpAo/ogy o /  7rop;ca/ which are distributed
widely to libraries, researchers, and officials at Berkeley, on Moorea and Tahiti, as well as 
elsewhere. The books are now also available on-line.

Richard B. Gump, o f San Francisco department store fame, donated land and facilities 
on Cook's Bay, Moorea to UC Berkeley in the mid-1980s for a research facility. Since then 
the Richard B. Gump South Pacific Research Station has benefited significantly from the 
support Gordon and Betty Moore family and Foundation, as well as numerous other generous 
individuals. With support o f the National Science Foundation and other research foundations, 
the station is now a Long Term Ecological Research site and has supported dozens of multi- 
institutional research projects in both marine and terrestrial environments. The station also 
supports other undergraduate classes and graduate classes from around the world and has 
been active in local outreach and education through the Atitia Center. The students and 
instructors are grateful to all the far-sighted people who recognized the value o f a research 
station on Moorea. More information about the Gump Station can be found at 
http://moorea.berkeley.edu.

Faculty members and Graduate Student Instructors (GSIs) with expertise in terrestrial 
biology, marine and freshwater biology, and geology, teach the course. Some give lectures at 
Berkeley while others provide instruction and assistance on Moorea. Three GSIs work with 
the class for the entire semester. "The Moorea Course" started in 1991 with Professors Roy 
Caldwell (Integrative Biology), David Stoddart (Geography), and Vince Resh (ESPM), 
teaching 13 students at the newly completed Gump Research Station. The course was a big 
success and has been offered every fall semester since. Demand for the course is always high 
and admission into the course is very competitive. As the living and research facilities 
expanded, the class grew larger, too: in 2005 the class included 21 students. Since its 
inception, over 200 students have conducted their own original research projects as a result o f 
this course. Students have published their research in international scientific journals and 
most go on to graduate school or into other careers as professional scientists.

The 2005 Fall Class is no exception, with wonderfully talented students who 
developed a diverse set o f original projects. This book presents the written research results 
produced by the class o f Fall 2005.
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THE ETHNOBOTANY AND BIOACTIVITY OF 
PTERIDOPHYTES MOOREA, FRENCH POLYNESIA

N icole C. Baltrushes

Integrative Biology, U niversity of California, Berkeley, California 94720 U SA

Abstract. For m illennia H um ans have utilized plants that are rich in secondary 
com pounds w hich have are evolved presum ably in response to herbivory. The plants 
that have these bioactive properties are im portant to traditional cultures and are a 
possible resource for the developm ent of natural products for the rest of the world. 
Pteridophytes are a diverse and abundant group of plants w hose secondary chem istry is 
still largely unknow n. This study investigates the bioactivity of tw elve pteridophyte 
species (Ah'crosorMm grossMW, Microsorum cowyMMfafMw, AspiewiMW HMstndas;'cM?7!, 
Nepkrolepis fursHtMia, Danai/ia soh'da AnfropltyMwr pianfagineMm, Awgiopfen's euecfa, Adianfam 
frapezi/ormc, Bo^ih's ionc^oplzora, Lygod:nw reh'cMiatam, LycopodieBa cerwaa, and 
Dicranopteris linearis) on M oorea, French Polynesia using bioassays for pesticidal 
potential, cytotoxicity and antifungal activity. Ethnobotanical inform ation about the 
m edicinal uses of these ferns w as also collected and com pared to the assay results. Nine 
of the tw elve ferns w ere significantly m ore bioactive than the negative controls in  at least 
one of the bioassays. The bioactivity of these ferns along w ith the insect dam age results 
suggests that ferns m ay have evolved under sim ilar herbivorous constraints as 
angiosperm s, although further research is needed. Ethnobotanical inform ation revealed 
variability in know ledge and use betw een healers, and the discourse betw een healers and 
scientists that w as previously m ore tenuous is actively being pursued on both sides. The 
m utual advantages of cooperation w ill play a larger role in scientific investigation in the 
future.

Key words; eidwop^orwacoiogy, secondary cowpoMnd, fdoassay, insecticide, cytotoxicity, 
anti/nngai

IN TRO D U CTIO N

H um ans are relatively recent players on 
the w orld stage, em erging in their present form  
only 160,000 years ago, com pared to the first 
appearance of prim itive vascular plants in the 
Silurian period, 420 M illion years ago, and ferns in 
the C arboniferous period, 360 m illion years ago 
(Cam pbell and Reece 2005). P lants w ere not 
subject to hum an herbivory during m ost of their 
evolutionary history and thus the defenses that 
different plants have developed, i.e. toxic 
phytochem icals, prickly m orphologies, or intricate 
life histories, are in response to other herbivores or 
exploiters. It is these defenses, how ever, that m ake 
m any plants so useful to their recent hum an 
cohabitants.

H um an subsistence has alw ays been 
contingent on prim ary plant products such as 
starches and proteins. H ow ever, in addition to 
these essential nutritional com pounds, secondary 
com pounds produced by plants have also served 
an im portant role in hum an survival. The 
secondary com pounds, w hich plants have 
presum ably evolved as defenses against 
herbivory, or pollinator and seed disperser

attractants, are the sources of m any hum an 
insecticides, m edicines, oils, resins, tannins, 
w axes, and dyes am ong other products (Balandrin 
et. all 1985).

The know ledge of these com pounds is evident 
in traditional herbal m edicines and agriculture the 
w orld over. M any of the 2000 plant species w ith 
know n insecticidal properties have been in use 
since before the A ncient Rom ans (Balandrin et. all 
1985). The astounding biodiversity  of plants, and 
the secondary com pounds produced by  these 
organism s are a virtual pharm acopoeia ready for 
hum an discovery. H ow ever, a scant 5-15 percent 
of the 250,000 to 750,000 species of higher plants 
have actually been tested for bioactivity (K inghom  
2001). Furtherm ore, pteridophytes are a m ajor 
plant group for w hich bioactivity data is not here 
reported.

Pteridophytes, ferns and fern allies, are 
ancient seedless vascular plants that can be found 
all over the w orld. It is the high abundance of 
ferns that is perhaps the first feature to catch a 
traveler's eye and m ark one's entrance into the 
tropics. In fact, som e 80% of the estim ated 12,000- 
15,000 fern species occur in the tropics (Roos 1996). 
There are 73 species of ferns on M oorea alone, a
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sm all island in French Polynesia (M urdock and 
Sm ith 2003).

H ow ever, is there any reason to expect 
that pteridophytes are bioactive? Paul Petard has 
identified 5 ferns as m edicinally useful, w hich 
indicates possible bioactivity (1986). Also, 
differential herbivory can indicate possible 
bioactivity. It is a frequent observation that 
pteridophytes appear to be less herbivorized than 
other plants, how ever, recent research actually 
suggests that ferns are no less herbivorized than 
analogous herbaceous angiosperm s ( H endrix 
1983). The relative am ount of herbivory can 
indicate w hether pteridophytes use a general 
defense that m akes them  unpalatable, bu t not 
necessarily poisonous, or specific bioactive 
secondary com pounds.

One striking pteridophyte lends support to 
the idea of the presence of bioactive com pounds 
rather than general defense: bracken fern. Bracken 
fern, w hich can be found virtually anyw here 
except A ntarctica, has been  identified as a natural 
carcinogen to livestock, and ingestion of bracken 
fern can lead to bracken poisoning. The toxic agent 
is ptaquiloside w hich alkylates unbound D N A  
bases and cause genetic m alfunctions and 
eventually cancer. Bracken fern ingestion has also 
been  linked to cancer of the upper alim entary 
track in hum ans (A lonso-A m elot and A vendano
2002). The presence of a distinct and potent toxin 
in this pteridophyte gives one reason to possibly 
expect bioactivity in other pteridophytes.

The diversity of secondary com pounds in 
plants, and potentially in pteridophytes, has 
presum ably evolved in  response to, and been 
m aintained by, insect herbivory. In a study of five 
generalist herbivorous insects, structurally related 
secondary com pounds w ere found to produce 
different effects on different insects- som e insects 
were affected w hile others w ere not ( M acel et. al
2005). The targeting of certain insects by these 
plants suggests that these generalist insects could 
have played a part in the evolution of the 
com pounds. The presence of bioactive secondary 
com pounds in pteridophytes could provide 
insight into this lineage's place in  an evolutionary 
context.

The purpose of this study w as to assess 
the bioactivity of pteridophytes. A re there a 
significant am ount of secondary com pounds 
present in this group? A study of the insecticidal 
potential, cytotoxicity, and antifungal properties 
of ferns coupled w ith a m easurem ent of the insect 
herbivory w as carried out. Interview s w ith French 
Polynesian healers and elders illum inated the 
cultural context of these plants and their useful 
com pounds. Also, the goal w as to use science to 
encourage the practice of traditional m edicine and

to expand local people's know ledge and 
utilization of their indigenous and introduced 
flora.

M ETH O D S

Fern collection

Tw elve species of ferns, representing 
varied m orphologies and fam ilies, w ere collected 
from  tw o sites in  the O punohu V alley- one in  the 
rear of M ari M ari K ellum 's property (06k 0197727 
E, 8091220 W  elevation 27m ), and one at the 
Belvedere (06k 0199870 E, 8058417 W  elevation 
222m ). Five ferns identified by Paul Petard (1986) 
as m edicinally useful (Microsoraw grossan! (Enngsd. 
& Fiscli.), Microsoram comnzatataM (Biawc), 
Aspleniara aastraiasicam (/. Sw.), NcpEroicpis
ia'rsninia (C. Forsf.) and Daoaiiia soiida (G. Forsi.)) 
w ere included purposefully. The other seven ferns 
(AafropByan! piantaginea??! (Car.), Angiopfen's euccta 
(G. Forst.), Adianfa??! frapezi/onne L ,  Boi&itis 
(owciiop^ora (Fee), Eygodiaw reficaiafan: Sc^EaEr, 
Fycopodieila ccraaa (L ), Dicranopien's linearis (Bnr?n. 
/.)) w ere chosen for ease of collection and to 
represent different fam ilies. Ferns w ere identified 
using A ndrew  M urdock 's Key to Ferns and Fern 
A llies from  the UC Jepson H erbarium  w ebsite, 
and nom enclature follow s that used by M urdock 
and Sm ith (2003). Five individuals of each species 
were collected for extract preparation. In  order to 
ensure that the specim ens w ere distinct plant 
individuals 30 paces w ere taken betw een sam ples.

fused damage

A second collection at each site w as m ade in 
the sam e m anner as for the extract preparation, 
and one frond w as chosen random ly from  each of 
five individuals from  each  species. U sing a 1- 
centim eter square grid placed over the frond, the 
ratio of insect dam age (chew ed aw ay, galls, or leaf 
m ines) to unaffected area w as calculated in order 
to assess the relative dam age to different ferns 
caused by herbivores. Com parisons w ere m ade 
betw een the tw o sites and w ithin the sites to 
determ ine w hether insect dam age w as m ore 
dependent on location or on fern species.

Extract preparation

For each of 12 fern species 4 extracts w ere 
prepared: leaf m atter in 90% ethanol, leaf m atter in 
filtered w ater, roots and rhizom es in 90% ethanol, 
and roots and rhizom es in filtered w ater. Five 
gram s of fresh p lant m atter w ere w eighed and 
com bined w ith 30 m illiliters of w ater or alcohol in 
a blender. The m ixtures w ere blended and the
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w ater extracts w ere im m ediately filtered using 
filter paper. The alcohol extracts were blended, 
transferred to a vial, and refrigerated for three 
days. These extracts w ere shaken each day and 
then filtered in the sam e m anner as the water 
extracts. (The difference in procedure for the 
extracts w as im plem ented to avoid any spoiling 
that m ight result from  the plant m atter sitting in 
w ater for extended periods of tim e.) A ll extracts 
were refrigerated at 7° C elsius until use.

Insecticide assay

In order to assess the potential use of ferns as 
insecticides, five ferns representing five different 
fam ilies and exhibiting varied m orphologies were 
chosen from  the 12 species. Based on a protocol 
developed by W illiam s (1993), an insect pest was 
exposed to extract and then isolated on a food 
source. G lassy-w inged sharpshooters, Homalodisca 
coagMiafa, (hereafter "G W S S") were used as the 
pest organism  because of their recent invasion of 
Tahiti and French Polynesia. G W SS' are xylem - 
feeding insects that are native to the southeastern 
U nited States. They have posed a serious invasive 
threat to C alifornia vineyards and arrived in 
French Polynesia in 1999 (W ilder 2004).

Juvenile G W SS' w ere collected from  plants on 
the U C Berkeley G um p Station and caged on a 
hibiscus tree until used. 10 GW SS' w ere placed 
into each vial and .1 ml of fern-leaf w ater extract 
w as expelled into each vial. The vial w as upended 
to expose each insect to the extract, and the insects 
w ere transferred quickly to a plastic bag with 
aeration holes and caged on a hibiscus hedge. The 
positive control w as a com m ercial insecticide, 
active ingredient tetram ethrin, and the negative 
control w as w ater. These treatm ents were 
replicated 5 tim es each.

The utility as an insecticide w as m easured by 
counting the num ber of GW SS' dead in each 
treatm ent every 24 hours for five days. A N O VA  
and Tukey-K ram er H SD tests w ere used to 
analyze variance w ithin and betw een treatm ents. 
Possible correlation betw een insecticide potential 
and insect dam age of the different ferns was 
investigated.

Cytotoxicity assay

Brine shrim p, Arfewia saiiwa, w ere used to 
determ ine the cytotoxicity of each fern. Brine 
shrim p larvae are highly sensitive to com pounds 
delivered to solution in very sm all am ounts. Their 
com m on use as efficient and sim ple bioassay 
organism s began in 1956 (M ichael 1956).The brine 
shrim p were hatched in seaw ater w ith aeration 
and a 60-w att light. O nce hatched, 50 shrim p were

counted into each 15 ml vial and .1 ml of extract 
w as added to each vial. The vials w ere filled to 
lOmL w ith seaw ater. In  this study, the num ber of 
brine shrim p dead after 20 hours w as recorded. 
Every extract was tested for cytotoxicity as w ell as 
a positive control, the extract of a know n cytotoxic 
plant Caf^arantlms roscus L , and negative controls 
of filtered w ater and 90% ethanol. The test was 
replicated 6 tim es and average death rates were 
calculated for each extract. U sing AN OVA, 
average death rates w ere com pared to the controls 
for: (1) all extracts together (2) different plant part 
used (leaf or root) and (3) different solvent used.

Anh/angai assay

The antifungal activity of M. grossMW!, D. 
soh'da, D. linearis, L. cernaa, A. euecfa, and A. 
frapezi/brnze w as assayed using a culture of baking 
yeast, unicellular fungi. Baking yeast w as chosen 
as an assay for its accessibility and sim ilarities to 
fungi that m ight afflict hum ans. A gar was 
prepared w ith 1 0 0 -g /L  sugar content and 1 4 g /L  
agar, and poured into labeled Petri dishes. Each 
Petri dish w as inoculated w ith .5mL of a yeast and 
w ater m ixture (2g /50m L ).

An incubator w as constructed from  a 
cardboard box w ith tw o 60-w att desk lam ps and 
holes cut in the box to attain a uniform  
tem perature throughout. The petri dishes were 
incubated at 37degrees C elsius for either 6, 9, or 24 
hours in order to m easure both the inhibition of 
grow th in expanding colonies and the death of 
existing colonies. A fter incubation, and the 
form ation of an even law n of fungi, filter paper 
discs, saturated w ith extract w ere placed onto the 
agar and the dishes w ere incubated for 48 hours. 
W ater and alcohol were used as negative controls 
and solutions of a com m ercial antifungal, 1% 
econazole nitrate, in w ater or ethanol w ere used as 
positive controls. The diam eter of the ring of 
inh ib itio n/d eath , including the paper disc, was 
m easured after this 48-hour period. For statistical 
com parisons, each treatm ent w as reduced to 
presence or absence of change. These data were 
tested for significant differences betw een extracts 
and controls using A N O V A , and Tukey-Kram er 
HSD.

EdiMO&ofan;'ca! iw/orwah'on

In order to assess the current use of 
ferns in  M oorea, two healers were interview ed 

about their use of pteridophytes using a collection 
of pressed ferns presented to each. The healers 
interview ed, M am a Lucie Tavi and Rita You-Sing, 
are tw o of the few  generalist healers in  M oorea. 
Three elders, Papa M atarau, Papa M ape, and Papa
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M ehai w ere collectively interview ed about their 
know ledge of pteridophyte ethnobotany using 
photos of the 12 different fern species. Tahitian 
nam e for the pteridophytes, m edicinal use of each 
species, non-m edicinal uses, and inform ation 
about part of the p lant used w as solicited.

RESU LTS 

Insect Damage

Three fern species, D. soh'da, N. hirsMfMD, 
and B. ionc^op^ora, w ere found at both  the 
Belvedere and on the K ellum  property. A t-test of 
insect dam age on these ferns based on location 
found that the am ount of insect dam age at the two 
sites w as not significantly different (pg.29, t- 
ratio=.56, df=23). O nce the sim ilarity of herbivory 
w as established betw een sites, ferns that w ere not 
present in  both sites could be com pared 
confidently. A n A N O V A  analysis show ed that 
insect dam age on different fern  species w as 
significantly different ranging from  an average of 
0% to 15.8% (p^.0002, d f = l l ,  F-ratio=4.7). A 
Tukey-K ram er H SD  test (see Figure 1) revealed 
that D. linearis (12.7%) and N. InrsHtMia (11.2%) 
both suffered a significantly higher percentage of 
insect dam age com pared to D. soiida (2.3% ) and L. 
cernna (0%). Insect dam age w as not dependent 
upon location b u t upon species. This suggests the 
possible presence of different secondary 
com pound defenses betw een ferns.

Insecticide assay

The insecticidal potential of the ferns tested 
increased w ith tim e. A  w eak positive correlation 
betw een num ber of G W SS' dead and num ber of 
days of exposure was detected in a regression 
analysis (R  =  .15, d f= l ,  pg.0001). A n A N O V A  test 
show ed that, w hile the difference betw een the 
com m ercial insecticide and w ater controls w as 
statistically significant throughout the experim ent 
the differences betw een controls and fern  extracts 
varied w ith tim e (pg.0001, d f=6, F-ratio=36.4). 
U sing a Tukey K ram er H SD analysis of the first 
day, the insecticide w as significantly m ore 
deleterious than the w ater control, w ith average 
GW SS dead (AGD hereafter) of 10 and .8 
respectively (See Figure 2)

The A. epecfH extract (AGD =  3.4) w as 
significantly m ore lethal than  the w ater control 
and all the other extracts, b u t significantly low er 
than the insecticide. The four other extracts tested 
were not significantly m ore potent than the w ater 
control on the first day(A N O V A  test pg.0001, 
d f=6, F-ratio=36.4).

In the follow ing days the significant 
differences betw een A. ereeft? and the other 
extracts decreased until the fourth day w hen there 
w as no significant difference betw een any of the 
extracts and the w ater control. H ow ever, 
significantly low er A G D  com pared to the 
insecticide w as m aintained by all treatm ents for all 
5 days (A N OVA , pg.0001, d f=6, F-ratio=8.0).

N o significant correlation in  a linear 
regression analysis betw een insect dam age and

2 5 -

2 0 -

A.australasicum A.plarttagineum B.lonchophora D.solida L.cernua L.reticulatum M.grossum
A.evecta A.trapeziforme D.linearis M.commutatum N.hirsutula

Ptant

FIG  1. V ariation  in  % insect dam age on 12 pteridophytes on  M oorea, show ing the A N O V A  and Tukey-K ram er 
analyses of the % insect dam age on the d ifferent fern  species. D. hueans and N. MrsMfMia are both  significantly  m ore 
dam aged than D. soh'da and L  cemMa (p^.0002, d f = l l ,  F -ratio=4.7)
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FIG 2. Insecticide results for D ay #1 show ing A N O V A  and Tu key-K ram er analysis of variance. The insecticide, w ater 
and A. euecfa treatm ents are significantly  d ifferent (p^.0001, d f=6, F-ratio=36.4).

insecticide potential w as detected (R^=0, d f= l, 
p^.98).

Cyfofoxicif)/ assay

The C. roseMS extract w as significantly m ore 
cytotoxic than the negative controls and, as 
displayed in  the Table 1, A. pianiagmcMfM, M. 
comtMMfafMw, and A. aMSfraiasicMW! w ere all 
significantly m ore cytotoxic than the controls in a 
Tukey-K ram er analysis (p<.0001, df=13, F-
ratio=6.2).

An A N O VA  test com paring ethanol extracts 
to w ater extracts, show n in  Figure 3, show ed that

Treatm ent A verage death 
rate

C.roseMS A 49.33

A.plan tag:neM?K A B C 40.00

M.COMfMMtatMfH A  B 38.92

A.aMsfraiasicMM A B C D 36.42

A.frapezf/orwe A B C D E 31.33

M.gTOSSMH! B C D E 30.08

B lo n d : op Iwra B C D E 29.63

L.cernMH B C D E 29.38

N.MrsMtMia B C D E 25.29
D.soB'da B C D E 24.50

L.rehcM/atMM C D E 22.54

D.B'nean's D E 18.83

A.euecfa D E 18.75

W a te r/ alcohol E 14.00

Table 1. Cytotoxicity  results by species. D ifferent 
solvent and plant part data are pooled in these 
results. Levels not connected by the sam e letter 
are significantly  different (pg.0001 ct=.05).

the ethanol extracts w ere significantly more 
cytotoxic than the w ater extracts(p<.001, d f= l, F- 
r a t io = ll) .  Tukey- K ram er analysis of the ethanol 
extracts alone revealed that A. aMSfraiasicMM, A. 
p/aufagineMm, L. reficMiafam, B. ioMc^ophora, and M. 
grossMm were all m ore cytotoxic than the ethanol 
control (pg.0001, df=13, F-ratio=4.76). A  sim ilar 
com parison of w ater extracts alone show ed that 
M. co?7!?7!MiHfM7M, A. p/arzfagmeMm, and L. CerMMH 
w ere significantly m ore cytotoxic than the w ater 
control(pg.0001, df=13, F-ratio=5.5). Thus, the 
w ater and ethanol extracts w ere different in 
com position, either in type of com pounds present 
or in concentrations.

A Tukey-K ram er test com paring root and 
leaf extracts revealed that the leaf extracts 
(A verage death rate= 31.4) w ere significantly m ore 
cytotoxic than the controls (A verage death rate 
=14.0). The root extracts(A verage death rate =  
25.6) were not significantly m ore cytotoxic than 
the controls or significantly less cytotoxic than the 
leaf extracts(pg.0012, df=2, F-ratio=6.7). This 
indicates the different chem ical com position of 
leaves and roots.

A verage death rates and more 
com prehensive Tukey-K ram er H SD com parison 
data appear in A ppendix A.

A n f f / M K g a i  HSSHM

The average frequency of inhibitory 
change (FIC) for the com m ercial antifungal 
+controls (.64), and that for the negative controls 
(.14), though distinct were not significantly 
different in an A N O VA  analysis (p=s.l2, d f=8, F- 
ratio=1.83). H ow ever, in a Tukey-K ram er 
com parison the M. grossam 90% ethanol root 
extract w as significantly m ore inhibitory (FIC=.79)
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FIG 3. Cytotoxicity  of pteridophyte extracts by solvent. 
90% ethanol etracts are significantly  m ore cytotoxic than 
w ater extracts (A N O V A , p^.001, d f= l ,  F -ra t io = ll) .

than the ethanol control, see Table 2 (pg.037, df=7, 
F-ratio=2.4).

EPzzzofzofazzzca/ zzz/brzzzafzozz

W hile a sim ilar form at w as used to assess 
know ledge of all people interview ed, their 
response styles varied. Rita You-Sing w as very 
forthcom ing with details of her use and 
preparation of the pteridophytes, w hile M am a 
Lucie w as m ore reluctant to divulge her 
know ledge. M am a Lucie w as only com fortable 
telling w hether or not she used the plants and 
identifying the pteridophytes w ith Tahitian nam es 
if possible. The elders interview ed w ere all very 
forthcom ing w ith the inform ation they possessed. 
See Table 3 for Tahitian nam es and uses reported.

M am a Lucie reported that she used 8 of 
the 12 pteridophytes, w hile Rita You-Sing used 
only three, and the elders knew  uses for six. See 
A ppendices B and C for a partial transcription of 
the interview s w ith M am a Lucie and Rita You- 
Sing.

No one interview ed reported any anti
fungal, anti-cancer, or insecticide use of the 
pteridophytes.

D ISCU SSIO N

The cytotoxicity bioassay using brine shrim p 
is a prelim inary screening tool for anticancer 
com pounds. The m easured cytotoxic activity of

the pteridophytes in this study should be further 
analyzed using cultures of m am m alian tum or cell 
lines, follow ing T.D . Babu or Pom ilio et al. 
protocols, to  assess their potential use in m edicine 
(1995, 1994). U ntil further research is conducted 
no conclusions can be m ade about possible use of 
pteridophytes in anti-cancer treatm ents.

The different activities based on solvent and 
plant part used suggest that the active com pounds 
are concentrated in  different parts of the ferns, and 
that the tw o solvents perhaps extracted different 
com pounds.

The antifungal activity of the M . grossum  
root 90% ethanol extract w as significantly higher 
than the negative controls, how ever further 
research is needed to assess its possible use in 
m edicine. Further experim ents could test the 
pteridophyte extracts' activity against m ore 
appropriate m icrobes such as Candida nddcaws or 
PezzzczEz'zzzzz czfrz'zzzzzzz. A lthough baking yeast and 
econazole nitrate w ere used by a previous student, 
John H oll (2002), and show ed significantly 
antifungal results, these findings w ere not 
replicated in  this study . The econazole nitrate had 
variable anti-fungal activity w hich suggests that it 
was not an appropriate anti-fungal for the baking 
yeast and that perhaps the yeast is not the best 
antifungal bioassay organism .

Insect dam age is a large problem  in 
agriculture, and com m ercial pesticides are costly 
and dam aging to the environm ent. P lant toxins, 
w hich have been  know n to inhibit insect grow th, 
reproduction and feeding, are a potential source of 
new  pesticides. (M ansingh and W illiam s 1998; 
Grainge et. al. 1986; W illiam s and M ansingh 1996). 
The insecticidal activity of A. euccfa against GW SS 
juveniles indicates the possibility of such a toxin in 
this fern. Experim ents to assess A.euecfa's effect on 
insect reproduction, grow th and behavior along

Treatm ent FIC

M . grossMW! A 0.79

Azziz/zzagai A B 0.64

D. so/z'da A B 0.57

D. izzieaz'zs A B 0.57

T. cezrzzza A B 0.50

A. euecfa A B 0.50

A. frapgzi/br?7ze A B 0.43

-control B 0.14

Table 2. A ntifungal activity  presence or absence 
results for 90% ethanol ro ot extracts from  6 
pteridophytes (pg.037, d f=7 , F -ratio=2.4). 
F IC =frequ ency of inhibitory change.
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Scientific
N am e

Tahitian
N am e

Traditional 
m edicinal use:

M. gross#??: M etuapua
-LYE

H eal broken bones, 
sinus headaches, 
w asp stings -Y * L E
p

M. M aire -LYE -*LE

A.
##sfra!#sic#??!

O aha -LYE H eal headaches, 
colds -E *L P

A.
plant#?:?! CM w!

M aire O viri 
-Y

N one know n

B. io??ciMpi;or# N one
know n

-*L

A. trapczdorwc None
know n

N one know n

A. ooect# N ahe -E -P*E
L. retic#!af#??! N one

know n
N one know n

L. cer?!M# M aiuu Tafai 
-LE

-Y *L

N. M rs#!#!# M aire Tahiti 
-L A m o'a -E

H eal surface 
lacerations -L E P

D. solid# Tiatia M ou'a 
-L T iti - Y  E

H eal serious bodily 
injury, cleansing 
bath for new borns,- 
Y  treat children 's 
ailm ents -*L, and 
broken bones -E P

D. linearis N ai-uu 
tafa 'I -L 
A n u h e-Y

*L E

Table 3. Pteridophyte nam es and traditional uses as 
reported in interview s conducted w ith  healers and 
elders on M oorea, French Polynesia, and from  a 
reference ethnobotanical book by Paul Petard (1986). 
N otes: L =  M am a L u d e, Y =  Rita Y ou-Sing, E =  
Elders(Papa M atarau, Papa M ape, Papa M ehai), 
P=Petard , * =  plant is used but particulars w ere not 
given.

w ith an analysis of the com pounds present in the 
pteridophyte could lead to the developm ent of a 
natural, inexpensive, and eco-friendly insecticide.

The significant bioactivity of the ferns in 
these three bioassays suggests the presence of 
secondary com pounds. Nine of the tw elve ferns 
show ed at least one significant bioactive result, 
and the significant differences in herbivory 
betw een ferns suggest variability in active 
com pounds.

A phytochem ical screening of pteridophytes 
in W estern G hats-South India revealed the 
presence of m ultiple com pounds. A ll extracts 
possessed steroids, sugars, alkaloids, phenols, 
flavonoids, saponins, tannins, and am ino acids, 
and for the 15 taxa analyzed ethanol extracted the 
m ost secondary com pounds (Jesudass 2003). A 
sim ilar screening of the pteridophytes collected in 
M oorea will be crucial in order to determ ine

w hether their bioactivity is due to secondary 
chem istry.

The isolation of secondary com pounds from  
ferns could add to the understanding of 
pteridophyte evolution. Recent m olecular data 
suggests that ferns radiated in the Cretaceous 
period after the angiosperm -insect radiation 
(Schneider et al. 2004). Presence of insect specific 
defenses or abundant secondary com pounds 
w ould indicate fern evolution under the same 
constraints as angiosperm s and thus support this 
post-angiosperm  radiation. H ow ever, a lack of 
secondary com pounds and bioactivity would 
indicate, possibly, an earlier evolutionary 
radiation free of insect pressure. Far m ore research 
in phytochem istry and insect herbivory, how ever, 
w ill be needed to m ake hypotheses about the 
evolutionary history of pteridophytes.

Evolutionary phylogenies m ay explain 
sim ilar characteristics of organism s. Such a 
phylogeny of pteridophytes breaks the group into 
four divisions. Eleven of the tw elve ferns studied 
are from  the polypodiophyta division, and L. 
ccruu# is from  the Lycopodiophyta division. The 
Lycopodiophytes are a m ore ancient lineage than 
the polypodiophytes, and w ould thus be expected 
to have few er secondary com pounds (Cam pbell 
and Reece 2005). Indeed this study show ed that L. 
cernMH only show ed significant bioactivity in  its 
leaf extract. A N O V A  analysis, how ever, show ed 
no significant difference in cytotoxicity betw een 
the lycopod and polypod divisions (pg.83, d f= l, F- 
ratio=.05). There w as also no correlation betw een 
relatedness and bioactivity w ithin the 
polypodiophytes. Ferns that were m ore closely 
related did not behave m ore sim ilarly, as m ight be 
predicted. For exam ple, A tr#pezi/or??:e and A. 
piHHfagm'eMfH are in the sam e order how ever A. 
frapczi/brmc w as cytotoxic in only one com parison 
com pared to A-p/anfagiKCMm w hich w as cytotoxic 
in three com parisons. For M . grossMTH and M. 
C0M?7!MfHtM?7!, w hich are in the sam e genus there 
w as no great sim ilarity in their activity.

A long w ith providing insight into the 
phytochem istry and evolution of pteridophytes, 
the results of this study are im portant in a cultural 
context. The pteridophytes m ost used by 
traditional Tahitian healers, D. solid# and M. 
grossMW, show ed alm ost opposite bioactivity 
results. D. solid# did not show  any significant 
bioactivity, w hile M. grossum w as both cytotoxic 
and the only antifungal agent. A. pl#uf#gir:0M??:, 
w hich w as not identified as useful by any sources, 
w as significantly cytotoxic in all com parisons. The 
bioassays perform ed perhaps w ere not 
appropriate to isolate the com pounds in all the 
pteridophytes. But it is this difference betw een 
traditional know ledge and bioactivity results
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w hich begs the opportunity for the exchange of 
know ledge: further ethnobotanical investigation 
could indicate w hich assays to attem pt and these 
assays m ight reveal other useful com pounds in 
previously unused p lant resources.

Paul Petard 's definitive w ork, Plantes U tiles 
de Polvnesie (1986), published nearly 10 years ago, 
w as the first com prehensive record of Polynesian 
Ethnobotany. It is an im portant tool not only for 
scientists interested in  bioactivity, but for 
Polynesians. Both healers interview ed referred to 
this text during the interview s. H ow ever, the use 
of pteridophytes for traditional m edicine found in 
this study differs from  P etard 's account. Four 
ferns, w hose use w as not recorded by Petard, were 
identified as useful in  this study. M am a Lucie 
used 8 of the tw elve ferns and explained that she 
experim ents m aking new  m edicines w ith new  
plants, thus expanding her secret library of 
treatm ents (pers. com . 2005). This experim entation 
by isolated healers explains the discrepancy 
betw een literature and this study. A n updated 
ethnobotanical text could help to spread useful 
m edicinal know ledge betw een healers.

The barriers that insulate and isolate healers 
from  each other and from  the w estern w orld can 
prevent the active exchange of inform ation. 
H ow ever, these constructs are actively being 
broken dow n by  French Polynesians and this 
study contributes to a new  age for integrative 
ethnobotany and traditional m edicine in French 
Polynesia. In concert w ith French Polynesian 
N G O s and federations, scientific study of 
traditional treatm ents can help to legitim ize 
cultural practice and help people m ake use of their 
botanical resources. This discourse betw een 
scientists and traditional healers w as encouraged 
in a m eeting of healers in  Pao Pao, M oorea. Papa 
M atarau entreated the audience, "T h ere is a 
strength com ing up from  the ground. D o n 't you 
w ant to see it sprout once again?" (pers. com. 
2005). The scientific com m unity can play a 
m utually beneficial role in  this discourse, 
gathering inform ation to guide the search for new  
m edicines, as w ell as nurturing this renaissance in 
Polynesian culture.
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A PPEN D IX A. 
C ytotoxicity Results

Treatment Average death rate
C.roseMS A 49.33
Apian fagineMm A B C 40.50
AaMsfraiasicatn A B C D 38.33
L.reh'cHiafMW! A B 37.92
B.ionchopBora A B C 37.42
M.grossMm A B C 36.75
A4.C0?H?HMiatM?H A B C D 36.42
Afrapeẑ brwtc A B C D 35.75
N.itirsMfMia A B C D 30.83
D.sohda A B C D 27.42
L-cernna B C D 22.50
D.iinean's B C D 21.67
Aerecfa C D 18.83
none D 13.83

Table 3. Cytotoxicity of 90% ethanol extracts of 12 
pteridophytes in a Tukey-Kramer HSD analysis. Levels not 
connected by the same letter are significantly different. 
(pg.0001, df=13, F-ratio=4.76)

Treatment Average Death Rate
C.rosens A 49.33
M.COMfHMtafMM A B 44.17
D.soiida A B C 35.17
N.lursMfMfa A B C D 31.17
A trapczBonne B C D 26.58
Lcemna C D 23.92
M.grossHM C D 23.42
B.ioncBopBora C D 22.42
L.reh'cHlafMW! C D 21.42
None D 14.00
D.iinean's D 13.75
Aeoecfn D 13.50

Table 5. Cytotoxicity of root extracts of 12 pteridophytes in a 
Tukey-Kramer HSD analysis. Levels not connected by the 
same letter are significantly different(p .̂0001, df=ll, F- 
ratio=7.8). Extracts were not made from Apianfng:neM?n or 
AaMsfraiasicatn root matter because their roots are difficult to 
collect and isolate.

Treatment Average 
Death Rate

C.roseas A 49.33
M.cotnntMfafMtn A B 41.42
A.pianfagineMtn A B C 39.50
L.cernna A B C 36.25
AaMsfraiasicMtn A B C D 30.67
Atrapczi/brme A B C D 26.92
M.grOSSMM! B C D 23.42
B.ioncBopBorn B C D 21.83
D.soiida B C D 21.58
N.̂ irsMfnia C D 19.75
A.ccecfa C D 18.67
D.iineans C D 16.00
None C D 14.17
L.rch'cMiafMm D 7.17

Table 4. Cytotoxicity of water extracts of 12 pteridophytes in: 
Tukey-Kramer HSD analysis. Levels not connected by the san 
letter are significantly different (p<.001, df=l, F-ratio=ll).

Treatment Average Death
Rate

C.roseMS A 49.33
Apian fayineMM A B 40.00
B.ioncBopitora A B C 36.83
M.grossMm A B C 36.75
AaMsfraiasican! A B C 36.42
Afrapezifonne A B C 36.08
L.cemMa A B C 34.83
M.contntMfafMnt A B C 33.67
Aepecta B C D 24.00
D.iinean's B C D 23.92
L.rehcMiatMM B C D 23.67
N-itirsMinia C D 19.42
None D 14.00
D.soiida D ______ 13.83

Table 6. Cytotoxicity of leaf extracts of 12 
pteridophytes in a Tukey-Kramer HSD analysis. 
Levels not connected by the same letter are 
significantly different ( p .̂0001, df=13, F-ratio=6.7).
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APPENDIX B
Mama Lucie Interview, Moorea, French Polynesia October 2005

Scientific Nam e G iven Name Used?
A. plantaginuem None None
A. australasicum Oaha Yes
A. evecta
A. trapeziform e None No
B. lonchophora None Yes
D. solida Tiatia M ou'a Yes*
D. linearis N aiuu tafa'I Yes
L. cem ua M aiuu Tafai Yes
L. reticula turn None None
M . com m utatum M aire Yes, leaves and roots
M. grossum M etuapuaa Yes, fronds w ithout sori only
N. hirsutula M aire Tahiti Yes**

Notes: M am a Lucie did not w ant to give any particulars on how  she uses these plants.
* U ses it to treat children's ailm ents and som etim es adults.
** The hair from  the m id-segm ent of this fern is put in the baby 's belly  button  right after the 
um bilical cord is cut to heal the wound.

A dditional questions and answ ers

D o you use the leaves or roots o f these ferns?
Som etim es I use the roots and som etim es the leaves, b u t I never use them  together.
Is on e stronger?
They have the sam e strength

H ow  do you keep  in sects from  eating  the p lants in  your garden?
I use a product of "hum an m aking." ( H um an urine is used around the base of plants to keep ants 
away.) Also, sm oke from  fire scares insects aw ay. O nly use natural insecticides because the plants 
w ill be used for m edicine. You can also use the sm oke from  a m osquito coil.

H ave you heard o f Horo Papua b ein g  used as an in secticid e?
It is used to kill fish. I know  a m an w ho uses it but it is bad. Sm all am ounts of it build  up, and 
some people probably use it bu t I don't.

D o you  m ake new  m ed icines?
I experim ent w ith new  form ulas on m yself. If it w orks on m yself then I give it to others.

W hat k in d  o f a ilm en ts do you treat?
I treat alm ost all ailm ents.

IM PRESSIO N S:
M am a Lucie w as reluctant to talk to us at all. W hen we arrived, very late, she w as sleeping and 
so w e w aited for half an hour for her. She talked to us as if she w as very suspicious. She did not 
w ant to give aw ay any particulars about her m edicine. She did not even w ant to give her full 
nam e w hen I asked it. By the end of the interview  she w as m uch m ore at ease and had her 
grandson pick and give m e different plants from  her garden. She told me their nam es and uses. 
V al said she did not w ant to give out the secrets to her m edicine because she had done the tests 
and her ow n experim ents.
I aksed at the end if I could take pictures of her garden and she obliged. I asked if we could take 
picture w ith her and she put on a fancy dress and hat instead of her daily pareo and em erged 
from  inside her house.
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APPENDIX C
Interview with Rita You-Sing Moorea, French Polynesia October 2005

Scientific N am e G iven Nam e Used?
A. plantaginuem M aire Oviri None
A. australasicum Oaha For decoration
A. evecta None None
A. trapeziform e — —

B. lonchophora None No
D. solida Titi Yes*
D. linearis A nuhe For decoration
L. cem ua M ou tafai For decoration, w reaths
L. reticulatum None For decoration
M. com m utatum M aire N one
M. grossum M etuapuaa Yes**
N. hirsutula None For decoration

* U sed for decoration and also used m edicinally. If there is a bad accident and part of the body is 
broken, use a section of the root the length from  your first finger to the end of your palm  
(5inches). M ash the root and m ix w ith other roots and leaves in  an U m ete (a long w ooden bow l) 
w ith green coconut water.
Three inches of liquid in a cup is drunk three tim es a day. The m edicine is m ade in a gallon ju g  
and w hen the ju g  is half em pty then it is filled up w ith m ore coconut w ater to dilute it now  that it 
has strengthened from  tim e brew ing. This m edicine is drunk until the person is better.

Leaves of Titi are used to treat babies
W hen a baby is first b o m  and it w akes in  the night excited  and shivering unable to sleep (a 
condition called " ira "  in Tahitian) a bath is prepared using Titi. Leaves are boiled and the excited 
baby is calm ed by bathing in this tea.

** Roots are used to treat broken bones (along w ith Titi)
Leaves are also used in the baby bath  w ith Titi— this m ixture is not drunk by the baby because 
the "p o ison  is very strong."
Also used for sinus headaches, and if you are b it by a wasp in the m ountains you take the root of 
M etuapua m ash it up and put it on the sting to stop soreness and pain im m ediately after the 
sting.
M etuapua w ith "3  leaves" is used to treat babies and in  the broken bone treatm ent, and w ith "7  
leaves" it is used in  the baby bath.

A dditional questions and answ ers:

H ave you  heard o f u sin g  Horo papua as an in secticid e?
People used it a long tim e ago to kill fish.

W hat do you use in  your garden to keep  the in sects aw ay?
I d on 't use anything in m y garden to keep bugs aw ay. You could use Soursop seeds m ashed up, 
m ixed w ith w ater(15 seeds in 2 liters w ater). Spray on flow ers and it kills insects sticking under 
the leaves.

W hat k in d s o f leaves do you p ick  for m ed icine m aking?
For m edicine, leaves m ust be uneaten and clean. The younger leaves are m ashed for drink, but 
older leaves are boiled and used in baths.

W hy do you th in k  fern s are not used as m uch as o th er p lants?
Know ledge is passed dow n from  person to person and people use w hat w orks. H ealers d on 't 
necessarily explore other plants. Those w ho do, w ill experim ent w ith new  plants on them selves 
preparing m edicines to w hat effects they notice on them selves.
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H A BITA T SE L E C T IO N  AND SPA T IA L D IST R IBU TIO N  O F TW O  FID D L E R  C RA B SP E C IE S
(UCA CRA&S7PES AND UCA TETRA GO N O N )

Alicia Bihier

Department of Integrative Biology, University of Caiifomia, Berkeley 
Berkeiey, California 94720

4 6  ̂tract; Uca cra.M%?gs (Adams and White, 1848) and C/ca tctragoaoa (Herbst, 1790) are the only two 
fiddler crab species found on Moorea, French Polynesia. This study addresses the spatial distribution of the 
crab burrows of these two species within the intertidal mudflats as a means of understanding their habitat 
selection. Sampling took place at four mudflat intertidal zones in Moorea using randomly determined 
transects with 0.25rn quadrats. Number and species were counted as well as percent vegetation cover. Soil 
samples were collected from each quadrat and analyzed for particle size. U. cra^tpgj had a strong non- 
random spatial distribution. Through ANOVA analysis these crabs were shown to occur predominantly at 
higher elevations. These results support that which was suggested by Ens and Klaassen in 1993 in the 
fiddler crab U. ranger;'. The crabs burrows are densest at higher elevations along the tidal gradient.

Keywords; non-ran&tn; <7;.y?r;f)H?;oM, c/MSterecf <7;<y?rf)M?;oM, g/gvattoM, French Po/ywc t̂a

INTRODUCTION

In taxa that excavate holes, spatial 
arrangement and habitat selection are controlled by 
many factors (Begon e? a/ 1986). Biotic factors, 
such as proximity to other species, and abiotic 
factors must be closely considered (Schroder 1987, 
ENS 1993, Jianping 2005). In this study fiddler 
crabs are used as a representative of a burrowing 
animal to address the effect of resource availability 
on burrowing density and patterning.

Fiddler crabs are found throughout the world 
at both tropical and temperate latitudes. They are 
often associated with mangroves and mudflats, or 
other muddy substrates in the intertidal zone. 
Fiddler crabs remain in their burrows when 
submerged at high tides and emerge to forage, mate 
and defend their burrows during the ebb when their 
burrows are exposed.

Studies on the distribution on other species of 
fiddler crabs in mangrove inter-tidal areas have 
suggested that the distribution is predominantly 
influenced by shore level, temperature, salinity, 
sediment grain size, and organic matter content 
(Castiglioni 2005, Koch 2005, Litulo 2005). This 
study aimed to add information about the spatial 
pattern of fiddler crab holes. I evaluated some of 
the biotic and abiotic factors that influenced habitat 
selection. Understanding the effects of these factors 
on density-dependent distributions helped to better 
understand how the previously addressed variables 
interplayed with the crabs' location.

Uca (Adams and White, 1848) and
Uca tetragoHOH (Herbst, 1790) are the only two

fiddler crab species found on Moorea (F. Branwell, 
pers. comm.). These two species have received 
relatively little study. Previous work of U. 
cra&yfpes, and D. rgtragoncH on Moorea was 
restricted to the Temae mudflats (F. Barnwell, pers. 
comm.). Other studies of the two species in the 
greater Pacific area have focused on the defensive 
and mating behavior, and tidal influences (Murai gt 
a/ 1995, Goshimagt a/ 1996). An ecological study 
of U. crajgipas and U. fgfragonoH combined with 
previous work will add to the understanding and 
interpretation of their biology.

Both U. cra^/pes and U. tgtragoMOH have 
overlapping distributions throughout the Indo- 
Pacific, including the island of Moorea 
(www.flddlercrab.info). Although strongly 
associated with mangroves (Gershman 1997, Costa 
2003, Castiglioni 2005, Koch 2005, Litulo 2005, 
Khan 2005) these fiddler crabs also occur in 
mudflats with no mangroves. Their behavior is 
closely tied to the tidal cycle. They are affected by 
both the daily highs and lows, and the lunar cycle. 
Both species are very active and interact at low 
tide. They can be seen feeding, fighting, and the 
males can be seen moving their large claw for mate 
attraction. At high tide, or when startled, they 
remain in burrows that can be more than one meter 
in depth.

Koch gt a/ (2005) found significant differences 
in the community structure of four fiddler crab 
species in Northern Brazil. Their study included 
predetermined, distinct zones based on observation. 
To avoid possible artificial limitations of the crabs' 
distributions, I wanted to examine the length of the
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intertidal mudflats without assigning zones within 
the habitat. Due to differences between the two 
species on Moorea, and because they are inhabiting 
the same area, I predict that there will be distinct 
clustering of each species according to the 
competitive exclusion principle. This states "two 
species may not occupy the same niche at the same 
time in the same place" (Beeby and Brennan 1997).

This studied considered the following factors 
involved in the spatial distribution, and ultimately 
the habitat selection of the crabs: elevation, percent 
of vegetation coverage, sediment size, and spacing 
of the crabs. Spacing of the crabs was particularly 
interesting. In a previous study on a different 
fiddler crab species D. fanger;, Klaassen and Ens 
(1993) found three primary factors that contributed 
to the burrow location: (1) the ability to excavate 
deep burrows, (2) locations where there is more 
time available for digging burrows, and (3) and 
substrate better suited for courtship (drier substrate 
allows for better drumming by the male during 
courtship behavior). These findings suggest a 
clustered, non-random spacing of the crabs. There 
were equal numbers of male and female crabs 
within a given mudflat (Castiglioni 2005, Cesar, 
Ines et a/ 2005, Jaroensutasinee and 
Jaroensutasinee 2004, Koch 2005). I predict there 
will be no statistically different distribution of 
intraspecific males and females, and that the 
distribution of crabs will be correlated with 
sediment size, as past literature has suggested 
(Koch 2005, Khan 2005).

MATERIAL AND METHODS

This study sampled four mudflat sites on the 
island Moorea, French Polynesia. The first and 
third sites are located just north of Haapiti. Site 1 
(UTM 0194886, 8056563) is a mangrove site about 
a kilometer north of Haapiti, and Site 3 (UTM 
0194355, 8056752) is the mangrove site about 2 
kilometers north of Haapiti. Site 2 (UTM 0193098, 
8063682) is another mangrove area located half a 
kilometer east of the entrance to the beachcomber. 
The final site is the Temae mudflats (UTM 
0205035, 8065387) located on the island side of 
the conglomerate platform of the Temae motu (Fig. 
1).

I sampled each site using 4 transects with 10 
quadrats per transect. This totaled 16 transects and 
160 plots. Four randomly placed transects at each

Fig. 2. Diagram of transects at a site. One 
transect displays the plots.

site ran from the low tide mark to roughly the high 
tide mark, perpendicular to the water. Each transect 
had 10 plots regardless the length of the transect. 
Transect lengths ranged from 10m to 50m 
depending on the site, but always ran from low tide 
to high tide. Plot 0 marks the low tide mark, and 
Plot 9 marks the high tide mark. The quadrats were 
0.25nA In order to eliminate possible effects of 
disturbance from the quadrat on the crabs, the 
comers of each plot were marked with flags, then 
the quadrat removed. The whole transect was set 
up, with the tape and plot removed, before I began 
to sample (See Figure 2).

For each plot I recorded the number of 
burrows, number of burrows with ovigerous 
females (recognizable by the chimney-like 
structure of the burrow), and the percent of 
vegetation ground coverage. After these initial 
observations, I would stand or sit a few meters 
back from the quadrat for three to five minutes. 
Preliminary field sessions showed 3 to 5 minutes to 
be sufficient for most crabs to emerge. I recorded 
the number of males and females of each species, 
and noted which species came out of the ovigerous 
burrows. After sampling was complete, I would 
then go back and collect a small zip-lock back full 
of substrate from each quadrat to be taken back to 
the lab for further analysis. All sampling occurred 
with in 2 hours of low tied.

All transects were randomly selected allowing 
me to compare quadrats within sites, as well as
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between sites. Photographic vouchers were taken
of each species. 7rawyecf aaJ p/o/ Jafa

/faa/yyM
At aii sites there was a positive linear

120 randomly selected soil samples were 
analyzed. I dried each soil sample in plastic cups at 
65°C for at least two days. Each soil sample was 
then removed and broken up. A 40g sample was 
passed through 6 sieves. The mesh sizes were: 
3.5mm, 2.0mm, 1.0 mm, 0.5mm, 0.25mm, and 
0.1mm. Because water was used to remove the soil 
from the sieves, the 6 sieved fractions were dried 
again in the oven at 65°C for eight hours and then 
weighed.

Aahsfzca/ /fnafysA

Data were analyzed using JMP software and 
Excel to run regressions, ANOVAs, Tukey-Kramer 
comparison, and % tests. The spatial pattern of the 
crabs was analyzed using a test the fit against a 
Poisson distribution. The relationship between the 
number of holes observed and the number of U. 
crassipas and (/. tefragoMoa present was analyzed 
with unsing a regression. The ANOVAs and 
Tukey-Kramer comparisons were used to analyzed 
the number of crabs present at different elevations. 
A p value of less than 0.05 was considered to be 
significant.

RESULTS

T ab le  1. The linear relationship of the observed 
number of crabs by the total number of holes 
seen. Uc=U. cranipay, fafragonoa.____
Site R elatio n sh ip p v aiu e R * 2 siope

1 Uc total <0.0001 0.55 0.24
1 M total 0.0006 0.27 0.12
1 Total Crabs <0.0001 0.71 0.37
2 Uc total <0.0001 0.69 0.26
2 Uf total <0.0001 0.59 0.19
2 Total Crabs <0.0001 0.79 0.44
3 Uc total <0.0001 0.73 0.37
3 Uf total <0.0001 0.7 0.24
3 Total Crabs 0.0282 0.12 1.02

Temae Uc total 0.0003 0.29 0.39
Temae Ut total 0.0353 0.11 0.12
Temae 7o?a/ Crafys <0.0001 0.42 0.51

relationship between the total number of holes 
counted per plot and the number of crabs recorded 
per plot. A positive relationship also existed 
between number of crabs of each species and the 
total number of holes per plot (See Table 1).

For all sites, a test of the observed number 
of U. cra&sipas' per plot compared to a random 
Poisson distribution was significantly different

Site 1 Site 2

14

12 HExpKMd
10

jr 6

l i II MJ i  J i  -fi_______J
0 1 2 3 4 5 6 7 8 9  10 i l

Crab*/Plot

g 10 

5 

0 !Li i n  . l a . njL
 ̂ V V V 

Crab*/Plot

S ite  3

Crab*/Plot Craba/Plot

Fig. 3. The observed distribution of U. cra&s'ipg.s' (in white) compared to the Poisson distribution (in 
black). Each of these distributions are significantly different from the Poisson with a power of 0.05
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(p=0.05). The data supported the hypothesis o f a 
clustered distribution (Figure 3). 1 was unable to 
reject the null hypothesis that D. tefragoHon 
exhibited a random distribution due to inconclusive 
data. Site 2 and Temae were the only sites to 
support a non-random distribution o f f/. tefragonoH 
(p=0.05). For all sites, a test o f the observed
total number o f crabs per plot compared to a 
random Poisson distribution was significantly 
different.

A test o f the distribution o f D. crcMsipay per 
plot compared to the distribution o f f/. tetragoMon 
per plot was inconclusive. Only half o f  the sites 
(Site 1 and Temae) yielded significantly different

(p=0.05) results. All sites yielded no significantly 
different results when comparing the distributions 
o f males and females o f the same species using a 
X  ̂analysis.

An ANOVA o f the total number o f f/. 
cnxMipay by elevation showed a significant 
difference at Site 1 (p=0.0223), Site 2 (p<0.0001), 
and Site 3 (0.0013). There was no significant 
difference for Temae. Following each ANOVA 
with a Tukey-Kramer test for means comparison 
yielded no difference between means for Site 1. At 
Site 2, the test confirmed that plots at lower 
elevations (those labeled 0 through 4) have fewer 
crabs than those plots at higher elevations (plots 6

Site 1 Site 2 Site 3

Fig. 4. ANOVA results from Sites 1, 2, and 3 for the number o f f/. cra&yipay by elevation, p values are 0.0223, 
<0.0001, 0.0013, and 0.587 respectively. Directly below are the Tukey results for each ANOVA. The next row is 
the ANOVA results from Sites 1, 2, and 3 for the total number o f crabs by elevation, p values are 0.0056, <0.0001, 
and 0.0007 respectively. Again, Directly below are the Tukey results.
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and 7). At Site 3, the Tukey test showed there to be 
no difference (See Figure 4).

An ANOVA of the total number of crabs per 
piot by eievation showed a significant difference at 
Site 1 (p=0.0056), Site 2 (p<0.0001), and Site 3 
(0.0007). There was no significant difference for 
Tetnae. The Tukey-Kramer comparison yielded the 
following: at Site 1 a mid elevation plot (4) had 
more crabs than plots marking the extremes, at Site 
2 higher elevation plots (6, 7, and 8) have 
significantly more crabs than lower elevation plots 
(0 through 4), and at Site 3 a low elevation plot (1) 
had more crabs than extreme elevation plots (0, 8, 
and 9) (See Figure 4).

Because Temae showed no significant results 
in the ANOVA tests, the data for the first 3 sites 
was combined and analyzed.

After combining the data from the Sites 1 
though 3, an ANOVA and Tukey-Kramer analysis 
yielded similar results. An ANOVA of the number 
of f/. crassipay by elevation is not quite significant 
(p=0.0587), and the Tukey test yields no significant 
differences either. However a Student's t test 
revealed that plots at a higher elevations (7 and 8) 
have more crabs than plots at lower elevations (0, 
1, and 2) (Figure 5).

An ANOVA of the combined data for total 
number of crabs by elevation had significant results 
(p=0.027). A Tukey-Kramer test supported that a 
plot at higher elevation (plot 7) had more crabs 
than the plot that represents the lowest elevation 
(Figure 5).

4  f?a(y.y;'.y

There is no measured difference in vegetation 
or sediment size by elevation.

DISCUSSION

The regression analysis showed several 
positive relationships between the observed 
number of crabs and the number of holes, 
supporting this sampling technique for this 
environment and system. It was impossible to 
observe all the crabs, so it is important that the data 
reflects the environment. Therefore the observed 
positive relationships are important.

The data strongly support my hypothesis for a 
non-random spatial distribution for the species U. 
crassipay. Based on the shape of the curve (See 
Figure 3) it appeared that U. craŷ ipay has an 
aggregated, or clumped, distribution. Although 
there were inconclusive results for U. tatragowow, it 
is possible that these results are due the low 
frequency of this crab. This data, however, 
although results were inconclusive, lends supports 
that both of these crabs have independent 
distributions. They are not clustering in the same 
areas. This is as the competitive exclusion principle 
would have predicted. Because these are two 
closely related species they cannot occupy the 
same niche at the same time and place.

As was predicted males and females of the 
same species showed no difference in their 
distributions. This is in agreement with previous 
work done. Other studies have shown that in

20

^  A

Eievation

25

-

- v /  -
0 1 2 3 4 5 6 7

Eievation

Leve) Mean Leve) Mean
8 A 4.5833333 7 A 8.3333333
7 A 4.5 6 A B 8
6 A 3.3333333 5 A B 7.0833333
5 A 3 8 A B 7.0833333
3 A 2.5833333 4 A B 4.5
4 A 2.4 )6 6 6 6 7 3 A B 4.3333333
9 A 2 2 A B 4 1 6 6 6 6 6 7
] A ).5 9 A B 4.0833333
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Fig. 5. The ANOVA results for the combined data from Sites 1,2, and 3. The chart on the left
is the number of U. crayyfpay per plot by elevation (p=0.0587). The chart on the right is the 
total number of observed crabs per plot by elevation (p=0.027). Below each chart is its
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populations o f fiddler crabs males and females are 
relatively equal in number (Castiglioni 2005, Koch 
2005). Due to the equal sex ratio that has been 
reported in past studies, the males and females 
have overlapping distributions. This study could 
not find significantly different male and female 
spatial distributions.

The results for the ANOVA showed 
interesting patterns. Across three o f the four sites 
f/. cfYM.yipg.s demonstrated a strong clustering by 
elevation. This was even further supported when 
the data for the three sites was combined. Higher 
elevation plots were consistently showing to have 
more crabs o f 17. cra,s.yipay than lower elevation 
plots. Further analysis was done looking at other 
factors, such as sediment size and vegetation, but 
there were no other significant relationships to 
demonstrate what it is the crabs are clustering 
around. It is possible that elevation, and all the 
factors that come with a higher elevation (such as 
depth o f aerobic sediment, tidal coverage time, 
salinity or water in burrows o f a the day, etc) 
determine the location o f the crab burrows. I f  this 
is the case, it is these alternative factors that could 
be determining the burrow location.

The question still remains what is different 
about Temae. Why does the data from Temae agree 
that 17. crayyipay has a clustered distribution, but is 
in conflict with the ANOVAs for elevation? The 
data I collected does not answer this question. 
Perhaps it is due to some inherit difference in the 
makeup and geology o f Temae. The site at Temae

is part o f a motu, and it is the only site where there 
were no mangroves present.

The question still remains as to why these 
crabs only occur predominantly in this small region 
in the intertidal zone. As Ens and Klaassen (1993) 
suggested in their study on 17. faageri, fiddler 
crabs look for three things in their environment. 
And it is at the higher elevations in the intertidal 
zone that all three requirements (deep burrows for 
protection, more time available for digging 
burrows, and substrate suited for reproduction) can 
be met.

The species 17. cra&yipay does show a marked 
non-random distribution; however, 17. lelragoaoH 
does not display this pattern consistently. Both 
species are shown to occur predominantly at plots 
marking higher elevations within the high to low 
tide region. The exact factors involved in this 
preference are unknown. It could be that this 
elevation is possibly be more accommodating to 
the factors like those that Ens and Klaassen (1993) 
suggest occur at higher elevations and are preferred 
by the fiddler crab 17. laageri.
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COMPARISON OF MACROFAUNA DECOMPOSER COMMUNITIES 
BETWEEN AN URBAN AND FOREST ENVIRONMENT ON MOOREA,

FRENCH POLYNESIA

JENNIFER M . BREWER

Department q/7ntegrat:'ve Biology, University o/ Caii/brnia, Berkeley, CA, 94720

Abstract. T h is  study w as conducted on Moore a, French P olynesia  to in v estig a te  th e  
contrasting arth rop od  decom position communities in  a forest and urban h a b ita t . 
D ecom position substrate consisted of six species of tro p ica l fru it to a d d itio n a lly  observe 
w h e th e r  arth rop od s e x h ib it  food sp e c ific ity . A fte r  one month of d a ily  observation , th e  
results show ed sig n ifican t d ifferen ces in th e  abundance of H ym enoptera, D ip te ra , 
D ip tera  la rv a e , D ip lo p od a, D erm ap tera , Isopoda, and C oleop tera betw een th e  two 
locations, Gump and B elved ere. In ad d itio n , m ean numbers of in d iv id u als of se v era l 
ta x a  d iffered  s ig n ifica n tly  among fruit species. D ip lo p od a and Isopoda w ere found 
s ig n ifica n tly  more on soursop, and D erm ap tera w ere found sig n ifican tly  more on soursop 
and star a p p le . T h e  sig n ifican t d ifferen ce in decom position communities betw een th e  
two lo cation s could be due to th e  combined influence of contrasting h a b ita ts  and th e  
e ffec t o f urban developm ent on arthropod n ich es. F ru it sp e c ific ity  e x h ib ite d  by some 
arth rop od  tax a  ap p ears to be most l ik e ly  re la te d  to  extern al fru it m orphology and 
arth rop od  species com petition, though ch em ica l m akeup of th e  fru it is a p o ss ib ility . 
On an is lan d  w h ere th ere  are large numbers of nonnative species and low species 
richness, it  is  im portant to in v estig a te  th e  decom position communities w h ich  are 
a v a ila b le  in v ary in g  environments in order to e s tim a te  th e  h e a lth  and s ta b ili ty  o f th e  
en tire  liv in g  system . T h is  study rev ea ls  th a t  w h ile  th e  decomposer communities are 
s ig n ifica n tly  d istin ct, urban developm ent does not ap p ear to n e g a tiv e ly  im pact th e  
le v e l o f species abundance and d iv ers ity  in th ese  communities.

Key roonfs.* Arthropod; species richness; defrifivore; tropica! fruit

INTRODUCTION

R eg ulation  and m aintenance of proper 
ecosystem  function depends on how  e ffic ie n tly  
nutrients are regenerated  from d etritu s into new 
p la n t grow th (R ick le fs , 1973). Factors 
influencing th e  ra te  of nutrient recycling include 
tem perature, h u m id ity , and lig h t  in th e  m icro
environm ent, as w e ll as th e  abundance and 
d iv e rs ity  of organism s a v a ila b le  for d etritu s 
consumption (R ick le fs , 1973). A rthropods m ake 
up a s ig n ifica n t p a rt o f the decom position 
community w h ich  fa c i l i ta te s  th e  return of 
organic m a te r ia l to th e  ecosystem  (T u llis, G off
1987).

T h e study of functional groups, or groups of 
ta x a  w h ich  f i l l  analogous n iches, h a s  received  
increased  a tten tio n  due to th e  in terest in species 
richness and its e ffe c t on ecosystem  function 
(H u lot e t a l, 2000; P etch ey  & G aston 2002).

S tu d ies h a v e  show n th a t  functional d iv e rs ity  
influences how  an ecosystem  responds to disturbance 
(H u lot e t a l, 2000).

D ecom position on rem ote island s is of p ertinent 
in terest since islan d s are known for h a v in g  a large 
number of nonnative species and low species 
richness (G ille sp ie , Roderick 2002). Thus observing 
w h a t arthrop od s are a v a ila b le  for th e  crucial 
process of decom position m igh t sh ed  lig h t  on 
species richness and the lev e l of b io d iv ersity  on the 
is lan d .

T h is  study in v estig ates arth rop od  communities 
a v a ila b le  for th e  decom position of six species of 
cu ltiv a te d  trop ical fru its betw een an urban and 
forest settin g  on M oorea, French P oly n esia . T h e 
nature of any decomposer community depends on th e  
m icro-environm ent in w h ich  th e  organism s liv e . 
Factors such as lig h t, h u m id ity , w a te r  film  la y e r , 
and tem perature can determ ine th e  h a b ita t  
su ita b ility  for a g iven  organism  (B eg o n et a l, 1990). 
On M oorea, th e  m icro-environm ent w ith in  th e
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dense Inocurpus forest a t  h ig h e r  e le v a tio n s  
contrasts sh a rp ly  w ith  urban developed  a re a s  
a t  sea le v e l.

Tw o h y p o th eses w ere tested : F irst, th e  tw o 
site s  w ere expected  to h a v e  d is tin c t decomposer 
communities re flectin g  th e ir  contrasting 
h a b ita ts . Second, arth rop od  species richness 
and abundance would be g rea ter in a nonurban 
lo ca tio n  in th e  tro p ica l forest, w h ere  a b io tic  
factors are  id e a l for rap id  nutrient turnover and 
arth rop od  community n ich es are more rem oved 
from  m odem  hum an im pact. A  s ig n ifica n t 
increase in th e  species richness and abundance 
from th e  urban to nonurban s ite  m ig h t in d ica te  
th a t  urban developm ent h a s  disrupted th e  
necessary conditions for certa in  d e tr itiv o re s  to 
th r iv e . In contrast, g rea ter d iv e rs ity  and 
abundance of arth rop od  species in th e  urban 
settin g  could suggest th a t  hum ans h a v e  
introduced m any norm ative arth rop od  species 
w h ich  h a v e  outcom peted e a r l ie r  introduced 
decomposers in th e  low er e lev a tio n s.

In ad d itio n , scien tists h a v e  long studied 
w h e th e r  th e  presence or absence of a p a rticu la r  
ta x a  is in d ica tiv e  of food preference or stage 
sp e c ific ity  and h a v e  found evidence to support 
both  phenom ena (U sh er, P arr 1977). B y  
choosing six species of tro p ica l fru it as 
decom position substrate, th is  study also  
in v estig a tes  w h e th e r  arth rop od  decomposers 
are food sp ecific  by observing w h e th e r  
p a rticu la r  ta x a  p refer one fru it species over 
an oth er.

METHODS

Study sites

T h is  study w as conducted on th e  is lan d  of 
M oorea, in th e  So ciety  Islan d  c h a in  of French 
P o ly n esia . Tw o sites w ere chosen for th e  
purpose of com paring decom position betw een an 
urban and nonurban environm ent (Figure 1).
T h e  urban site  w as on th e  landscaped  grounds of 
th e  Gump sta tio n , on th e  law n betw een th e  
classroom  and firs t bungalow , p a r t ia l ly  sh ad ed  
by  an Artocarpus alfilis tree. T h e  com parison s ite  
representing a less disturbed environm ent w as 
chosen in th e  h i l ls  b eh in d  th e  B elv ed ere  
lookout, ap p ro xim ately  300 m eters south o f th e  
p ark in g  lot, in a predom inantly  Inocarpus 
canopy forest. M ost of th e  trees in th is  region 
w ere probably introduced by Polynesians

FIGURE 1. Rough location of study sites on 
Moorea, marked with an X and labeled as Belvedere 
and Gump.

sev era l hundred y ears ago, and h a v e  not been 
disturbed for a t le a s t  th e  la s t  hundred y ears . T h e  
substrate a t  th e  B e lv ed e re  s ite  is covered in roots 
and le av e s, th e  d irt so ft and a rich  deep brown. 
O rganic m atter on th e  ground is so ft and b r it t le , 
in d ica tin g  th e  fa s t  turnover ra te  ty p ic a l o f tro p ica l 
forests (R ick le fs , 1973).

Decomposition Substrate

S ix  fru its of v ary in g  m orphology and periods of 
introduction were chosen as th e  substrate for 
decom position v ia  arth rop od s. P a p a y a  and banana, 
Carica papaya and Musa paradisiacal E. resp ectiv e ly , 
w ere introduced by ancient P olyn esian s, w h erea s 
mango, Adaugi/era indica, p in e a p p le , Ananas comosus, 
s ta r  a p p le , Clirysopliyiium cainifo, and sour sop, 
Annona muricafa, w ere introduced a t v ariou s points 
since European settlem ent (W e lsh , 1998).

Experimental design

Four fru it containers w ere constructed from 
sturdy fine poultry w ire  on a wood fram e to be 
p laced  over th e  decomposing substrate to ensure 
th a t  only arthropod s would h a v e  access to th e  
fru its. E ach  s ite  contained th re e  rep lica tio n s  of 
each  fru it species, so th a t  in a l l  36 fru its w ere 
included in th e  exp erim en tal design, 18 a t  th e  
Gump site , 18 a t th e  B elv ed e re . Fru its w ere 
assigned random locations w ith in  th e  tw o cages 
using a random  numbers ta b le  to account for th e  edge 
e ffect. Fruits w ere arranged id e n tic a lly  a t th e  two 
sites.
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Numbers of in d iv id u a ls  of d is tin ct 
arth rop od  tax a , including species in th e  orders 
Isopoda, H ym enoptera, D ip te ra , and 
D erm ap tera, w ere recorded on each  fru it once a 
d ay  every d ay  for one m onth a t both  s ite s . 
A rthropods w ere counted on, underneath, and if  
v is ib le  w ith in  th e  fru it i t s e lf .  A t th e  end of one 
m onth, arthrop od  species d iv ers ity  and 
abundance based  on recordings w ere com pared 
betw een
1) B elved ere and Gump sites, and
2) fru it species w ith in  ea ch  s ite , to determ ine 
d ifferences in decom position communities 
betw een an urban and nonurban setting, and 
betw een sep arate  fru it species.

Statistical Analysis

In th is  experim ent, fru it species and s ite  
lo catio n  were fixed  v a r ia b le s , and numbers of 
in d iv id u als of each  d istin ct arth rop od  species 
w ere response v a r ia b le s , w ith  d a ta  being 
com piled in a tim e series. 12 g rap h s w ere set 
up, one for ea ch  fru it a t  e a ch  location , w ith  
arth rop od  tax a  numbers on th e  y a x is  and d ate  
on the x ax is , to observe d iv ers ity  and 
d istribu tion  of arth rop od s over tim e on each  
fru it. A N O V A  w as th en  used in conjunction 
w ith  Tukey K ram er H SD  test looking a t  d a ta  
points from fiv e  random  d ays to compare 
arth rop od  species abundance and d iv ers ity  
among fruit species. T  tests w ere run comparing 
th e  to ta l numbers of each  d is tin ct tax a  over 
tho se f iv e  random  d ays to determ ine w h e th e r  
population  sizes of each  ta x a  s ig n ifica n tly  
d iffered  betw een th e  Gump and B elved ere  
sites.

RESULTS

Gump us. Beloedere Decomposition Communities

A rthropods found a t decom position sites 
betw een O ctober 13, and N ovem ber 9, 2005, 
id e n tifie d  to th e  le v e l o f order are lis te d  in 
T ab le  1. H ym enoptera form icid ae and 
d rosop hila  fru it f l ie s  from th e  order D ip tera  
w ere th e  firs t to a rr iv e  a t th e  B elved ere , 
fo llow ed  by C o leo p tera  and D ip lop od a on day 
5, and several o th e r  ta x a  much la te r . T he order 
of a rr iv a l o f ta x a  w as s im ila r  a t th e  Gump

D fsfnhufious o f Arthropods on F ru it Speeds
TABLE 1. A summary of Orders of taxa found on first day 

of appareance at the forest and urban sites. Multiple 
taxa from the same order but distinct unidentified 
families are distinguished by 1,2, etc. in the "Taxa 
Order" column. X signifies that no taxa were present 
at that location.

Taxa Order Day arrival 
at Gump

Day arrival 
at Belvedere

Hymenoptera
Diptera 9 1
Coleoptera 1 12 5
Diplopoda 1 10 5
Isopoda 10 X
Diptera larvae 11 13
Dermaptera 12 14
Diplopoda 2 15 13
Coleoptera 2 12 X
Coleoptera 3 6 X
Chilopoda 13 X

Taxa abundance between forestand urban 
environment

Arthropod T axa

FIGURE 2. Difference in total abundance of 
arthropod taxa between the Gump and Belvedere sites 
over an entire month of observation. Black columns 
represent the Belvedere, gray columns represent the Gump 
station.

TABLE 2. A summary of t values revealing the significant 
differences in taxa abundance between the Gump and 
Belvedere with an alpha value of .05.

Arthropod
Taxa

T Ratio Degrees of 
freedom

Prob > 
It!

Diptera 2.427799 "3133------
Ants 4.235297 154.6335 <.0001
Coleoptera -3.98938 111.7092 .0001
Isopod -5.52424 107 <.0001
Diptera larvae -3.32158 159.5636 .0011
Other -3.13348 148.3078 .0021
Diplopoda 2.783066 129.1845 .0062
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sta tio n  in th a t  H ym enoptera and D ip tera  w ere 
among th e  f ir s t  to arr iv e , but o v era ll th e  
m ajority  o f arth rop od s ap p eared  much la te r  
th a n  a t th e  B e lv ed e re . Decomposers a t th e  
Gump sta tio n  th en  p ersisted  longer in g reater 
numbers w h ereas th e  numbers of arth rop od  
in d iv id u als  a t  th e  B e lv ed e re  h a d  dropped o ff. 
G rap hs w ere constructed to illu s tra te  how  th e  
number o f in d iv id u als of each  ta x a  on ea ch  
species of fru it v a rie d  over tim e (See  
appendix).

Figure 2 illu s tra te s  th e  d ifferen ce in  ta x a  
abundance betw een th e  tw o sites. W h ile  th e  
B elv ed e re  h a d  sig n ifica n tly  more in d iv id u als 
from th e  Form icid ae fa m ily , D ip tera  and 
D ip lo p od a, th e  Gump sta tio n  h ad  g rea ter 
numbers of a l l  o th er ta x a . T ab le  2 sum m arizes t 
v a lu es to rev ea l th a t  d ifferen ces betw een a ll  o f 
th e  id e n tified  taxa  are s ta t is t ic a l ly  sig n ifican t 
betw een th e  two locations.

Thus th is  f irs t series of t tests com paring 
ta x a  pop ulations betw een th e  tw o sites supports 
th e  h y p o th e sis  th a t  th e  decom position 
communities a t  th e  tw o locations d iffe r  
s ig n ifica n tly . D a ta  w as com piled for th is  t 
test from  fiv e  random  d ays throughout th e

m onth so th a t  d a ta  series w ere independent from  
one another.

Food speci/i'c:fy.' Arthropod disfribuhow awouy /rui't 
species

W h en  com paring arth rop od  d istribu tio n  over 
fru it species, p in e a p p le  w as e lim in a te d  from  th e  
com parison because p in eap p les a t  th e  B e lv e d e re  
d isap p eared  on d ay  f iv e  of th e  study due to 
demonic in tervention . D a ta  w as com piled  from  fiv e  
random  d ays, and only th o se  ta x a  w h ose 
d istribu tion  v a ried  s ig n ifica n tly  among fru it 
species are e la b o ra ted  in th e  ta b le  below . 
Abundance of C o leo p tera , D ip lo p o d a , 
H ym enoptera, D erm ap tera , and Isopoda a l l  v a r ie d  
sig n ifica n tly  among fru it species according to th e  
A N O V A  and Tukey K ram er m eans tests, w ith  an 
a lp h a  v a lu e  of 0 .05. T a b le  3 sum m arizes th e  
a n a ly s is  of v arian ce  of ta x a  p op u lation s among 
fru it species. T ab le  4 illu s tra te s  how  m eans of 
arth ro p o d s d iffered  s ig n ifica n tly  among fru it 
species. O nly those ta x a  w h ich  are not connected by 
th e  sam e le tte r  are s ig n ifica n tly  d ifferen t. O nly  
D ip lo p od a and Isopoda p op u lation s d iffered

TABLE 3. Analysis of Variance of taxa among fruit species. A11 of the above P values reveal that the mean 
abundance of the above taxa varied significantly among different fruit species, with an alpha level of .05.

Taxa Source Degrees of Sum of Mean F ratio Prob >F
Freedom squares square

Diptera Fruit " T " 521.9111 159.475 2.9108 .9^39
species
Error 175 7844.3333 44.825
C total 179 8366.2444

Isopoda Fruit 4 771.5222 192.881 8.0925 <.0001
species
Error 175 4171.0278 23.834
C. total 179 4942.5500

Diptera larvae Fruit 4 289.1444 72.2861 4.7221 0.0012
species
Error 175 2678.9167 15.3081
C. total 179 2968.0611

Hermaptera Fruit 4 4.522222 1.13056 5.4537 .0004
species
Error 175 36.277778 0.20730
C. total 179 40.800000

Hymenoptera Fruit 4 1675.644 418.911 4.6893 .0013
species
Error 175 15633.306 89.333
C. total 179 17308.950

Coleoptera Fruit 4 43.07778 10.7694 4.5105 0.0017
species
Error 175 417.83333 2.3876
C. total 179 460.91111

Diplopoda Fruit 4 505.7000 126.425 12.1924 <.0001
species
Error 175 1814.6111 10.369
C.total 179 2320.3111
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TABLE 4. Tukey Kramer Means Comparison of Taxa populations among fruit species. Levels not connected by the same 
letter are significantly different.

Level Fruitflies Isopoda Diptera Earwig Ants Coleoptera Diplopoda
larvae

Mean Mean Mean Mean Mean
Mango A 5.5833 B 1.0833 B 0.7500 B 0.0 A B 6.6667
Papaya A B 3.8055 B 0.3333 A B 1.8889 B 0.0277 A B 6.4444
Banana A B 1.8055 B 0.0556 B 0.8055 B 0.0 B 2.222
Sour A B 1.4166 A B 5.7500 A B 3.6666 A 0.3888 A 9.8056sop
Star
apple

B 1.1111 B 2.1944 B 0.0278 A B 0.2500 B 1.6111

A B 0.6667 
B 0.2778 
B 0.1111 

A B 0.4167

B 0.4167 
B 0.2778 
B 0.0 

A 4.500

A 1.3889 B 0.6944

s ig n ifica n tly  on one fru it species over o th ers, 
both  feeding d isp rop o rtion ately  more on sour 
sop.

DISCUSSION

I t  w as not surprising to find th a t  th e  
decomposer communities w ere d istin ct a t  th e  
two locations, since th e  two h a b ita ts  are  so 
d ifferen t. W h ile  both  s ite s  h a v e  tax a  from 
m any of th e  sam e orders of arthropods, th ese  
members v ary  on th e  le v e l o f fa m ily  or species 
betw een the two sites, as if  d iffe ren t species are 
a v a ila b le  to fu lf il l  th e  sam e ta sk  in fru it 
decom position. T h is  w as most notable w ith  
ta x a  o f th e  order C oleo p tera . W h ile  one 
d istin ct species w as id e n tifie d  a t  th e  
B elv ed ere , two sep ara te  and d istin ct species 
w ere consistently found at th e  Gump site . T h e 
p rim ary  factor m ost l ik e ly  responsible for th is  
phenomenon is th e  d ifferen ce in m icro h a b ita ts  
created  in an ZnocarpMS forest versus a 
land scaped  urban area  n ear sea  le v e l. T h ese 
results support th e  p ractice  of organizing taxa  
w ith  analogous roles into one functional group.

H ow ever, th e  second h y p o th esis  w h ich  
predicted  g reater abundance and d iv ers ity  o f 
arth rop od s a t  th e  forest lo cation  w as not 
supported by th e  results. W h ile  th e  B elv ed ere  
s ite  a ttra cte d  predom inantly  ants and fru it 
f lie s , th e  arth rop od  assem blage a t th e  Gump 
sta tio n  included an abundance of more d iverse 
ta x a , suggesting th a t  p erh a p s hum an 
developm ent h as opened up m any more n iches 
for more recently  introduced arthropods to 
colonize th e  area  and th r iv e . Since hum an 
developm ent fa c i l i ta te s  th e  introduction of new 
species, p erh ap s w h o le  communities of 
in v asiv es h a v e  a lre a d y  a d ap ted  to hum an-

disturbed environm ents and constitute th e  d iv e rs ity  
seen a t  th e  Gump sta tio n . A n oth er p o te n tia l 
exp lan atio n  is th a t  th e  h a b ita t  a t  th e  Gump 
sta tio n  is more su ited  to support a g rea ter d iv e rs ity  
of ta x a , since th e  la rg e  p op u lation s of ants and fru it 
f l ie s  a t th e  B elv ed ere  dom inate resources and m ake 
settlem ent by o th er arth rop od s more d ifficu lt.

In ad d itio n  to decom poser communities 
d iffer in g  betw een large g eo grap h ic locations, 
arth rop od  species abundance v a r ie s  betw een 
d ifferen t decomposing fruits w ith in  th e  sam e 
environm ent. Because d etritu s, lik e  island s, 
constitutes a m icro h a b ita t w h ich  is iso la ted  by 
contrasting surroundings, th e ir  study is s im ila r  
conceptually to th a t  o f island  b io logy  w ith  respect 
to th e  presence of d is tin ct species communities from 
one island  to the next (Begon e t  a l, 1990). S e v e ra l 
factors m igh t influence fru it se lection  by 
arthrop od s, such as b io ch em istry  or ex tern al 
m orphology. In a study of ro ttin g  fruits, f iv e  
d ifferen t species of D ro sop h ila  fru it f l ie s  ex h ib ited  
sig n ifican t preferences for w h ich  fru it th e y  chose to 
feed  on. One fru it f ly  species p referred  m elons 
w h ile  another strongly p referred  p ears and grapes, 
a trend w h ich  w as ev en tu a lly  a ttr ib u ted  to th e  
various amounts of e th a n o l produced by th e  y e a s t 
th a t  h ad  firs t colonized th e  ro ttin g  fru it (Begon e t 
a l, 1990). A nother p o ten tia l facto r th a t  would 
account for fru it preferences would be th e  presence 
of natu ral p esticid es. One study show ed th a t  b ird s 
avoid  fru its w h ich  h a v e  been dam aged by insect 
pests, g rea tly  h in d ering  th e  seed d isp ersal and 
p ro life ra tio n  of th e  offended tree (G arcia  et a l,
1999). I f  th is  w ere to p ersist over tim e, those fru its 
containing natu ral p e s tic id a l p ro p erties would be 
p ro life ra te d  until ev en tu a lly  arth rop od  pests 
would avoid  the sp e c ific  fru it a lto g e th e r . Thus two 
sep arate  species of fru its in close v ic in ity  m ig h t 
recruit contrasting decomposer com m unities as a
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result o f d ifferen ces in b io ch em ica l or 
m orphological m akeup.

A lth ou g h  th e  b io ch em ica l m akeup of th e  
fru its is an im portant consid eration  w ith  regard 
to fru it sp e c ific ity , in th is  study it  ap p ears as 
though m orphological m akeup of th e  fru its is 
th e  lead in g  determ inant o f w h ic h  ta x a  fed  on 
w h ich  fru its. Sp in ier, tougher- skinned fru its 
such as sta r ap p le  and soursop g en era lly  
recruited a d isp rop ortionate amount of b eetles , 
m illip ed es, and earw ig s in th e ir  
decom position, w h erea s f le s h ie r  fru its 
a ttra c te d  m ostly ants and fru it f lie s . It could be 
th a t  because ants and fru it f l ie s  p referred  th e  
fru its w h ich  w ere e a s ie r  to b reak  down, 
arthrop od s w ith  th e  necessary m outhparts to 
ta ck le  fru its w ith  tougher ex terio rs w ere driven 
by com petition to soursop and sta r  ap p le . I t  
would be fascin a tin g  to study fu rth er th e  
b eh a v io r of b e e tle  3 a t  th e  Gump sta tio n  th a t  
w as found p rim a rily  on star ap p le , because its  
d ap p le gray  ex terio r cam ouflaged w ell w ith  
th e  surface o f th e  fru it. O v e ra ll th e  results of 
th e  Tukey K ram er H SD  tests do not provide 
strong evidence for th e  presence of food 
sp e c ific ity  in th is  case, since only Isopoda and 
D ip lo p od a p op u lation  m eans were 
s ig n ifican tly  d iffe re n t on one fru it com pared 
w ith  a l l  o th ers.

Successional p a tte rn s  observed a t  th e  Gump 
and B elv ed ere  ap p e ar to loosely  coincide w ith  
results of previous succession studies, as ants 
and fru it f l ie s  a rr iv e d  firs t, w ith  co leop tera , 
derm aptera, d ip lo p o d a, and fru it f ly  la rv a e  
ap p earin g  la te r  (D e Jong & C h ad w ick , 1999). 
O v e ra ll, arth ro p o d  a rr iv a l w as d e la y e d  a t  th e  
Gump sta tio n  com pared to th e  B elv ed ere , and 
arthrop od s in vad ed  th e  fru its p rim a rily  from 
underneath.

A study th a t  is designed more to observe 
th e  d ifferen ce  in e ffic ien cy  of th ese  two d istinct 
decomposer com m unities would be b en efic ia l for 
determ ining th e  re la tio n sh ip  betw een species 
richness and d iv e rs ity  and ecosystem  function 
(B je lk e , H errm ann, 2005).

S in ce ecosystem  function is v ita l  to th e  
in teg rity  of is lan d  b io ta  and decom position is 
crucial for a s ta b le  and h e a lth y  ecosystem , 
studying th e  d iv e rs ity  o f organism s a v a ila b le  
as decomposers is o f utmost im portance. W h ile  
th is  study focused on th e  im pact of urban 
developm ent on decomposer communities, 
several more stu dies are necessary in order to 
address th e  la rg e r  issues pressing fie ld  science,

such as sp ecies conservation  and is lan d  ecosystem  
p reserv ation .
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APPENDIX
NUM BER OF INDIVIDUALS OF EACH ARTHROPOD TAXA ON EACH FRUIT OVER TIME
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SUCCESSION IN THE PHYLLOSPHERE: A CASE STUDY 
ON THE GIANT FERN (ANGIOPTERIS EVECTA)

INGRID BURKE

EHUtronmenfa? Sci'eKccs, Hm'versify o/Caii/brMM, BcrM ey, Cali/bruM, 94720, USA

Abstract. Ecologists have studied com m unity succession intensively, predom inantly on a 
large scale. H ow ever, change occurs at every spatial and tem poral level, and analysis of 
each level inform s the larger theory. This case exam ines com m unity change on a sm all 
scale by com paring epiphylls and invertebrates on Anyiop fen's euecfa fronds of varying 
re la tiv e  ages. N o o v era ll p red ictab le  su ccessio n a l p a ttern s w ere id en tified , bu t 
opportunistic association patterns suggested that variable d ispersal and habitat use are 
driving factors in  this com m unity. A fiddlehead m easurem ent regim e revealed that new  
A. evecfa fronds unfurl in 24-36 days.

Key words.' dispersal, iwidiot ose, iMoerfe&rafes, cowuwMniiy cdonye, ^ern development, 
/iddledeod growth, epipliyfes, Moores, French Polynesia

INTRODUCTION

C hange in  ecological com m unities over tim e 
has been  studied for the past century. W hen the 
theory o f com m unity  succession  w as pioneered, 
tw o co n flic tin g  m ech an istic  v iew s d om inated . 
C lem ents, in  1916 and 1936 (quoted  in  R icklefs 
1990, p. 174), described stages, or seres, w hich lead 
to a stable clim ax com m unity. H e hypothesized  
that clim ax com m unity  com position  w as defined 
by  reg io n al ch aracteristics , and thus cou ld  be 
predicted  (Em len  1973). In  contrast, G leason, in 
1926 and 1939 (quoted in R icklefs 1990, p. 174), 
described succession as convenient associations of 
organism s that w ere able to live in  sim ilar places. 
He hypothesized that changes in com m unities are 
random  and opportunistic rather than predictable.

The d ebate over w h ich  of these tw o b asic  
theories dom inates in  d ifferent ecological settings 
h as con tin u ed  since their in cep tion . For m any 
y e a r s , C le m e n ts 's  th e o ry  o f  p r e d ic ta b le  
progressions w as w idely accepted as fact (it is the 
only  theory  cited  in  E m len  1973), h ow ever, as 
m ore studies are conducted regarding com m unity 
change, it is becom in g  m ore ap p arent that the 
co m p lex ity  o f su ccessio n  m ech an ics goes far 
beyond both initial theories. D isturbances w ithin a 
co m m u n ity  a llo w  m an y  d iffe re n t sta g e s  of 
su ccessio n  to co ex ist and lead  to the "n ich e  
disturbance m odel." This creates a m osaic pattern, 
and  c lim ax  co m m u n ities  are  n ow  g en era lly  
described as dynam ic m osaics rather than stable 
structures (Ricklefs 1990, p. 677).

The first w ork on succession  addressed large 
sp atia l and  tem p o ral sca les by  d escrib in g  the 
progression of stages in forest com m unities. Since 
then, the m ajority  o f su ccession al stu dies have

b e e n  d o n e  o n  s im ila r  s itu a tio n s , th o u g h  
com m u nity  change, o f course, occu rs on every 
scale. The term  "m icro -su ccess io n " is u sed  to 
d escribe  co m m u n ity  ch ang e w h ich  occu rs on 
sm aller, faster scales; for exam ple, in  the decay of 
w ood (E m len  1973). C yclic  su ccession  has also 
been  recognized, in  w hich  som e kind of regular 
d is tu rb a n ce  p re v e n ts  th e  co m m u n ity  fro m  
reach in g  any k ind  of clim ax state, and so the 
su ccession  o f stages is p erp etuated  in d efin itely  
(Ricklefs 1990).

O ne com m u nity  type that op erates on very 
sm all spatial and tem poral scales is m ade up of 
p lants and an im als that live on the su rface of 
leaves. T h is com m u nity  h as b een  term ed  "th e  
phyllosphere" and w as w idely ignored until about 
50 y ea rs  ago (R u in en  1961). T h ere  is som e 
d isagreem ent am ong d escrip tions of com m unity 
change in  the phyllosphere (Benzing 1990 in Zotz 
and V ollrath  2003). T h is com m unity  exists in  a 
cyclic pattern  as new  leaves develop and old ones 
d eterio ra te , b u t it h as n o t b een  d eterm in ed  
w h eth er or n o t it ex h ib its  cy clic  su ccessio n . 
Richards (1932) observed the form ation of a clim ax 
co m m u n ity  in  the p h y llosp h ere , and W in kler 
(1967) d escrib e d  a "s e tt lin g  rh y th m " in  the 
ch ang es ov er tim e in  the com m u nity  (both  in  
O la rin m o y e  1975). Y et H a rrin g to n  (1967 , in  
O larin m oye 1975) and O larin m oye (1975) both  
found  no system atic  or ord erly  changes in  the 
p h y llo sp h e re  co m m u n ity , n o r an y  "d e fin ite  
rhythm " in  its developm ent.

A  p articu larly  extensive phyllosp here exists 
on the leaves of the giant fern  Angiopefens evecfa 
(G. Forst.) H offm ., w here it grow s on the island of 
M oorea in  French P olynesia (for a description  of 
the species, see N SW  N ational Parks and W ildlife
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Service 2001). The T ah itian  p eop le call the fern  
"N a h e " (H. M urphy, p erson al com m u nication). 
Because m ost A. gpecta p lants inclu d e frond s of 
various ages at the sam e tim e, and b ecau se the 
fern  leaves are large en ou gh  to exam ine in  the 
field, this species offers an excellent opportunity to 
study com m unity change in  the phyllosphere. An 
analysis of the changes in  the com m unities as the 
fronds age w ill provid e data for a d iscussion  of 
m icro-succession  and its m echanism s on  tropical 
ferns, and w ill, in turn, in form  the larger theories 
of succession.

The phylloshpere on  A. epecta inclu d es both  
ep ip h y lls  (fungi, liv erw o rts, and  lich en s), and 
in v erteb rates (in sects, sn ails, and sp id ers). A n 
exploration of the change in  both  of these areas as 
fronds age is presented in  this study. The specific 
operating hypothesis is that com m unities of both  
ep ip h ytes and in v erteb rates w ill q u an titativ ely  
differ according to relative frond age.

METHODS 

Site description

M oorea is one of the Society Islands of French 
Polynesia. It is classified as a h igh island, and, in 
its m oderately advanced age and stage of erosion, 
it exhibits rugged topography and lush vegetation. 
M any trop ical islan d s have fa llen  v ictim  to the 
d ecim atin g  effects o f in trod u ced  sp ecies w hich  
o b lite ra te  m ost n ativ e  o rg an ism s, b u t M o orea 
supports a relatively intact native com m unity in a 
few  areas, especially at h igher elevations.

In  o rd e r  to  av o id  th e  in tro d u c tio n  o f 
co n flic tin g  v ariab les  b y  sam p lin g  from  m any 
locations around the island, all observations w ere 
m ade near the Belvedere lookout (222 m  elevation, 
U TM  6K  1 9 9 8 7 4 /8 0 5 8 4 3 5 , FIGURE 1). A  narrow , 
rocky trail leads east from  the parking lo t to M arae 
Titiroa, and w ithin  300 m, it reaches a stream . A ll 
o f the p lants m easured  w ere found w ith in  100 m  
of this trail, in  the stretch betw een the parking lot 
an d  th e  s tre a m . T h e  tra il  is  o fte n  u sed  
recreationally , b u t the forest it leads through is 
con sid ered  re lative ly  u n d istu rb ed  (C oote et al. 
2004). T he h a b ita t is  ch aracterized  b y  a h ig h  
ZnocarpMS ^ragi/cra and  Hibiscus hhaccous canopy 
and a fa ir ly  op en , ro ck y  fo re st flo o r  w h ich  
supports sm all herbaceous species. This particular 
area also contains hundreds of AngiopteWs euecfa 
individuals, in every stage of grow th.

Plant location

A  sem i-random  technique w as used to locate 
ferns to observe, in  order to ensure that there w as 
no bias in the selection process. I approached an

FIGURE 1. Site location on the island of Moorea in 
French Polynesia. Observations were performed near 
the Belvedere lookout.

area in  w h ich  m an y fern s w ere grow in g  (non- 
random ), then  used  b lin d  sp inning of a com pass 
bevel to select an  in d iv id ual (random ). The first 
sp in  o f the b ev e l d eterm in ed  the d irectio n  in  
w h ich  I w o u ld  p a ce , and  th e  seco n d  sp in  
determ ined the num ber of paces in  that direction, 
based upon the last digit of the indicated com pass 
bearin g . W h en  I h ad  p ro g ressed  the sp ecified  
num ber of paces, I located  the n earest fern  that 
had at least tw o fronds w hich  w ere not over tw o 
m eters above the ground (those over tw o m eters 
h igh  w ere im p o ssib le  for m e to exam in e them  
closely  en ou gh  w ith ou t a lad d er). O bservations 
b e g a n  on  O cto b e r  13, 2005  and  en d ed  on 
N ovem ber 23; they w ere all perform ed betw een 8 
in  the m orning and 3:30 in  the afternoon.

Each  fern  p lan t h ad  b etw een  tw o and four 
fronds, w hich  are the unit of m easurem ent. (Each 
frond  is fu rth er d iv id ed  in to  leaflets and then  
lobes, see FIGURE 2.) T he p ercentage of physical 
d e te rio ra tio n  (su ch  as to rn  or y e llo w ed  le a f 
sections) w as estim ated, and fronds w ere placed in 
discrete deterioration classes as follow s: no

FIGURE 2. Morphology of Angiopferis euecta.
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deterioration  w as defined as class 1, betw een  1% 
and 4% deterioration  as class 2, 5% to 9% as class 
3, and  10%  and  ab o v e  as c lass 4. B ecau se  
deterioration of a m aterial increases w ith exposure 
to the elem ents, d eterioration  is used as a proxy 
for relative frond age. Thus, deterioration  class 1 
represents fronds of the youngest relative age.

EpipEyE cow

For each  frond, estim ates of the leaf cover of 
six ep iphyll categories w ere recorded. Tim e and 
lo g istic  restra in ts prevented  the exam in atio n  of 
every specim en under a m icroscope, so categories 
w ere form ed based  on m orphology recognizable 
in the field (TABLE 1). V oucher specim ens of leaves 
su p p o rtin g  each  ca te g o ry  o f ep ip h y ll w ere 
p rep ared  for id en tifica tio n  and storage in  the 
Jepson  H erbarium  at U C Berkeley.

The statistical program s JM P  and Excel w ere 
used to perform  analyses of variance and Tukey- 
K ra m er te sts  a tte m p tin g  to re je c t the n u ll 
h yp oth eses that ep ip hyll cover and com m unity  
com position do not change w ith relative frond age 
class.

Fungus #1 wavy runners radiating from a 
central point

Fungus #2 dark, sooty stain
Fungus #3 single small, thick, white, irregular 

spots
Liverwort #1 short lines of overlapping lobes
Liverwort #2 lines of tiny upright leaves
Lichen congregations of pale spots

TABLE 1. Epiphyll categories on Anciopfen's euecta 
with morphological field identification.

fttuerfehrafe o&seruaft'oMS

For each  frond, the topside and underside of 
ev ery  lo be w as c lo se ly  ex am in ed  and  ev ery  
in v erteb ra te  fou nd  w as record ed . T axo n o m ic 
groupings w ere used based on m orphology easily 
recog nizable  in  the field , as logistic and perm it 
restrictions prevented collection  of invertebrates. 
Id e n tifica tio n  to tax o n o m ic g rou p  w as o ften  
p ro v id ed  by  ex p erts  at the G um p B io lo g ica l 
Research Station.

The statistical program s JM P and Excel w ere 
used to perform  analyses of variance and Tukey- 
K ra m er te sts  a tte m p tin g  to re je c t the n u ll 
h y p o th e se s  th a t in v e r te b ra te  n u m b e rs  and  
com m unity com position do not change w ith frond 
age.

FHMeEcHtf growth

In the sam e area, 15 d ev elo p in g  A. coccfo 
fronds, or fiddleheads, w ere chosen  to m easure 
grow th rates. The fiddleheads w ere at a variety of 
stag es o f d ev elo p m en t: som e still exh ib ited  a 
sin g le  co iled  h ead , w h ile  o th ers h ad  alread y  
unfurled  to reveal separate leaflet coils (FIGURE 3). 
F id d leh ea d  m e a su rem en ts  w ere  m ad e from  
O ctober 16 to O ctober 28, 2005, and fiddleheads 
w ere revisited every three days. W hen fiddleheads 
w ere in  early  stages con sistin g  of a d om inant 
apical coil, flagging tape w as tied to the m ain stalk 
und er the coiled  head, lined up w ith  the low er 
edge of the coil. U pon revisitation , the d istance 
trav eled  by  the lo w er ed ge o f the co il w as 
m easured . P hotograp hs w ere taken  every three 
days as well.

T o  a n a ly z e  g ro w th  ra te s , a ll g ro w th  
m easu rem en ts in  cm  w ere averaged  ov er the 
n u m b er o f d ay s b e tw een  m easu rem en ts . To 
e s tim a te  the to ta l tim e req u ired  fo r fro n d  
em ergence, the tim e in days required to reach each 
developm ent stage (FIGURE 3) w as estim ated, then 
added to the tim es for the other stages.

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
FIGURE 3. Stages in the development of Angiopteris 

euecta fronds. In Stage 1, the fiddlehead is still within the 
plant base, in Stage 2, the main head is unfurling, in 
Stage 3, individual leaflet coils are separating, in Stage 
4, the leaflet coils are unfurling, and in Stage 5, 
individual lobes are unfurling.

RESULTS 

EpipEyH cow

Total frond epiphyll cover percentages plotted 
against frond deterioration  class show s a general 
u pw ard  trend as age p rogresses, and a m arked 
d ifference in  the spread of the data betw een  the
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various classes (FIGURE 4). The program  JM P w as 
u sed  to p erform  an analysis of v arian ce on the 
data (A N O V A , F=12.3211, p =0.0001, D F=3). N ext, 
a Tukey-K ram er test w as perform ed to reveal the 
location of the significant difference located by the 
A N O VA . The results of this test indicate that each 
d eterioration  class d iffers sign ifican tly  from  all 
categories not adjacent to it. For exam ple: 1 differs 
from  3 and 4, bu t not from  2.

80
70-

Deterioration Ciass

FIGURE 4. Total epiphyll cover in percentage of leaf 
surface of Agiop ten's euecta fronds plotted by 
deterioration class, 1 representing youngest relative age. 
Data are displayed with quantiles, and analyzed with 
an ANOVA and a Tukey-Kramer test.

W h en  each  in d iv id u al ep ip h y te  typ e w as 
plotted against deterioration class, three out of the 
six show ed sign ificant d ifferences. FIGURE 5 is the 
g ra p h  fo r F u n g u s #1 (A N O V A , F = 5 .9 2 0 9 , 
p =0.0014, D F=3). The Tukey test reveals the values 
in  class 4 to be d istinct from  those in  the other 
three classes. T he Tu key test delivers the sam e 
re s u lt  fo r F u n g u s # 3  (A N O V A , F = 6 .7 2 6 0 , 
p =0.0006, D F=3), and it show s that values in  class 
4  are d istinct from  those in  classes 1 and 2 for 
L iv e rw o rt #1 (A N O V A , F = 5 .3 0 5 7 , p = 0 .0 0 2 7 , 
D F=3).

FIGURE 5. Cover of Fungus #1 in percentage of leaf 
surface of Agiopfen's euecfa fronds plotted by 
deterioration class, 1 representing youngest relative age. 
Data are displayed with quantiles, and analyzed with 
an ANOVA and a Tukey-Kramer test.

Invertebrate observations

T he n u m b er o f d ifferen t in v erteb ra te  taxa 
p resen t on  each  frond  p lo tted  b y  d eterioration  
class is illustrated  in  FIGURE 6 (A N O V A , F =14.218, 
p = 0 .0 0 0 1 , D F = 3 ). T he n u m b er of in v erteb ra te  
individuals on  each frond plotted by  deterioration 
class is  sh ow n  as FIGURE 7 (A N O V A , F = 6 .1 9 6 6 , 
p =0.0011, D F=3). In  both graphs, the youngest age 
category exhibits the low est num bers, w ith  a large 
spread for taxa and a sm all one for individuals. In  
both  graphs, the other three categories are sim ilar 
in  values and spread. The program  JM P w as used 
to p erfo rm  an a ly ses o f v aria n ce  and  T u k ey - 
K ram er tests on  both  data sets. The results of the 
Tukey-K ram er tests w ere the sam e for both  taxa 
and individuals: they indicated  that the values in 
class 1 w ere sign ificantly  d ifferent from  those in 
classes 2, 3, and 4, w hich  w ere not d ifferent from  
each other.

Angiopfen's evecta frond by age category, 1 being 
youngest. Data are displayed with quantiles, and 
analyzed with an ANOVA and a Tukey-Kramer test.

FIGURE 7. The number of invertebrate individuals 
on each Angiopfen's evecta frond by age category, 1 being 
youngest. Data are displayed with quantiles, and 
analyzed with an ANOVA and a Tukey-Kramer test.

W h en  each  o f the in d iv id u al 19 taxon om ic 
g rou p s (A caria , A ran aea : P h o lcid ae : P ho lcu s, 
A ran aea : S a ltic id a e , A ran aea : T e trag n ath id ae : 
L e u ca u g e , A ra n a e a : U lo b o r id a e : T a n g a ro a , 
C o leo p tera , D ip tera , H em ip tera , H o m o p tera ,
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H om optera: A phididae, H om optera: C occoidea, 
H o m o p te r a : F u lg o r o id e a , H y m e n o p te r a ,
H y m e n o p te r a : F o r m ic id a e , L e p id o p te r a ,
M ic ro g a s tro p o d s , N e u ro p te ra , O r th o p te r a , 
O rth o p te ra : G ry iiid a e ) w ere  p lo tted  a g a in st 
d e te r io ra tio n  c la ss , o n ly  th re e  sh o w ed  any 
s ig n if ic a n t d iffe re n ce s : A p h id id a e  (FIGURE 8; 
A N O V A ,  F = 5 .1 1 7 3 ,  p = 0 .0 0 3 4 ,  D F = 3 ) ,
M icrogastrop od s (A N O V A , F =3 .0097 , p =0 .0377 , 
D F = 3 ) , an d  w in g e d  H o m o p te ra  (A N O V A , 
F=3.6557, p=0.0177, D F=3). The Tukey-K ram er test 
reveals a d ifference b etw een  valu es in  classes 1 
and 4  for M icrogastrop ods, betw een  1 and 2 for 
w inged  H om optera, and b etw een  1 and both  2 
and 4 for A phididae.

Deterioration Ciass
Tukey-Kramer

0 .0 5

FIGURE 8. The number of Aphididae individuals on 
each Angiopteris eoecta frond plotted by deterioration 
class, 1 referring to youngest relative age. Data are 
displayed with quantiles, and analyzed with an 
ANOVA and a Tukey-Kramer test.

FaMiebead measurements

T h e  a v era g e  g ro w th  ra te  fo r u n fu rlin g  
fiddleheads in stages 2 and 3 is 3.33 cm  per day, 
w ith  a low  m easurem ent of 0 cm  p er day and a 
h igh  m easu rem en t of 6 cm  p er day. Stages 2-5 
each  lasted  approxim ately  6-9 days, so once the 
fiddlehead  leaves the p lant base, a new  A. evecta 
frond can be com pletely developed in about 24-36 
days.

DISCUSSION 

EpipfiyH cover

The increasing trend in total epiphyll cover as 
frond  age in creases is n ot su rp risin g , since a 
greater length  of tim e spent exposed  to epiphyll 
propagules results in greater epiphyll colonization 
(Roskoski 1981). Lichens have been  found to cover 
leaves m ore com pletely as the leaves age (M oore
2003), b iom ass of seagrass ep ip hylls is strongly  
related  to leaf age (Reyes and Sanson  2001), and 
num bers of both  epiphyll species and individuals 
increase as palm  trees grow  (Zotz and V ollrath

2003).
H ow ever, there does not appear to be any 

progressive p attern  to the increase in  cover. No 
ep ip h y ll typ e show s a stron g  in itia l p resence, 
w hich  w ould  in d icate  that it h old s the ro le of 
prim ary  colonizer. N o type d ecreases w ith  age, 
w hich  w ould  point to som e kind of com petitive 
succession in  w hich certain  epiphylls outcom pete 
others, as described by O larinm oye (1975). Three 
of the six types show  no d ifference according to 
relative age at all, w hich  supports the argum ent 
th at com m u n ity  ch ang e am on g the ep ip h y lls  
could be com pletely random .

O n e re a s o n  th a t n o  o v e ra ll p a tte rn  is  
discernable m ay lie in  the fact that individual ferns 
support very d ifferent epiphyll com m unities. For 
exam ple, Fern  #5  and Fern  #7  both  h ave four 
frond s, w ith  one in  each  d eterioration  class. If 
there w ere som e predictable epiphyll colonization 
p attern , then  both  o f these p lants should  have 
about equal epiphyll percentages, since they both 
exh ib it the entire range of succession . A nd yet, 
Fern #5 supports 0% Fungus #1, 45% Fungus #2, 
and 25%  L ichen , w h ile  Fern  # 7  su p p orts 37% 
Fungus #1 , and none of Fungus #2  or L ichen. 
P erh ap s in d iv id u a l a sso c ia tio n s  of ep ip h y lls  
undergo m inute patterns of change (for exam ple, 
Fungus #2  and Lichen could be com peting on Fern 
#5), but no overall patterns can be identified from  
d ata  se ts  th a t co m b in e  so  m an y  d iffe re n t 
individual com m unities.

Individual A. evecta plants could easily  end up 
w ith  com p letely  d ifferen t ep iphyte associations 
b ecau se co lon ization  by ep ip h ytes d ep end s on 
p ro x im ity  to p ro p a g u le  so u rce , a b ility  of 
propagules to grow  on leaves, and the num ber of 
propagules produced (O larinm oye 1975). There is 
a great deal o f m icro site  v aria tio n  in  ep ip h yll 
propagation (Zotz and V ollrath 2003), so different 
plants can  be colonized differently. For exam ple, 
perhaps a spore cloud of Fungus #1 w as b low n 
into Fern  #7, b u t aw ay from  Fern  #5 . Epiphyte 
com m u nities are also h igh ly  sensitive to their 
im m ediate environs (O larinm oye 1974). Roskoski 
(1981) p o in ts out that overstory  p lants change 
te m p e ra tu re  and  w in d  le v e ls , and  ca p tu re  
propagules w hich can be w ashed dow n later by 
rain. Thus, tiny variations in  habitat, such as fern  
p roxim ity  to shade p lants, and in  atm osp heric 
variables, such as fern proxim ity to a w ater source, 
can result in strong variations in epiphyte grow th.

Invertebrate observations

It is not surprising that fronds of the youngest 
relative age class supported  so few  invertebrate 
taxa and individuals, because they represent new  
habitat that has not been  exposed long enough to
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be fully  colonized. H ow ever, it is surprising that 
the other three relative age classes are so sim ilar 
and  th a t fro n d  d iv e rs ity , ca lcu la te d  b y  the 
S h a n n o n -W e in e r  D iv e rs ity  In d e x , sh o w s no 
significant d ifference betw een relative age classes 
(A N O V A , F=0 .5758 , p =0 .6333 , D F =3). If the data 
follow ed the classic succession  pattern , described 
by Elston (1995), they w ould exhibit both  num bers 
of taxa and num bers of individuals going through 
an increasing stage, a leveling-off, or clim ax, stage, 
and finally, a decreasing stage.

It can be argued  that a p attern  of succession  
does exist here, and that the relative age classes 
are not the right size to observe it properly . For 
exam ple, som e predictable increasing pattern  m ay 
be occurring betw een fronds of class 1 and fronds 
of class 2, and the sim ilarities betw een classes 2, 3, 
and 4  m ay sim p ly  rep resen t the clim ax stage 
w here the com m unity is stable. H ow ever, as w ith 
the ep ip h y lls , in d iv id u a l fern s su p p o rt v ery  
different invertebrate com m unities. For exam ple, 
F ern  #14  and F ern  #18  both  h ave fou r fronds, 
w h ich  cover the entire range of relative age. If 
there is a p red ictab le  p attern  of estab lish m en t, 
then the invertebrate totals for both  ferns should 
be sim ilar. H ow ever, Fern  #14  supports 0 A caria 
and 29 A phid id ae, w hile Fern #18 supports 299 
A ca ria  and  7 A p h id id a e . I f  su ch  d iffe re n t 
com m unities exist on  individual plants, than these 
data sets cannot reveal any ov erall p rogressive 
patterns.

D ifferential habitat use m ay also explain  w hy 
so m u ch  o f the in v erteb ra te  d ata  ap p ears to 
support a random  association m odel of succession. 
O ut of all 19 taxa, the only three that exhibited  
sign ifican t d ifferences accord ing to relative age, 
A p h id id a e , M ic ro g a s tro p o d s , an d  w in g e d  
H om op tera, are taxa th at rely  on  the fern  lobe 
m aterial, or on the b iofilm  that coats it, for their 
su ste n a n ce  th ro u g h o u t life . W h ile  p re v io u s 
s tu d ie s  h a v e  n o t n e c e s s a r ily  im p lie d  th a t 
succession  of invertebrate com m unities on leaves 
exists, the structure of insect assem blages has been 
found to depend upon leaf structure (Peeters 2002) 
and  h erb iv o ro u s in sects have b een  sh o w n  to 
d isting u ish  p attern s w ith in  a sing le  p lant, and 
exh ib it a m arked p reference for leaves in  certain  
s ta g es  o f d ev e lo p m e n t and  o f ce rta in  ag es 
(L aw rence et al. 2003). Thus, p erhap s taxa like 
these, that are strongly tied to the A. euecfH habitat, 
w ould show  predictable patterns of change w hen 
studied in m ore detail.

M o st o f the oth er taxa found  on  the ferns, 
though, are m obile hunters or are using the frond 
h a b ita t m ore  b r ie fly , p erh a p s to rest or as 
protection. A  study on spiders dem onstrated that 
habitat structure exerted m ore influence on spider 
d iversity  than did successional age of the habitat

(H urd  and F ag an  1992). The fact that A. euecfa 
fronds are relatively uniform  m ay be a reason that 
th e se  m o re  m o b ile  taxa  fo rm  o n ly  ran d o m  
associations that do not depend on relative frond 
age. B ecau se the m ajo rity  o f the data d escribe 
these rand om  associations, any p atterns that do 
exist am ong certain taxa are obscured.

CoMC/MSiOMS

C om m unities o f ep iphytes and invertebrates 
on  A. euecta fron d s do not exh ib it p red ictab le  
successional changes betw een  fronds in  4 relative 
age classes. H ow ever, an alyzing  the changes in  
th ese  sm all, e p h em e ra l co m m u n ities  fo cu ses 
a tten tion  on d isp ersal and sp ecific  h ab ita t use. 
T h e se  are  tw o  fa c to rs  th a t are  n o t o fte n  
em phasized  in  su ccession  w ork on  larger scales, 
yet they  p lay in tegral ro les in  the m echanics of 
com m unity change. G reater consideration of these 
factors in  the fu tu re w ill lead  to furth er insight 
into the general concept of com m unity change.

Further research

B eca u se  ea ch  A. euecfa p la n t a p p a re n tly  
supports such  a unique assem blage of epiphylls 
and in v erteb ra tes, m ore in fo rm atio n  cou ld  be 
gathered by  a revisitation study, in  w hich changes 
over tim e on an individual p lant w ere m onitored. 
M ore sp ecific studies on epiphytes, herb ivorou s 
in vertebrates, or carn ivorou s in vertebrates m ay 
yield  m ore detailed data w ith in  w hich succession 
patterns m ay possibly be recognizable.
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HOST SPECIFICITY OF WOOD INHABITING MACROFUNGI ON
THE ISLAND MOOREA

TANYA CHAPPLE

and Bfo/ogy, Lfwwersdi/ q/*CaJ^brn:H, Ber^dey, Caif/brnM 94720 USA

Abstract. H ost specificity of w ood inhabiting fungi is a rare occurrence in tropical 
ecosystem s. H igh diversity of host species usually lim its d istribution of the fungi. 
How ever, in low  diversity tropical situations, the occurrence of host specificity is m uch 
higher. M oorea, a rem ote oceanic island, in French Polynesia supports a low er diversity 
than a tropical m ainland ecosystem . This study exam ined host specificity of w ood 
inhabiting fungi in a low  diversity situation. H ost species and diam eter of the w oody 
substrate w ere recorded for each occurrence of fungi in  order to exam ine host specificity 
and size specificity. A  w ood inhabiting fungus w as show n to have possibilities of host 
specificity by greater than 50% of its occurrences on one host wood. Specificity  for both 
host species and in size of host w as found to occur. 58 distinct m acrofungi w ere found, 
32 of w hich w ere found only once. O f the 17 fungi that w ere found m ore than twice, 10 
w ere possibly host specific.

Key words.* Basidiom ycota; A scom ycota; wood decay; Society Islands, French Polynesia

INTRODUCTION

W ood inhabiting m acro-fungi occur 
throughout the w orld. Their spores are wind 
dispersed and capable of traveling for thousands 
of m iles (W ong 2005). W ind dispersal could bring 
the spores to rem ote islands, such as M oorea. 
W ood inhabiting fungi could also have been 
inadvertently brought to islands by hum ans.

It is im portant to understand the m echanism s 
of host specificity in fungi to create a m ore 
accurate evaluation of the actual global diversity 
of fungi (H aw ksw orth 2001). Islands, as centers of 
speciation, are very im portant to estim ates of 
global biodiversity  (W hittaker 1998), w hich m akes 
M oorea an interesting study location to exam ine 
host specificity in w ood inhabiting fungi. H ost 
specificity in w ood inhabiting fungi occurs rarely. 
It is usually m ore advantageous to have generalist 
characteristics, to grow  and reproduce on a 
num ber of su bstrates/h osts rather than be 
restricted to one (Gilbert, Ferrer, and Carranza 
2002). The lim iting factor for a host specific 
relationship is availability of the host (G ilbert and 
Sousa 2002). In  a low  diversity forest w ith a high 
density of only a few tree species it is m uch 
sim pler for fungi to m aintain a host specific 
relationship because of the ready availability of a 
host. In a high diversity forest it is less 
advantageous and therefore less likely to m aintain 
the h ost specific relationship because the host is 
less com m on (Gilbert, Ferrer, and Carranza 2002).

The island of M oorea form ed as part of a hot 
spot archipelago, in a location rem ote from  
continental sources for p lant im m igrants, and thus

supports a low  diversity ecosystem . D ue to the 
low  diversity and h igher density of available 
hosts, it  w as expected that there w ould be m ore 
incidences of host specificity in w ood inhabiting 
fungi than occurs in m ainland situations. 
Specificity is not lim ited to host species, but can 
also be based on the size of the substrate. A 
fungus m ay be specific to logs, or sm aller 
branches, or tw igs (Lodge 1997). The purpose of 
this study w as to exam ine the occurrence of 
specificity in both size of substrate, and host 
species.

Initial observations suggested differences in 
fungal diversity in different habitats. If diversity 
w as dependent on the availability of substrate; 
then the habitat w ith the m ost w ood availability 
should have the m ost diversity. The broader 
objective of this research w as to understand the

Gump Hit)

Marae Tetiroa
'-------, r A

\ , ;

Belvedere
Marimari 's Garden

FiG. 1. Map of Moorea showing the 4 study 
areas for the host specificity survey. Line transects 
were done at Gump Hill, Marae Tetiroa, and the 
Belvedere to examine the differences in wood 
availability and fungal richness between these three 
habitats.
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diversity and distribution of the w ood decay 
m acrofungi found on M oorea.

METHODS

Host Specf/icify Survey

M acrofungi fruiting bod ies w ere surveyed on the 
north central portion of the island of M oorea (Fig. 
1), starting Septem ber 29, 2005 and ending 
N ovem ber 15, 2005, during the transition period 
from  the dry to the w et season. V oucher 
specim ens were collected for each  distinguishable 
taxon found, and w ill be deposited into the 
U niversity H erbarium , U C  Berkeley. M acrofungi 
taxa w ere identified to the m ost specific level of 
classification possible (A lexopoulos 1996, H em m es 
and D esjardin 2002), considering the obscurity of 
any taxonom ic references for the fungi of French 
Polynesia. For each occurrence, the diam eter of 
each w ood piece w as m easured, and the species of 
the host w ood w as determ ined if possible (based 
on branching m orphology and com position of the 
surrounding habitat). The habitat (dom inant tree 
species (M urdock and H inkle 2005; U SD A , N RCS 
2005) and GPS coordinates w ere also recorded.

Specificity for host species w as evaluated for 
all taxa found on m ore than tw o instances. 
Possible host specificity of a fungus w as show n by

9 
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size ciasses

HgumphiM 
chocarpus 
H Belvedere

FlG. 2. The difference in size class distribution of 
down woody debris in three different habitats: 1. 
Gump hill (Hibiscus iiiiaceus and Cocos nuc:Terc), 2. 
M arae Tetiroa (inocarpus Jagi/cr), and 3. Belvedere 
(Mefrosideros polymorph# and Angiopfcris evecta). (P 
=  1.557E-48, from a chi square test)

greater than 50%  of its occurrences on one host 
species.

Sp ecificity  for size w as exam ined by 
m easurem ents of w ood diam eter that w ere placed 
into size classes:

* less than  1 cm
* 1 to 2 .99 cm
* 3 to  4 .99  cm
* 5 to  6.99 cm
* 7  to 9.99 cm
* 10 to 14.99 cm
* 15 to 19.99 cm
* 20 to 24.99 cm
* 25 to 29.99 cm
* greater than 30 cm.

Habitat Variations in Wood AvaiiiMify

The variation  in  w ood availability for three 
habitats w as investigated .
1. Low  elevation  Hibiscus fiiiaccus L. and Cocos 
nuci/cra L. (C oconut), sam pled near the Gum p 
station (U TM : 06K  0199684 8063942, elevation: 9 
m eters)
2. fnocarpus Jagi/er (Parkinson) F.R. Fosberg forest, 
including Nconaucica /brsferi M errill, Hibiscus 
fiiiaceus, and Aleurites nzoiuccana (L.) W illd. 
(Candlenut), sam pled n ear the M arae Tetiaroa 
(UTM : 06K  0199552 8058855, elevation: 208 
m eters)
3. H igh elevation  m ixed forest, sam pled near the 
Belvedere (U TM : 06K  0199703 8058280, elevation: 
256 m eters). The m ixed forest type is dom inated 
by Metrosideros poiytnorpba G aud., Angiopteris 
evccta (J.R. Forst.) H offm an, Hibiscus tiiiaccus, and 
Frcycinctia iwpavida (G audich ex H om br) B.C. 
Stone.

Tw o 25 m eters long line transects were 
sam pled per site. Every piece of w ood crossing 
the transect w as m easured.

The diam eter of each  w ood piece w as 
m easured at the point of intersection with the line 
transect, and placed into size classes:

* less than 1 cm
* 1 to 2.99 cm
* 3 to 4.99 cm
* 5 to 6.99 cm
* 7 to 9.99 cm
* greater than 10 cm

W ood pieces of d iam eter 3 cm  and larger w ere 
m easured for the entire length of the transect, 25 
m. But sm aller branches (1 -  2.99 cm) and tw igs 
(<1 cm) w ere m easured until there w ere m ore than 
20 sam ples for each of these size classes. The 
frequency (num ber of w ood pieces per m eter) of 
occurrence for each size class w as determ ined.

In addition to w ood size, species of w ood w as 
noted if determ inable, as w ell as fungus presence.
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FlG. 3. Figure shows the difference in host specificity between the five most abundant fungi taxa. 
Apbynopborcies I was only found on Hibiscus h'haccMS. The null hypothesis that fungi occurrences would 
be equal for all different hosts was rejected with a chi square test (P = 3.42E-15) (Appendix B: Table 1).

Fungus fru iting body presence and taxa w ere RESULTS
recorded along the entire transect for all size
classes of w ood. Host Speci/iczfy Surrey

Analysis

Fungi w ith possible host specificity were 
determ ined from  those found 3 or m ore tim es, and 
that occurred m ore than 50%  on one host species.

To determ ine the significance of the role of 
host specificity and size specificity in M oorea, a 
chi square test w as used. The chi square test used 
the fungi that occurred m ore than ten tim es 
(ApfzyHop^oraies I ,  Attn'cM/ana sp., Xyianaceae I , 
Agaricales 2, and Agan'caies 1).

D ifferences in richness betw een the three 
habitats w ere determ ined w ith an A N O VA  test. 
D ifferences in w ood availibility w ere determ ined 
w ith a chi square test.

80 - 
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50 . 
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o number of occurences 

H number of fungi taxa

FlG. 4. Figure shows the difference in the number 
of fungi taxa found on six different host wood types. 
(x2 = 13.6, with 5 degrees of freedom and a critical 
value of 11.1)

A  total of 58 distinct m acro-fungi w ere found, 
32 of w hich w ere found only once (A ppendix A). 
17 fungi w ere found m ore than tw ice. From  these 
17, 59% show ed signs of host specificity. There 
w ere three A scom ycetes (Xylariaceac 1, Xyian'a 1, 
and Xyiarz'a 2) found m ore than tw ice, two of them  
show ed signs of host specificity (Table 1). There 
w ere 14 Basidiom ycetes found m ore than twice, 
eight of w hich show ed signs of host specificity 
(Table 1).

Specificity of both  host species and of size of 
substrate w as significant. Chi square analyses 
w ere done using the five m ost com m on fungi: 
AphyNopboraies 1, Aan'cMiana sp., Xyfarz'aceae 1, 
Agan'cales 2, and Agan'caics 1. In a chi square test, 
significance for host specificity w as P  =  3.42E-15 
(Fig. 3, Appendix B: Table 1). The null hypothesis of 
no host specificity (equal occurrences of a fungus 
on every different host species) w as rejected.

In a chi square test, significance for size 
specificity was P =  2.77E-12 (Fig. 5, A ppendix B: 
Table 2). The null hypothesis of equal 
occurrences of a fungus on all sizes of w ood w as 
rejected.

The null hypothesis that richness of fungi is 
the sam e on all host species w as rejected using A 
chi square one sam ple test for goodness of fit 
w hich show ed significant differences in the 
num ber of taxa found on different host species (  ̂
=  13.6, w hich is greater than the critical value, 11.1, 
w ith 5 degrees of freedom ) (Fig. 4).
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FlG. 5. Differences in size specificity of five fungi found most frequently. Agaricales 2 was only 
found on twigs, and small branches. AphyHophorales I was mostly found on intermediate sized 
branches. Size specificity was broader for y4Mr;cHian'a sp., Xylariaceae 2, and Agancales I. (P = 
2.77E-12, from a chi square test) (Appendix B: Table 2).

H ost preference can actually be environm ental 
requirem ents of both  the fungi and its host (Ferrer 
and G ilbert 2003). The presence of HiMscus 
hh'uceus in a variety of environm ental conditions 
suggests that the host specificity of ApliyHop/ioraies 
1 is required because of the qualities of the host, 
such as w ood density and chem ical properties, 
and not the environm ental conditions.

Inocgrpus hosted the m ost taxa of fungi
(Fig. 4). Of 16 taxa four had possible host 
specificity (Table 1). M y observations suggest that 
IwocarpMS /agi/er grow s in m oist conditions, often 
near stream s. H ost specificity on this w ood m ay 
be due m ore to environm ental restrictions, such as 
a requirem ent for constant m oisture, rather than 
properties of the host.

The m ajority of w ood inhabiting fungi w as 
found on branches, 3 cm  to 10 cm. H ow ever the 
strongest size specificity was show n by Agan'caies 
2, w hich w as only found on tw igs and sm all 
branches, less than 3 cm diam eter.

This study occurred through O ctober and 
N ovem ber, during the transition from  the dry 
season to the w et season. To appropriately 
exam ine the fungal diversity of M oorea, the w hole 
effect of seasonal changes should be considered 
for future studies.

There w as very significant indication of host 
specificity and size specificity occurring on 
M oorea. There also w as a higher percentage of 
host specificity occurring on M oorea than in  a 
h igh diversity tropical forest, how ever this 
question should be further exam ined in future 
studies w ith m ore com parable m ethods betw een 
the different ecosystem s.
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A P PE N D IX  A

MACROFUNGI AND HOST SPECIES OCCURRENCES

number of occurences

fungus name o
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AphyHophorafes 1 43 3 40

Aun'cataWa sp. 36 13 14 5 3 1

XytarMceae 1 16 4 10 i l

Agancafes 2 12 8 2 1 1

Agancates 1 11 4 2 2 1 2

Polyporaceae 37 7 3 4

Xylanal 6 3 1 2

Polyporaceae 1 4 1 3

Polyporaceae 30 4 1 2 i

Agar:'ca/es 46 4 3 1

A?ar;'ca/es 3 3 3

Agan'ca/es 29 3 1 2

AphyMophorafes 40 3 0 2 1

Agancales 4 3 1 1 i

Polyporaceae 49 3 3

Xylana 2 3 2 1
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Poiyporaceae 63 

Pofyporaceae 3 

Poiyporaceae 50 

Polyporaeeae 57 

Copnnas sp. 

Xylanaceae 2 

Polyporaceae 43 

Basidiowycofa 76 

Polyporaceae 6 

Poiyporaceae 5 

Polyporaceae 12 

Polyporaceae !3  

Prew^Ha/es 1 

Agan'caies 25 

AphyMophorales 2 

ApityBop^ora^s 39 

Poiyporaceae 42 

7re?nf Hales 2 

Polyporaceae 52 

ApHyHopHorales 52 

ApHyHopHora/es 54 

Poiyporaceae 55 

Po/yporaceae 56 

Bas;d;omycota 53 

ApHyHopHorales 62 

Poiyporaceae 64 

Polyporaceae 66 

Polyporaceae 67 

Hydnaceae 72 

Po/yporaceae 72 

Xylarta 75 

Polyporaceae 77 

Agan'ca^es 78 

Agan'caies 22 

Polyporaceae 27 

Polyporaceae 34 

Agan'caies 35 

Polyporaceae 59 

ApHyHopHora/es 62

3
2

2

2

2

2

2

2

2

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

2

0

0

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

3

2

2

1

1

1

1

1

1

1

total found 210 55 72 36 1 12 7 12 1 8 1 1 1 1 2 1

Nofes; This table show s all the m acrofungi 
M acrofungi w ere identified to the m ost specific 
D esjardin  2002)

found and w hat host species they w ere found on. 
taxonom y possible (A lexopoulos 1996, H em m es and
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A PPEN D IX  B

CHI SQUARE ANALYSES TABLES

TABLE 1: chi square table for h o st specificity. Show s observed  an d  e xp ected  valu es for the five m ost 
com m on  m acrofungi found.

6
&

V)
3JO.cs

3o/D
-S3
5

bo

Cct*.3SJO

3

3 *r*

3
3^2tu -s 

3 3Q

V)O
33
0 g 

^ 8

3O
*3

3

bo
3

,3
O
bo <s3 .C) 
^ 3 
CQ tx

3
3bo

C
oc

os
 n

M
c:7

er
a

observed

2 3 40 0 0 0 0 0 0 0 0
AMncuiana sp. 13 14 5 0 0 1 0 0 0 3
XyiaWaceae 1 4 0 10 0 1 0 1 0 0 0
A%ar:'ca?es 2 8 0 0 0 0 0 2 1 1 0
A%ancaies 1 4 2 2 1 2 0 0 0 0 0
expected

2 11.66 20.41 6.19 0.36 1.09 0.36 1.09 0.36 0.36 1.09
AMn'ctdan'a sp. 9.76 17.08 5.19 0.31 0.92 0.31 0.92 0.31 0.31 0.92
Xi/ianaceae 1 4.34 7.59 2.31 0.14 0.41 0.14 0.41 0.14 0.14 0.41
A%an'cales2 3.25 5.69 1.73 0.10 0.31 0.10 0.31 0.10 0.10 0.31
A<?an'caies 2 2.98 5.22 1.58 0.09 0.28 0.09 0.28 0.09 0.09 0.28

TABLE 2: Chi square table for size specificity. Show s observed and exp ected  v alu es for the five m ost 
co m m o n  m acrofu n gi found.
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Aj?ar:'caiesl 0 0 4 2 4 1 1 0 1 0
AancMlana sp. 1 7 5 5 11 3 3 3 0 3
Aphi/Hophoraies 1 0 3 17 14 16 6 6 0 0 0
A<?ar:'cales 2 4 9 0 0 0 0 0 0 0 0
Xi//ar:aceae 1 0 1 1 0 3 5 2 2 1 4
expected
A<?ar:'caies 1 0.44 1.76 2.37 1.84 2.99 1.32 1.05 0.44 0.18 0.61
AMn'ctdana sp. 1.39 5.54 7.48 5.82 9.42 4.16 3.32 1.39 0.55 1.94
Ap̂ vHop̂ oraies 1 2.09 8.38 11.31 8.80 14.24 6.28 5.03 2.09 0.84 2.93
Agan'caies 2 0.44 1.76 2.37 1.84 2.99 1.32 1.05 0.44 0.18 0.61
Xi/iar:'aceae 1 0.64 2.57 3.47 2.70 4.36 1.93 1.54 0.64 0.26 0.90
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ARE CURRENT REEF FISHING PRACTICES SUSTAINABLE?
AN ASSESSMENT OF ONGOING MARINE CONSERVATION EFFORTS 

AND MANAGEMENT PRACTICES ON THE ISLAND OF MOOREA,
FRENCH POLYNESIA

SARIKA CULLIS-SUZUKI

Znfcgrahve Biology, University o/CaZi/oniM, BerMey, Caii/ornia 94720 USA

Abstract. The decrease of fish catches is occurring on a global scale. The need for 
effective regulations and realistic m anagem ent goals is becom ing m ore urgent if 
sustainable fishing is to be attained. This study focuses on the island of M oorea in French 
Polynesia and assesses the state of its current reef fishing practices and m anagem ent 
efforts. Research focused on three aspects. Firstly, population abundance of three 
com m only eaten and sold reef fish fam ilies w as studied (lutjanids, scarids and serranids) 
at three differently regulated zones around the island: a m arine protected area, an area 
regulated by size restriction and a non-regulated zone. Results illustrate significant 
differences in abundance for each fish fam ily depending on site. Secondly, by-catch 
survival rates of lutjanids were m onitored by using tw o m ethods of capture: hand line 
caught fish and gill-net caught fish. Results show  a significant difference in m ortality 
rates depending on m ethod of capture: gill-net caught snapper w ere m ore likely to die 
than hand line caught snapper. Lastly, a survey w as conducted w ithin the fishing 
com m unity to assess their current aw areness of fishing regulations and w illingness and 
ability to abide by them. Results show  fisher people have w itnessed a decline in fish 
w ithin their lifetim es. Results also suggest an increased com m unication betw een 
m anagem ent officials and fisher people w ould increase effectiveness of current 
regulations and m arine protected areas on M oorea.

Key words; by-catcb; conservation; giii-nets; intjanz'd; nzarine protected area; scarid; serranid

INTRODUCTION

Fish populations are decreasing on a global 
scale at an unprecedented rate (W atson and Pauly 
2001, Pauly et al. 2002,). D eveloping sustainable 
fisheries has becom e an issue of universal concern. 
O ver the years, m any different m anagem ent plans 
have been form ulated in attem pts to regulate 
fishing (Kennelly and Broadhurst 2002). One 
currently debated fisheries m anagem ent tool is the 
m arine protected area, or M PA. M arine protected 
areas have both advantages and disadvantages 
w hich m ust be w eighted w hen considering 
im plem entation (Yasutoshi and Yasushi 2003).

French Polynesia is no exception to the reality 
of perceived over-fishing (W alker 2001). O n the 
island of M oorea, sister island to Tahiti, I observed 
local fisher people experiencing this crisis. M ost 
natives of M oorea, including resource elder P. 
M ape, agree that in their lifetim e, they have 
w itnessed a decline in fish stocks. For a 
com m unity that, to m y perception, relies 
fundam entally on fishing, there is a pressing need 
for conservation policies and m anagem ent plans 
that prom ote sustainable fishing practices.

In O ctober of 2004, in an attem pt to increase 
reef fish abundance, the PG EM  (Plan de Gestion 
de l'Espace M aritim e) established eight m arine 
protected areas (M PAs) around M oorea (Tem aru
2004). Each M PA  has specific regulations 
depending on w hat the fisher people of that area 
requested, bu t all either lim it fishing or disallow  it 
com pletely (Tem aru 2004). Every com m unity 
w ithin M oorea, Paopao, H aapiti, Teavaro and 
A fareaitu has accepted the installation of M PA s in 
their region and possess at least one M PA  to date, 
except for the com m unity of Papetoai (Fig. 1). 
Instead, Papetoai has asked to have restricted 
fishing by size, rather than com plete areas of coasts 
w here fishing is not allow ed, such as M PAs 
(Tem aru 2004). This is significant because such a 
m ethod exists now here else in French Polynesia 
(C. M onier, pers. comm.). If this technique for 
increasing reef fish abundance does, in fact, prove 
successful, it could have profound im plications on 
other areas, illustrating the potential to adopt law s 
that aren 't as invasive or restrictive as M PAs.

The fundam ental question therefore rem ains: 
is either of these m ethods, M PA s or m arine 
conservation by fish size restrictions, effective?
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And if so, w hich m ethod w orks best? In  order to 
assess if such m ethods are having an effect, reef 
fish population abundance m ust be m easured at 
each different location. In addition, it is critical 
that there be a process by w hich the im pact of 
such m ethods on each com m unity is m easured. 
This study focuses on the current conservational 
solutions to the decline of fish on M oorea, and 
their effectiveness to date.

MATERIALS AND METHODS

A ll data for this pro ject w ere collected from  
the beginning of O ctober to the beginning of 
N ovem ber in 2005. The research center used was 
the U niversity of C alifornia, Berkeley Gum p 
Station in Paopao. There w ere three parts to this 
study, and each required different m aterials and 
m ethods.

FisE Population Abundance

The first part w as a survey recording 
population abundance of three different reef fish 
fam ilies at three distinct sites. Snappers
(including: Tuf/'anus /uioMS Forster 1801, Lnbanns 
gibbns Forsskal 1775, Tnijanns Irasmira Forsskal 
1775, Lnf/'anns wonosfigma C uvier in  C & V  1828), 
Parrotfish (including: Scam s psibacns Forsskal 
1775, Scams Lacepede 1802, Scam s vbobban
Forsskal 1775, CMomrus sordidns Forsskal 1775), 
and G roupers (including: Epinepbeins bexagonatas 
Forster 1801, Epincpbcins merra Bloch 1793, 
Cepbaiopboiis argns Bloch et Schneider 1801- all fish 
w ere identified by photographs from  Randall
2005) w ere chosen because of their popularity 
am ongst reef fisherm en (V. Brotherson and J. You- 
Sing, pars, comm.) and the given tim e fram e for 
collection of data, w hich lim ited the possible 
num ber of fam ilies to study. The three sites 
surveyed w ere chosen because each is regulated 
differently: a m arine protected area (M PA) in 
Paopao, a non-regulated zone in Paopao, and an 
area of Papetoai, the region of M oorea that has 
fishing restrictions through size lim its. A nother 
determ ining factor for site selection was proxim ity 
of locations to each other and to the G um p Station, 
and sim ilarity of sites to each other. U nderw ater 
observations (in this case by snorkeling), were 
used to determ ine w hich area contained a greater 
abundance of fish. These three sites were 
m easured tw ice each day over the course of 12 
days for a total of 24 tim es each: 12 tim es at a 
shallow  depth of 1 m  -  2 m, and 12 tim es at a 
greater depth of 3 m  -  4 m. In total, there w ere 72 
transects com pleted. Sites w ere visited at rotating 
tim es of the day to reduce potential bias. Transects 
were 20 m  long, the sam e length used for

Fig. 1. Map of Moorea illustrating five regions 
(including Paopao and Papetoai) and all eight 
Marine Protected Areas (depicted in red). Image used 
with permission horn C. Monier.

underw ater transects in the study by V ictor, 1986, 
and stretched parallel to the shore. A fter w aiting 
approxim ately five m inutes, the snorkeler, 
equipped w ith m ask, snorkel, fins and a dive slate, 
w ould slow ly Boat over the transect, recording the 
num ber of fish from  each of the three specified 
fam ilies observed along the 20 m  transect, and 
w ithin 2 m  to the right and left of the transect.

By-CHfcb Suruipa? Rates

The second part of this study focused on the 
collection of undersized lutjanids from  two 
m ethods of fishing: hook and line, and gill-nets. 
The purpose w as to m onitor and to com pare 
survival rates of the fish to determ ine w hich 
m ethod of fishing w as m ore harm ful to snapper 
by-catch. In th e  context of th is  p ap er, 'b y -c a tc h ' 
refers to undersized f is h  cau g ht in th e  region of 
P a p e to a i th a t ,  according to recent regulations, 
must be re leased . Lutjanids w ere selected because 
of their h igh catch rate both by net and by  hand 
line, and because of their fishing popularity (V. 
Brotherson and J. You-Sing, pers. cowim.). Tw enty 
tw o snapper w ere collected by net and 22 by hand 
line. The lutjanids w ere obtained from  five 
different fisher people on M oorea and all came 
from  either Paopao or Papetoai regions because of 
the sites' proxim ity to the G um p Station in Paopao 
(w here all subsequent fish observations were 
m ade in  aquaria). O btaining lutjanids was 
achieved by accom panying the fisher people either 
on their fishing boats (m otor boats or pirogues) or 
from  shore. It w as im portant to m easure the fish to 
determ ine their size before confirm ing their status 
as by-catch. The undersized snapper were
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collected in large buckets in w hich the w ater was 
changed frequently, and then brought back to the 
w et lab at the Gum p Station. Fish were never kept 
longer than 30 m inutes in a bucket. Fish were 
released into aquaria of length 80 cm, w idth 50 cm 
and depth 43cm , w ith a fresh, constant sea w ater 
How and a stable tem perature of 28 degrees 
Celsius. The fish w ere held for a period of four 
days. Feeding of fish w as attem pted but rarely 
successful, m ost likely due to high levels of stress 
on the fish upon being held in captivity. During 
those four days of captivity, the snapper were 
m onitored for change in behavior, change of 
health, or, death. All fish that died w hile in 
captivity w ere labeled and frozen for possible 
future autopsies. A ll fish that survived captivity 
for four days were then released back  into the 
ocean w here they w ere caught. The health of the 
fish w as described upon their release, including 
any noticeable changes in their behavior or 
physical state.

Fishing CoMfWMfuty Survey

The last part of this study focused on the 
M oorean social aw areness regarding fishing 
practices in the com m unity. In  order to determ ine 
the effectiveness of new  conservation m ethods, 
research on the societal aspect is needed in 
addition to direct fish population analyses 
(Pinkerton and W einstein 1995). To accom plish 
this, a survey of 25 questions were posed to 30 
fisher people, m ost from  the regions of Paopao 
and Papetoai (again, these locations were chosen 
for reasons of proxim ity to the Gum p Station in 
Paopao). This survey w as sim ilar in design 
(though not in length) to the ranching survey 
conducted by Liffm an et al., 2000, in California. 
Fisher people w ere contacted for surveying at 
random , som etim es by recom m endations and 
other tim es by chance introductions. The surveys 
w ere conducted principally to understand the 
local fisher people's level of aw areness of current 
fishing regulations and the level of com m unity 
com pliance w ith these new  law s, as these factors 
are pivotal to the success of fishing regulations.

R E S U L T S

Fish Population Abundance

A ccording to the probability value (Table 1), it 
is suggested that there is a significant difference in 
parrotfish abundance betw een certain sites. Table 
2 and Fig. 2 show  results of the Tukey-K ram er 
M ultiple Com parison Test: Parrotfish populations 
vary significantly betw een the M PA  site and the

Fig. 2. Analysis of parrotfish abundance at three 
different sites: MPA, Papetoai and an area of Paopao 
with no fishing regulations (no MPA). A Tukey- 
Kramer test was conducted to determine significance.
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Fig. 3. Analysis of snapper abundance at three 
different sites: MPA, Papetoai and the site with no 
MPA). A Tukey-Kramer test was conducted to

Fig. 4. Analysis of grouper abundance at three 
different sites: MPA, Papetoai and the site with no 
MPA. A Tukey-Kramer test was conducted to 
determine significance.
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TABLE 1 . A n a ly s is  o f  v a r ia n c e  fo r  p a r r o t f i s h  
a b u n d a n c e  a t  th r e e  s ite s .

Source DF Mean Square F Ratio Prob > F
location 2 2594.08 5.4325 0.0091
Error 33 477.51
C. Total 35

TABLE 2. Results of Tukey-Kramer Multiple
Comparison Test for parrotfish

Level Mean
no MPA A 38.2
Papetoai A B 28.4
MPA B 9.3

TABLE 3 . A n a ly s is  o f  v a r ia n c e  fo r  s n a p p e r  a b u n d a n c e  
a t  th r e e  s ite s .

Source DF Mean Square F Ratio Prob > F

location 2 9817.53 40.0179 <.0001
Error 33 245.33
C. Total 35

TABLE 4. Results of Tukey-Kramer Multiple 
Comparison Test for snapper.

Level Mean
MPA A 49.583

no MPA B 0.083
Papetoai________ B_________ 0.000

TABLE 5 . A n a ly s is  o f  v a r ia n c e  fo r  g r o u p e r  a b u n d a n c e  
a t  th r e e  s ite s .

Source DF Mean Square F Ratio Prob > F
location 2 40.8611 13.5861 <.0001
Error 33 3.0076
C. Total 35

TABLE 6. Results of Tukey-Kramer Comparison Test
for grouper.
Level Mean
Papetoai A 3.583
MPA B 0.666
no MPA B 0.166

non-M PA  site. The probability value (Table 3) 
suggests there is a very significant difference in 
snapper abundance betw een certain sites. A fter 
conducting a Tukey-K ram er M ultiple Com parison 
Test (Table 4, Fig. 3) we see that the significance 
lies betw een snapper abundance in the M PA  site 
and Papetoai, as w ell as betw een the M PA  site and 
the site w ithout an M PA. The probability value 
(Table 5) suggests there is a very significant 
difference in  grouper abundance betw een certain 
sites. The Tukey-K ram er Com parison Test (Table 
6, Fig. 4) establishes that the significant difference 
betw een sites appears to be betw een Papetoai and 
the M PA, and Papetoai and the site w ithout an 
MPA.

By-CHfcit SurutPHi Rates

From  Table 8 w e see that the C hi-square value 
is 3.97; this is greater than the critical value of 3.84,

TABLE 7. Confidence Intervals.
Level Count Prob Lower Cl Upper Cl 1-Alpha
hand 3 0.23077 

line
net 10 0.76923 
Total 13

0.081795

0.497436

0.502564 0.950 

0.918205

TABLE 8. Chi-Square Test results.
Test Chi- DF

Square
Prob>Chisq

Likelihood Ratio 3.9765 1 0.0461

deem ing these results significant. The Likelihood 
Ratio Test clarifies that gill-net caught snapper 
have a higher m ortality rate than hand-line caught 
snapper.

FisMw? CowwtMm'fy Surrey

It becom es clear from  figures 5 and 6 that 
there could be a dilem m a w ith the current 
m anagem ent system  of M oorea. Figure 5 show s us 
that m ost of the fisher people are indeed aw are of 
M PA s on M oorea, and very few  do not know  or 
aren 't sure of w hat they are. This does not seem  to 
m atch up to figure 6, w hich illustrates that over 
half of the surveyed fishing population at tim es 
fish w ithin M PA s. I deduced that fifteen out of 30 
people (half of all surveyed) said they knew  about 
M PA s b u t still fished w ithin M PAs.

Regarding current regulations of the region of 
Papetoai, w h ere size  restrictio n s ra th e r  th a n  
M PAs are used, results show ed that few  people 
claim ed they w ere aw are of the fishing restrictions 
of that area (Fig. 7). Interestingly though, a very 
high num ber of those surveyed fished w ithin 
Papetoai (Fig. 8). These tw o graphs together 
present a pow erful account of the fishing reality of 
this surveyed population: aw areness is low  but 
fishing is h igh in  the region of Papetoai.

The last figure (Fig. 9) presents the reality of 
decreasing fish stocks on die island of M oorea. 
H ere w e see that out of the 30 people surveyed, 29 
responded that they have w itnessed declines in 
fish over the years. Som e fisher people noticed 
only certain species declining, b u t of those 29, all 
agreed that w ithin their lifetim e, fish abundance 
has indeed been  dim inishing.
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Fig. 5. Graph represents number of fisher 
people (out of 30) who indicated that they were 
currently aware about marine protected areas on 
Moorea.
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Fig. 8. Graph represents number of fisher 
people (out of 30) who currently fish within the 
region of Papetoai.
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Fig. 6. Graph represents number of fisher 
people (out of 30) that currently fish in MPA 
zones.

Fig. 9. Number of fisher people (out of 30) 
who have witnessed a decline in fish (of any 
species) over the years.
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DISCUSSION

F:s/t Population Abundance

The first part of this study, the population 
abundance analysis, produced unexpected results. 
A ll three fish fam ilies had highest abundance in 
different locations. This im plies that either habitat 
preference differs am ongst fish fam ilies, or fishing 
pressure differs for each fish fam ily. Parrotfish 
had a significant difference in abundance betw een 
M PA  sites and non-M PA  sites, yet the higher

Fig. 7. Graph represents current awareness of 
30 fisher people on Moorea regarding fishing 
restrictions of Papetoai.
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abundance occurred surprisingly in the non-M PA  
zone (Fig. 2). In contrast, snapper had a 
significant difference in abundance betw een M PA 
sites and non-M PA  sites, as w ell as M PA  sites and 
Papetoai (Fig. 3). There are several possible 
reasons for such results: perhaps snapper
preferred the M PA  habitat over the other locations 
for reasons unaffected by fishing pressure; or, 
perhaps fishing pressure of snapper w as indeed 
low er in the M PA  site than the other sites thereby 
accounting for the m uch larger num ber of snapper 
w ithin the M PA. Lastly, the studied site w ithin 
Papetoai appears to have the greatest population 
abundance for grouper over both  the M PA  site 
and the non-M PA  site (Fig. 4). This could be 
attributed to either the h igher desirability of 
habitat for grouper w ithin Papetoai to that of other 
locations, or it could indicate that fishing 
regulations w ithin Papetoai are indeed effective 
for grouper, and thus account for their higher 
population abundance w ithin the area.

These results could be interpreted in different 
ways: perhaps M PA sites are w orking best for 
snapper w hereas the fishing regulations in 
Papetoai m ostly benefit grouper. Finally, 
parrotfish could prefer the habitat of the non-M PA  
site over other sites to such an extent that their 
abundance is higher at this site.

It is difficult to determ ine from  these results 
the significance of M PA s or size restrictions in 
Papetoai as effective m anagem ent tools for fishing 
on M oorea. M ore detailed studies m ust be done 
on population abundance of fish in each of these 
areas, as w ell as habitat preference of specific fish 
fam ilies, to be able to com e to distinct conclusions. 
It m ust also be noted that the installation of these 
M PA s and fishing restrictions w as very recent, in 
2004, therefore it is very feasible that changes in 
fish abundance have not yet been  detected 
betw een sites.

H um an error accounts for the largest potential 
source of error for this part of the project. W hen 
counting fish it is virtually im possible to m ake an 
exact tally, as fish are fast and easily  scared off. 
Certain fam ilies of fish could be m ore easily 
frightened, creating a bias in favor of bold or 
territorial fish. A lso, bias can occur because certain 
fish tend to hide under or w ithin coral and are 
thus harder to distinguish (Lipej et al. 2003). 
Failure to identify fish fam ilies accurately is yet 
another possible source of hum an error. Finally, 
poor site selection could have potentially 
contributed to sources of error: fish abundance 
correlates to habitat preference, therefore if the 
selected sites differed significantly in habitat, fish 
abundances could differ accordingly.

By-catci? Sarcinai Rates

This study w as im portant because it 
m onitored current m ethods of fish capture w ithin 
the reef for sustainability. The concept behind 
fishing size restrictions in the region of Papetoai 
depends on the assum ption that fish w ill survive 
upon release. If, in actuality, released fish do not 
survive, there w ould be no point in  restricting 
fishing by size. H ow ever, if it is proven that 
certain m ethods of fishing are less dam aging than 
others, perhaps Papetoai could enhance its 
regulations by  also including certain  gear 
restrictions. The results from  Table 7 show  a 
significant difference in survival rate betw een 
snapper caught by hand line and those caught by 
gill- net: the Chi-square value from  the Likelihood 
Ratio is greater than the critical value, deem ing the 
difference betw een m ortality rates significant.

The biggest cause for death am ongst net- 
caught snapper w as m ost likely due to deep cuts 
they suffered around the head and belly, and often 
gills. A nother probable cause of death w as the 
pressure from  the fisher person 's hands on the fish 
w hile attem pting to disentangle the fish  from  the 
net: internal organs w ere com pressed, potentially 
causing irreversible dam age to the fish. For hand 
line-caught fish the cause of death w as less 
evident, bu t hypotheses include hooks being 
deeply im bedded in the fish 's throat or gills, 
'sn ag g in g / w hereby the fish is hooked on 
vulnerable areas such as the stom ach, and 
aggressive handling of fish by the fisher person 
upon catch.

A nother m onitored aspect of the by-catch 
study w as the condition of fish upon release. In 
general, snapper that had been  caught by net and 
released w ere in  w orse physical condition than 
those caught by hand line: open sores or 
lacerations w ere com m on and visible on the 
released netted fish, bu t not on those caught by 
hook.

These results are valuable as they indicate 
differing levels of harm  indicted on fish 
depending on w hat fishing m ethod is  used. 
M anagem ent w ithin Papetoai could consider 
requiring the m ost sustainable fishing m ethods as 
well as size restrictions; this w ould enhance their 
current regulations, potentially increasing fish 
abundance.

This by-catch study w as lim ited to holding 
fish in  captivity for a m axim um  of only four days. 
A lthough a significant difference w as found 
betw een those fish  caught by hand-line and those 
by net, it  is m ore than conceivable that there 
w ould be m ore deaths for fish caught by net after 
four days. This conclusion is based on the 
condition of the fish once they w ere released. Had
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fish been  in captivity longer, the m ortality rates 
w ould have likely increased for snapper caught by 
net, as upon release they w ere often in very bad 
condition. O ther possible sources of error could be 
length of tim e betw een capture and release into 
aquarium ; unavoidable changes in aquarium  
w ater; degree of disturbance w hile in captivity, 
and inevitable range of harm  w hen handling fish 
depending on fisher person. It should also be 
noted that eight hand line caught snapper 
contracted w hat appeared to be a fungal infection, 
and half w ere dead after one night of captivity, the 
others being m ortality ill. Five snapper caught by 
net also suffered sim ilar sym ptom s, b u t were 
released before signs w orsened. Sym ptom s 
appeared as a thick, w hite film  covering the entire 
body, blinding the fish. A lthough it cannot be 
proven that this infection w as not the result of the 
m ethod of capture, evidence suggests infection 
caused by close confinem ent in  captivity to be the 
m ost probable cause of contam ination, and hence 
these infected fish were not included in  the study's 
data.

Fis/UMg Co?71 fMMMZh/ SM7W1/

The m ain focus of the fishing survey w as to 
determ ine a) if fisher people were aw are of fishing 
regulations, b) if fisher people follow ed fishing 
regulations, and c) if in fact there is cause for 
concern: have fisher people w itnessed a decline in 
reef fish catch over the years? The results to these 
questions, posed to 30 random  fisher people, gave 
profound results. From  Figs. 5 and 6 w e see that 
although the m ajority of people surveyed said 
they w ere aw are of M PA s on M oorea, m ore than 
half fished w ithin M PA zones nevertheless. In fact, 
exactly 50% of those surveyed fished w ithin M PA 
zones while supposedly know ing about the 
protected areas. There are m any possible reasons 
for such results. In som e cases, although aw are of 
M PA  sites, the fisher person could not justify 
stopping fishing in such areas, as the basic need to 
feed on e's fam ily w as the priority. In other cases, it 
w as evident that although the surveyed said they 
w ere aw are of M PA s on M oorea, it w as m ore 
probable that they actually did not know , judging 
by the w ay in w hich they answ ered m ore detailed 
questions pertaining to protected areas. H ow ever, 
the m ost com m on situation w as that the surveyed 
knew  about only certain M PA  sites on M oorea, 
and therefore fished in other M PA zones 
unknow ingly. Finally, there w ere those w ho were 
aw are of only certain rules regarding the M PAs, 
such as lim ited boat restriction w ithin the 
protected area. These results w ere undoubtedly 
the product of both m isunderstandings and lack of 
aw areness; such consequences could be avoided if

com m unication betw een those in charge of 
m aking the regulations and those that m ust follow  
them  are strongly im proved.

In Figs. 7 and 8, results regarding the region of 
Papetoai are exam ined. In term s of aw areness, we 
see that the vast m ajority of fisher people w ere not 
aw are of the fishing regulations of Papetoai. 
Furtherm ore, w e see that m ost of those surveyed 
fished in Papetaoi. The conclusion draw n from  
these figures is that although the m ajority of 
people surveyed do fish in Papetoai, m ost are not 
aw are of the fishing restrictions. Once again, this 
lack of aw areness can be attributed to the poor 
com m unication betw een those m anaging and 
those being m anaged. Finally, Fig. 9 show s that 29 
out of the 30 surveyed disclosed that they have 
w itnessed a decline in fish over the years. This 
result sim ply intensifies the call to increase 
effective m anagem ent on the island.

The m ost obvious source of error lay in the 
language barrier betw een the surveyor and the 
surveyed, occasionally resulting in  failure to 
com m unicate and understand the other clearly. 
A nother im pedim ent w as unforeseen cultural 
differences that could have affected the survey 
responses. H ow ever, the m ost notable source of 
error in the survey lay in its failure to discern if in 
fact the surveyed w as answ ering truthfully. The 
survey relies on honest inform ation, w ithout 
w hich such inform ation w ould prove irrelevant. 
O ne exam ple of a source of error w as blatantly 
apparent w hen surveying one fisher person in 
particular. She w as fishing as she responded to the 
survey, and, upon being asked w hether she 
released her undersized fish, she answ ered 
'A lw ays;' yet she w as keeping all her undersized 
fish as she answ ered the questions. Such 
unexpected incidences are perhaps inevitable, yet 
rem ain to the study a grave source of error.

This study is but an introduction to the 
current fishing reality of M oorea; such an 
investigation is by no m eans closed. A t present, 
little research exists regarding the current state of 
affairs of reef fishing on M oorea, sim ply 
increasing the urgency for m ore such studies. This 
topic is extrem ely broad and m uch m ore tim e is 
required to study it com prehensively. From  this 
study it can be concluded that annual surveys on 
population abundance of fish w ithin differently 
regulated sites w ould benefit research 
considerably, hopefully establishing which 
m anagem ent plans are m ost effective. Fishing 
regulations and m anagem ent plans m ust be 
created according to ecological health as w ell as 
the needs of the people. It is also evident that 
m any aspects m ust be taken into consideration 
w hen creating m anagem ent regulations, even
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basic factors such as gear selectivity. In addition, 
this study reinforces the necessity for 
communication betw een those that create 
managing plans and those that are to follow them. 
All these factors, ecological, economical and social 
concerns, m ust be addressed when considering 
performance of management tools such as MPAs 
(Bohnsack 1998).
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Although the reality of over-fishing is 
undeniably daunting, there is reason to remain 
optimistic: the fishing community of Moorea 
remains open and eager; more research and more

communication can potentially change this
island's over-fishing into a sustainable way of life.
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FACTORS IN FLUEN CIN G DISTRIBUTION PATTERNS OF EPIPHYLL 
COLONIZATION AND HERBIVORY ON DECAYING POPULATIONS OF THE 

INVASIVE SPECIES PSZDIUM GLM/AVA

SA R A H  1. D A N IE LS

EntwoHmewfai Science Policy Management, Llnioersily o/ Cahybrnia 
Berkley, Ccii/omM 94720 LISA

Abstract Presence of one in v asiv e  species can fa c il i ta te  th e  presence of o th e r  
introduced or in v asiv e  species w ith in  a community, th e  presence of th is  secondary 
introduction, can become a resource for fu rth er p ro p ag atio n  by o th er non-indigenous 
species. On the tro p ica l islan d  of M oorea, in French P olyn esia , th e  d istribu tion  of a non
n a tiv e  e p ip h y te , guava le a f  spot fungus, on a dying p op ulation  of th e  in v asiv e  p la n t 
species, Psidinm gna)aun, w as observed. A non-native scarab  b ee tle , responsible for 
e a tin g  guava le a v e s  w ith in  th e  garden, w as also  studied to see if  th e  degree of fo lia g e  
consumption w as dependent upon th e  amount of non-native e p ip h y ll ic  coverage. A long 
w ith  th is , th e  p attern s of co lon ization  of two o th er e p ip h y lls , a sooty m old fungus and 
a lich e n  species, w ere observed to find  any a d d itio n a l re la tio n sh ip s  betw een 
m icroenvironm ent and ep ip h y te  grow th. E p ip h y te  grow th and h erb iv ory  of each  le a f  
w as m easured as a ra t io  of le a f  area  covered. S ig n ifica n t d ifferen ces in abundance of 
th e  e p ip h y lls  w ere found among th e  four locations in  th e  garden and among d ifferen t 
tree sizes. Curiously, no p o sitiv e  co rre la tio n  w as found betw een herb ivory  and ra tio  of 
th e  non-native e p ip h y ll ic  grow th on each  le a f  in  th is  f ie ld  study. A n eg ativ e  
corre la tion  w as found betw een herb ivory  and amount of lich e n  on each  le a f . F u rth er 
exp erim ental studies w ere executed to control for lich e n  coverage and deduce if  th e  
h erb iv ores p referred  th e  le a v e s  w ith  g rea ter proportions of th e  le a f  spot fungus. T h ese 
tests provided  sig n ifican t results th a t  le a v e s  w ith  100% coverage of th e  le a f  spot 
fungus w ere favored  th e  most by th e  scarab b eetles . Thus, even though th is  p op ulation  
of P. gna)aun did provide a h a b ita t  for more non-native e p ip h y ll ic  species to th r iv e , 
th e  p o ten tia l o f the non-native le a f  spot fungus to increase th e  presence of th e  non
n a tiv e  b eetle  w ith in  th e  garden cannot be determ ined by f ie ld  studies due to 
confounding effects  by an oth er e p ip h y ll , th e  lich e n . T h is  study fu rth er ex p la in s th e  
im p lica tio n s  of c r it ic a l ly  an a ly z in g  changes w ith in  an in v asiv e  species community by 
recognizing both b io tic  and ab io tic  factors through both fie ld  and exp erim ental studies.

Xey words.* EyiybyPs, inunsiona! meltdown, French Polynesia, Eerinuory, lea/spot/ungns, sooty 
mo(n)M, iiciien

INTRODUCTION

Introduced species h a v e  been w id ely  known to 
out-com pete n a tiv e  species for resources and 
su rv iv al, causing th e  extin ction  of th e  n a tiv e  
species. H ow ever, not only can in v asive  species 
cause im m ediate harm  to ecosystem  d iv ers ity , but 
under certa in  circum stances, th e y  can also 
h a v e  b e n e fic ia l e ffe c ts  for o th er introduced 
species causing fu rth er h arm  to ecosystem  
dynam ics and th e  environm ent. T h is  process of 
one introduced species fa c i l i ta t in g  th e  presence of 
an oth er can lead  to an " in v a sio n a l m eltdow n" 
(S im b e rlo ff and Von H o lle  1999). G e n e ra lly ,

ecological netw orks on oceanic islan d s are 
vulnerable to destruction by non-native species. 
(Loope and M ueller-D om bois 1989) In v asiv e  flo ra  
species h a v e  become successful on th e  tro p ica l 
is lan d  of M oorea, a So cie ty  Islan d  of French 
P olynesia  (M eyer 2004).

T h e in v asiv e  species, Psidinm gna/apa 
(K ellu m , per. com .), on M oorea is w id e ly  
recognizable by its  ty p ic a lly  sm ooth red b a rk , 
u ninh ibited  by any m assive e p ip h y tic  grow ths on 
th e  trunk and leav es. A fter a b r ie f  e v a lu a tio n  of 
guava p lan ts on th e  w estern side of th e  is lan d  a t  
th e  low est and h ig h e s t e lev a tio n s, it  ap p ears 
th a t  th is  trend is consistent— w ith  th e  strik in g
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exception of trees found on the property of 
M arim ari K ellum , owner of 60 hectares of land in 
Opunohu V a lle y  (8061376 UTM).

N atu ral h istory  of M arim ari K ellum 's 
garden d ates back to 1925. According to M arim ari, 
h er fa th e r  w as once able to cu ltiv ate  enough 
guava fru it to se ll to th e  local fru it juice factory . 
Since 1992, her fru it-bearing trees h ave decreased 
in productivity and she nurses a few of her guava 
p lants in order for them  to bear a fa ir  number of 
fru it each  season. W ith ou t clear external 
symptoms of p la n t-d ea th , K ellum  presumes th a t  
a root rot fungus is a lik e ly  cand id ate for a 
decrease of guava fru it y ie ld , as w ell as her lim e 
and soursap fruit. Interestingly, P. gMajaua plants 
h av e  become the most susceptible to secondary 
symptoms of decline in h e a lth  fitness, such as 
ep ip h y tic  grow ths and herbivory, as compared to 
th e  o th er u n h ealth y  fru it-baring  p lants on her 
property.

These ep ip h y tic  grow ths were sp e c ifica lly  
found on the leaves of the p lant, and thus termed 
as ep ip h y lls . Study of these ep ip h y lls  adds to 
increased knowledge of the p h y llo sp h ere , 
communities of micro-organisms th a t grow on or 
inside of leaves (Ruinen 1961). Even though 
overriding trends among ep ip h y tic  communities 
h a v e  been observed, the patterns w ith in  a 
narrower spectrum, such as among leaves in 
d ifferent environm ental conditions of a lo calized  
p lant community, h as not y et been thoroughly 
researched. It is im portant to recognize these 
patterns for a more complete understanding of 
how these e p ip h y llic  organisms p ro lifera te  in 
th e ir  environment, esp ecia lly  in the case of th is  
study, w here two of the species are th rea ts  to th e  
success of an agriculturally  useful p lant.

Many dam aging fungal species were 
id en tified  on the surface of the le a f  and given 
p lausible genus names including b lack  spot fungus 
(P^yHoshcfa sp.), anthracnose Pesta/oha sp.), b lack  
sooty mold (PliaeosccardinMia sp.) and guava le a f  
spot d isease (Ccrcospora sp.) (Chen, pers. com.). 
The three e p ip h y lls  th a t  w ere the most common 
and easiest to id entify  were p laced  under strict 
exam ination; the le a f  spot fungus, a lichen , and 
sooty mold.

The guava le a f spot fungus w as also chosen 
because it  is presumed to be an obligate p a ra s ite  
on the p lant and, hence, w as introduced along 
w ith  P. gMH/aua (Chen, pers. com.). T he b lack  
sooty mold is more th an  an ornam ental, it  can 
h a v e  harm ful effects on the p lant w hen in h ig h

frequencies. Therefore, patterns of growth for th is  
ep ip h y ll are also revealed  by th is  study.

The b lack  sooty mold is found most commonly 
in the tropics (M ibey 1997). Its growth is caused 
by soft scale insects w ith in  the fa m ily  
Hom optera (M ibey 1997) th a t  excrete a tra il  of 
sugary residue th a t coats th e  leaves. T h is  fungus 
develops on top of the le a f  surface by exploiting 
th e  "honeydew " medium as nutrients (N am eth  et 
a l. 1996). Even though th e  le a f is not d irectly  
harm ed by th is  fungus, the le a f 's  productivity is 
reduced; as sun exposure decreases, so does the 
p lan t's  a b ility  to photosynthesize (W ood et a l.
1988). In one study of th is  "sooty m old" on pecan 
leaves, it  w as shown th a t the fungus shaded 98%  
of th e  lig h t penetrating the le a f  and reduced 
photosynthesis by 70% (W ood et a l. 1988). 
Furtherm ore, th is  saprophyte can cause 
premature senesce of leaves, (Laem m len 2003), 
stunt fru it grow th, (R a jak  and D iw ak ar 1987) as 
cited  by M ibey 1997) and y ie ld  loss (Hughes 
1976), as cited  by M ibey 1997). A sep arate study 
on the

T h is paper attem pts to uncover patterns in 
th e  presence and degrees of in festatio n  of three 
d ifferent ep ip h y lls  (one w hich  is introduced) on 
th e  invasive P. gMaJava p lants w ith in  K ellum 's 
property according two discrete v ariab les : 
location  w ith in  th e  garden and size (age) of th e  
p lant. T he firs t v a ria b le  w as chosen because a l l  
of th e  guava p lants w ith in  the sam e general area 
h a v e  e ith e r  arisen from the same root foundation, 
or the trees are re la ted  through generations of 
seedling offspring (K ellum , per. com.). Due to 
these extrem e s im ila r it ie s  in h ered ity , th e  
distribution of ep ip h y tic  organisms on trees 
w ith in  th e  same area is even more dependent on 
th e  environm ental conditions. T h e second 
v a ria b le  w as chosen because it  h a s been shown 
th a t  d ifferences in abundance of vascular 
ep ip h y tes v aries betw een host tree size (Schm id t 
et a l. 2001), how ever few er studies h av e  
determ ined w h eth er th e  same ap p lies for 
nonvascular e p ip h y lls .

T h is in vestig ation  also exam ines w h eth er 
th e  non-native le a f spot fungus increase or 
decrease le a f susceptib ility  to herbivory by a 
non-native insect. The only herbivore culprit 
found betw een the months of October and 
November w as the non-native scarab beetle . I t  is 
w ith in  the subfam ily R utelinae and the genus 
Adorefas (R a tc liffe , per. com.). Most lik e ly  
originating from Japan and Taiw an, Adorefas sp. is 
now w idely  distributed throughout H a w a ii and
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th e  P a c if ic  Island s (M au and K essing-M artin  
1991). Even though th is  taxonom ic group of insects 
is  w e ll known as le a f-fe e d e rs , th e y  can a lso  fav o r 
fungal-dam aged le a f  m a te r ia l as w e ll (Borror e t 
a l. 1989). T h ese b ee tles , commonly known as 
sh in ing  le a f  ch a fe rs , are p a rticu la r ly  h arm fu l 
agricu ltu ral pests on a v a r ie ty  of cu ltiv a te d  crops 
(Borror e t a l. 1989, M au and K essing-M artin  
1991). I am looking a t w h e th e r  th e  b e e tle s  fav o r 
le a f  fo ila g e  w ith  e p ip h y te s  coverage over 
u n inhibited  leav es. T h e  h y p o th esis  is th a t  th e  
non-native insects p refer le a v e s  covered w ith  th e  
non-native le a f  spot fungus over th e  sooty-m old 
and lich e n . T h e null h y p o th esis  is th a t  th e  
h erb iv ores h a v e  no preference over le a f  typ e 
depending upon type of e p ip h y tic  grow th. T h is  
m ay g iv e in sig h t as to how  a th ird  introduced 
species is enhanced by th e  presence of two o th ers 
(th e  in v asiv e  guava p la n ts  and its n on-native, 
o b lig ate  e p ip h y ll) .

MATERIALS AND METHODS 

Locations

K ellu m 's garden w as d iv id e d  into four 
d istin ct regions ea ch  contain ing p a tc h ily  
d ispersed guava groves. T h e firs t lo catio n  is in 
th e  northern-m ost p a rt o f h er p roperty , closest to 
O punahu B a y . T h e  second lo cation  is on th e  low er 
eastsid e  of th e  garden, w h ich  is  in a m oist 
canopied region. T h e th ird  lo ca tio n  is in a more 
sun-exposed area , w est of th e  second location . The 
fo rth  lo catio n  is in th e  coconut grove on th e  fa r  
w est of K ellu m 's property. M ost p la n ts  sam pled  
in th is  lo catio n  w ere sm all and found ben eath  a 
cover o f coconut palm s. A m ap of th ese  lo cation s 
on K ellu m 's property is show n in Figure 1.

Lea/* Sampling and Lea/* Scoring /or Epiphyte 
Coverage and fieri? iuory

A fter surveying M arim ari K ellu m 's property for 
P. guaiaoa, I restricted  th is  study to p lan ts th a t  
could be fea sib ly  sam p led  using a 1-m eter lad d er. 
P lan ts th a t  w ere not firm ly  rooted in th e  so il 
w ere also  e lim in a te d  from  m y study. (For 
exam ple, some trees h a v e  fa lle n  over due to th e ir  
dw indling h e a lth  or o th er environm ental 
factors.) A m inim um  of a 50 le a f  sam ple size w as 
needed per p la n t, thus sm all p la n ts  or p lan ts 
w ith  very  few  le av e s w ere a lso  exem pt. I d iv id ed  
th e  property into 4 se p a ra te  regions, each  w ith  
d ifferen t environm ental conditions.

FIG. 1. Topographic map of Marimari Kellum's 
garden. Four P. gua/ava sampling sites are marked. 
Site 1 corresponds to the front yard, site 2 is in the 
west side of the garden, site 3 is in the central 
location, and site 4 is to the east side.

U tiliz in g  a random  number tab le , I 
sy s te m a tica lly  chose four branches on each  tree 
and p ick ed  6-7 le a v e s  from  each  o f those four 
branches to accum ulate a to ta l o f 25 le a v e s from 
each  tree. A to ta l o f 37 trees w ere sam p led . To 
guarantee th a t  a l l  chosen le av e s contained a 
m in im al amount of e p ip h y lls , new  budding 
le a v e s  w ere purposefully ignored. Abundance 
( le a f  coverage) of each  m ajor e p ip h y ll and 
amount of herb ivory  p er le a f  w as q u an tified  as a 
proportion of le a f  a rea . A  14 x 14 sq-inch w ire grid  
w as p laced  over each  le a f  and th e  number of 
squares w ith  th e  g iven  e p ip h y te /b ite  m arks on 
th e  le a f  w ere counted. T h is  number w as d iv id ed  
by th e  number of squares occupied by le a f  surface 
area .

Taxonomic Groupings o/* Epiphytes

T he th ree  most p re v a len t e p ip h y lls  are 
described in T ab le  1. E ach  species w as exam ined 
under h ig h  resolution m icroscopes w ith  assistance 
by fungal or e p ip h y ll sp e c ia lis t  a t  U C  B erk e ley  
in order to acquire taxon descriptions of each .

Tree size measurements

P lan ts over 2 m eters ta l l  w ere m easured by 
find ing the circum ference of th e  trunk a t b reast 
h e ig h t, w h ich  w as la te r  converted into d iam eter
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TABLE 1. Three epiphylls of study. Even though a proposed genus name is given, the name was debated among 
specialists who identified the organisms. The general term is referred to throughout this paper because 
further DNA analysis is necessary in order to determine the true identity of these species.

Common name of e p ip h y ll D escription

B la ck  "Sooty  M old" fungus Ascomycete. Sap rop h ytic. G eneralist. M ycelium  start 
growth betw een central le a f vein. Can be a composed of 
m ultip le species.
Proposed genus name: P^aeosccard;'n M in sp.

Guava le a f spot disease Ascomycete. R aised , longconidiophores. Arranged in 
clumps, found sp o ratica lly  throughout le a f. H yp h ae 
penetrate through surface.

Proposed Genus name: Cercosporn sp.

L ichen (nonspecific) Greenish w h ite . Grows in circular cluster-patterns over le a f 
surface. B rig h t green juvenile th a l l i  found along central le a f 
vein, b righ t green.

a t breast h e ig h t. P lants shorter th an  2-m eters 
were measured d irectly  by h eig h t.

Experimental Test o^Adorefus Eea/Pre/erence

B eetles were collected from P. gaajapa trees in 
th e  garden during the ea rly  evening and 
transferred to sm all containers, four beetles per 
container. Two experim ental designs were 
executed on these herbivores. For each  test, to ta l 
number of herbivore b ites w as counted on each  
le a f. Any prior herbivory on the leav es w as 
accounted for before the experim ental tr ia ls . T h e 
containers were p laced  in a cool and d ark 
environment (a cardboard box) for 24 hours and 
afterw ard s the amount of le a f m ateria l consumed 
w as recorded. For a ll tests, each  set of leaves 
were picked from the same branch to lim it any 
confounding v ariab les , including the re la tiv e  
h e a lth  of the tree branch and age of the leaves.

The first design w as used to test w h eth er th e  
beetles preferred a le a f w ith  com plete coverage 
of the b lack  fungus, the le a f spot fungus, or no 
e p ip h y llic  grow th. (The "c lea n " leaves were 
used as an internal control.) Two tr ia ls  were 
performed for th is  test.

The second test w as used to determ ine w h ich  
gradient of le a f spot fungus the beetle  preferred. 
The le a f  choices w ere; com plete le a f  spot 
coverage, p a r t ia l le a f  spot coverage, and no le a f 
spot coverage. Ten tr ia ls  were performed for th is  
test.

Statistical analysis

D a ta  collected  w as analyzed  using JMP 
softw are. The distribution of the ep ip h y tes based 
on the two discrete v a ria b les  w as analyzed  using 
a p aram etric A N O V A  test follow ed by a 
nonparam etric K ru sta l-W a llis  Test. T he same 
process w as done to analyze the amount of le a f  
fo liag e  consumed by the ch a fer beetles w hen 
given selections of leaves w ith  v aryin g  coverage 
of ep ip h y tic  grow th. A O lm stead-Tukey comer 
test of association  w as used to find correlation  on 
a non-linear re la tio n sh ip  betw een herbivory and 
one of the e p ip h y llic  organisms.

R E S U L T S

A to ta l o f 925 leaves, 25 from each  of 37 trees, 
were collected  and scored for ov era ll coverage of 
th e  le a f spot fungus,, sooty mold, and lichen , as 
w ell as a few other species including a liverw ort 
and two more lichen  species. T hese were la te r  
disregarded in s ta t is t ic a l an aly sis  due to low 
frequencies of presence. The orange le a f spot 
fungus was found in the h ig h est frequency, 
follow ed by the sooty mold, and then the lichen  
(Figure 2). For the a n a ly tica l tests done in th is  
section, an A N O V A  test w as firs t used to an alyze 
th e  difference betw een mean ra tios according to 
th e  two discrete v ariab les . If  the A N O V A  test 
showed sign ificant d ifferences among the m ean 
frequencies, th is  test w as follow ed by a K rustal- 
W a ll is  test because a ll distributions of d ata  sets 
for ep ip h y tes and herbivory on each  le a f  w ere 
not normal and could not be a ltered  using numerous 
transform ations. (Excessive zeros were used to 
represent absence of a species on the l e a f s
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0.3 n.

S p e c ie s  Name

FIG. 2. Overall average amount of each epiphyll 
coverage per leaf.

surface, w h ich  skew ed th e  d istribu tion ). A non- 
norm al d istribu tion  v io la te s  one of th e  
assum ptions of an A N O V A  test. T h erefo re , th e  P 
v a lu es w ere obtained  from  a nonparam etric 
K r u s ta l-W a llis  test instead .

Epiphytic disfnEMfioK and awoMwf o/^erfwon/ 
HssocMfed fo /ocafion

T h e results of th e  K r u s ta l-W a llis  te st 
show ed th a t  th e re  is a s ig n ifica n t d ifferen ce 
betw een th e  av erag e amounts of th e  le a f  spot 
fungus, lich en , and b la ck  sooty m old according to 
lo catio n s w ith in  M a rim a ri K ellu m 's garden. 
According to Figure 3, th e  le a f  spot fungus w as 
found in a s ig n ifica n tly  h ig h e r  concentration (an 
av erag e of 50%  coverage per le a f)  in th e  m oist 
canopy side of th e  garden. T h e sam e fungus w as 
found in s ig n ifica n tly  low er amounts in th e  
coconut grove. T h e  lich e n  w as found in  th e  
h ig h e s t  proportion in th e  m oist canopy region and 
in th e  front y ard . T h e sooty m old w as found in a 
s ig n ifica n tly  h ig h e r  proportion in th e  coconut 
grove and s ig n ifica n tly  low er proportions in th e  
m oist canopy region.

Epiphytic disfrihafion associated to plant size

T h e trees w ere organized into 3 d iscrete  
groupings (or bins) according to n atu ra l breaks in

0.50 1

0.60 i

e-

FIG. 3. Average amount of each epiphyllic growth.

Retative Size

FIG. 4. Comparison of epiphytic distribution 
according to plant size. Unfilled bar represents leaf 
spot fungus. Striped bar represents lichen. Shaded 
bar represents sooty mold (df=2, P<0.0048 for leaf 
spot fungus and P<0.0001 for lichen and the sooty 
mold.)

th e  size m easurem ents: sh ort (including a ll  p lants 
below  2 m eters h ig h , and w ith  trunk d iam eter 
betw een 0.96 cm and 1.75) in term ed iate  (p lan ts 
w ith  trunk d iam eter betw een 2.23 cm and 4 .24 cm) 
and ta l l  (trunk d iam eters above 5.41 cm). T h e  
results of th e  K ru s ta l-W a llis  test show ed th a t  
th e re  is a s ig n ifica n t d ifferen ce betw een th e  
av erag e amounts of th e  th re e  e p ip h y tic  grow ths 
per le a f  w ith in  th ree  r e la t iv e  sizes of p lan ts 
(Figure 4). T h e av erage proportion of le a f  spot 
fungus per le a f  increased s l ig h t ly  over th e  th ree
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p lant sizes. T he average proportion of the lich en  
per le a f decreased from the firs t to second p lant 
size and increased from the second to th ird  p lan t 
size. The amount of sooty mold stea d ily  increased 
over the three p lant sizes.

Epipht/H coverage vs. amount q/Eer&ivory per lea/

The results of a sim ple regression an alysis to 
compare the amount of herbivory per le a f  against 
th e  amount of ep ip h y te  coverage per le a f  showed 
th a t  there w as no strong correlation  betw een th e  
two v ariab les  for the le a f spot fungus. A lso, no 
correlation w as found betw een the amount of 
herbivore b ite  m arks and the amount of sooty 
mold on each  le a f. However, there w as a non
lin ear re la tio n sh ip  found betw een the amount of 
herbivore b ite  m arks and the amount of lich en  on 
each  le a f  (Figure 5). Thus, the O lm stead-Tukey 
comer test of association was used to prove th a t  
th is  negative, non-linear correlation  is 
significant.

Experimental Test q/A^oretas Eea/Pre/erence

The tests were performed using non-ratio 
d ata , m eaning each  b ite  m ark w as counted on the 
leav es and not calcu lated  as a ra tio  over to ta l 
le a f surface area . T h is is because a ll leaves in 
each  tr ia l w ere approxim ately th e  same size, 
hence the denominator w as unnecessary in order 
to compare results from each  tr ia l . It is im portant 
to note th a t the amount of lich en  w as kep t at a 
bare minimum for each  of the tests.

For the first test, two tr ia ls  w ere used. Due to 
com plications in finding beetles and appropriate 
leaves, only two tr ia ls  of th is  experim ent were 
successful. T he presence of complete le a f  spot 
fungal coverage on the le a f surface did show  more 
herbivore b ites th an  a le a f  w ith  com plete sooty 
mold coverage or no ep ip h y te coverage a t a ll .  
However, because only two tr ia ls  were successful, 
an A N O V A  test could not prove th a t  these 
differences were s ta t is t ic a lly  sign ificant (Figure 
6.).

S t i l l ,  u tiliz in g  the inform ation gained from 
th is  firs t experim ent, a second test (w hich  looked 
a t gradients of le a f  spot fungus) show ed th a t  
leav es w ith  com plete coverage of th e  e p ip h y llic  
le a f  spot fungus were eaten  (on average) 
sign ificantly  more th an  leav es w ith  p a r t ia l  
coverage or l i t t le  coverage of the same species 
(Figure 7). Ten tr ia ls  w ere successfully com pleted 
for th is  test.

Ratio of lichen coverage to total leaf area

FIG. 5. Correlation of epiphyllic lichen coverage per 
leaf against amount of herbivory per leaf. (Test of 
association df=3, P< 0.0001)

Trial

100% Cover 
of Leaf Spot 

Functus

100% Cover 
of Sooty 

Mold Functus

0%
Epiphyll
Cover

1 37 13 5

2 20 3 6

FIG. 6. First Experimental Test Results. Number of 
herbivore bite holes on each leaf type. (df=2, 
P<0.1135)

Relative Leaf Spot Fungus Coverage

FIG. 7. Second experimental test results. Leaf coverage 
against number of herbivore bite holes per leaf. (df=2, 
P<0.0216)
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DISCUSSION

In  th e  o b se rv a tio n a l stu d y  o f e p ip h y te  
grow th  in d iffe re n t lo ca tio n s  w ith in  M a r im a r i's  
gard en , resu lts  sh ow  th a t  th e  lic h e n  w as m ost 
abundant on th e  e a s te rn  sid e o f th e  gard en , w h ich  
is  a lso  th e  m o istest lo ca tio n  o f th e  gard en . 
R eturn ing to Figure 1, th e  to p o g rap h y  o f h e r  
gard en  show s a s teep er slo p e dow n to th e  ea ste rn  
sid e  o f th e  g ard en  th a n  th e  o th e r  s ite s , w h ic h  
le a d s  to a g re a te r  b u ild -u p  of run-off during ra in  
storm s. W ith  a la rg e  tree  canopy covering  m any 
of th e se  g u ava p la n ts , th e  le a v e s  are g e n e ra lly  
sh a d e d  throughout th e  d a y . In te re stin g ly , th e  
g re a te s t p ro p ortion  o f lic h e n  p op u latio n s found in 
th is  e x trem ely  m o ist a re a  does coincid e w ith  th e  
g re a te s t p ro p ortion  o f th e  p a r a s it ic  le a f  sp o t 
fungus. L ich e n  as w e ll as o th e r  e p ip h y lls  
in creases th e  m oisture content on th e  le a f  surface 
(G regory 1971, as c ite d  by  C o ley  and K ursar 1996). 
F u rth erm o re, i t  h a s  been  show n t h a t  for 
tem p era te  crops, in creasin g  th e  m oisture content 
on th e  le a f  su rface a lso  in creases th e  p ro b a b ility  
for in fectio n  by  p a th o g e n ic  fungi; th e  d am p  le a f  
surface is m ore conducive to co lo n iza tio n , 
in fec tio n , and sp o ru la tio n  (H uber and G ille s p ie  
1992). T h is  study m ay  suggest th a t  th e  sam e 
occurs on tro p ica l crops, such as g u av a , as w e ll .  
T h e  p a r a s it ic  le a f  spot fungus m ay  b e in  such a 
d is tin c t iv e ly  la rg e r  p ro p ortion  on th e  e a s t  s id e  o f 
th e  g ard en  because o f th e  tw o m oisture 
contributing facto rs: th e  a b io tic  fa c to r  o f lo ca tio n  
and th e  b io t ic  fa c to r  o f la rg e  lic h e n  p o p u latio n s 
on th e  le a v e s . T h is  c o rre la tio n  b etw een  lic h e n  
and th e  p a r a s it ic  le a f  sp o t m ay  not be found in 
o th e r  lo ca tio n s, such as th e  n o rth ern  (fro n t-y a rd ) 
sector o f th e  g ard en , due to d iffe re n ce s  in 
m icro clim a te . I t  is im p o rtan t to h ig h lig h t  t h a t  in 
th e  cen tra l lo c a tio n  o f th e  b a ck y a rd  and th e  
coconut grove, th e  a v e ra g e  frequencies o f lic h e n  
p er le a f  are s ig n if ic a n tly  lo w er and th e  a v e ra g e  
frequencies o f th e  le a f  spot fungus are 
s ig n if ic a n tly  low er as w e ll.

W h e n  lo okin g  a t th e  th re e  p la n t  s izes , th e  
a v e ra g e  am ount o f th e  le a f  spot fungus does not 
co rre la te  w e ll w ith  th e  a v e ra g e  frequencies o f 
p a r a s it ic  fungi p er le a f . T h is  m ay  b e due to a 
v a r ie ty  o f m o rp h o lo g ica l and p h y s io lo g ic a l 
p ro p erties  a sso c ia te d  w ith  p la n t  s iz e  including 
d ifferen ce s  in  C O 2 u p ta k e , tra n sp ira tio n , (and  
stom a ta l  c lo su re), and th e  an ato m y  and 
m orp hology o f th e  le a f  ( le a f  th ick n e ss  and 
p h o to sy n th e tic  c a p a c ity )  a l l  w h ic h  h a v e  show n 
to in flu en ce th e  g row th  o f e p ip h y lls  (G e rh a rd

Z otz  2001, S ch m id t and Z otz 2001). B ecau se o f 
th e s e  d is p a r it ie s  am ong tree  s iz e , i t  is e s se n tia l 
to ta k e  th e se  fa cto rs  in to  co n sid eratio n  w hen 
in v e s tig a tin g  p a tte rn s  among e p ip h y ll ic  grow th  
(Z o tz  e t a l. 2001).

T h e  co rre la tio n  betw een  h erb iv o ry  by  
AdorefMS sp. and th e  frequencies o f lic h e n  per le a f  
sh ow s a strong n e g a tiv e  co rre la tio n . T h is  
com plim ents p rio r know led ge on th e  c h e m ic a l 
com ponents o f lic h e n . T h is  e p ip h y ll  can  be toxic 
to c e r ta in  h erb iv o res , in d ire c tly  p ro tectin g  th e  
le a f  a g a in s t insect a t ta c k  (C o ley  and K ursar 
1996). F u rth e r  ev id en ce  to support th is  th e o ry  can 
b e p ro vid ed  by  F ig u re 3, w h ic h  sh o w s a m axim um  
am ount o f h e rb iv o ry  p er le a f  w ith  th e  lo w est 
am ount o f e p ip h y ll ic  lic h e n  in th e  coconut grove 
s ite . T h e  resu lts o f th e  n e g a tiv e  co rre la tio n  im p ly  
t h a t  th e  b e e tle s  e v a d ed  le a v e s  th a t  h a v e  
a lr e a d y  been  colonized  b y  th e  lich e n .

From  th e se  resu lts , th e  n a t iv e  lic h e n  h a s  tw o 
p o ssib le  a ffe c ts  on th e  in v a s iv e  P. le a f
fo l ia g e ; (1) in a d v e rte n tly  reducing th e  le a f -  
su sc e p tib ility  to h erb iv o ry , and (2) in creasin g  th e  
le a v e s ' v u ln e ra b ility  to in fectio n  by th e  p a r a s it ic  
le a f  spot fungus. T h e  lic h e n , a c tin g  as a 
confounding v a r ia b le , m ay  h e lp  e x p la in  w h y  a 
p o s itiv e  c o rre la tio n  b etw een  th e  am ount o f 
h e rb iv o ry  and th e  am ount o f th e  le a f  spot fungus 
p er le a f  w as not found through o b se rv a tio n a l 
stu d ies (due to th e  fa c t  t h a t  lic h e n  and fungus 
colonized  th e  sam e le a f ) .

W h e n  th e  am ount o f lic h e n  per le a f  w as 
con tro lled  in  th e  ex p e rim e n ta l se ttin g , a p o s it iv e  
co rre la tio n  w as found. T h e  ex p e rim en ta l study 
show ed  th a t  th e  b e e tle s  fav o red  th e  le a v e s  w ith  
fu ll cov erag e o f th e  le a f  spot fungus s ig n if ic a n tly  
m ore th a n  th a t  w ith  som e or no fungal gro w th . 
T h is  p ro v id es ev id en ce  th a t  th e  n o n -n ativ e  
p a r a s it ic  fungus m ay  en h an ce th e  presence o f th e  
n o n -n ativ e  b e e tle  sp e cies  w ith in  M a r im a r i's  
gard en . I f  th e  g u ava le a f  spot fungus is a true 
contributor to th e  A d o r e s  sp d ie t, th e n  th e  non
n a tiv e  le a f  sp o t d ise a se  m a y  p la y  a m ajor ro le in 
th e  p o p u la tio n  dynam ics o f th e  introduced b e e tle .

In  contrast to  th e  lic h e n  and le a f  sp o t fungus, 
th e  sooty m old  w as found in  th e  lo w est q u a n titie s  
per le a f  in  th e  m oist canopy a re a . O ne 
h y p o th e s is  for w h y  th is  occurred is th a t  th e  
dam p a b io tic  fa c to rs  o f th is  a re a  a lo n g  w ith  th e  
m oist c h a r a c te r is t ic s  o f th e  e p ip h y llo u s  lic h e n  
k ee p s th e  le a f  su rface w et, p rev en tin g  th e  
h o n ey d ew  resid u e from  co atin g  th e  le a f  and 
in h ib it in g  th e  grow th  o f th e  s a p ro p h y tic  sooty  
m old.
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Sooty mold w as found in h ig h est frequencies 
in the coconut grove. A ll P. gMH/'aua found in th is  
drier area w ere sh eltered  by the sm all coconut 
trees. In the drier m icroclim ate, th e  shad e m ay 
h av e  encouraged the growth of sooty mold. Prior 
studies h av e  shown th a t ra in  does decrease th e  
mold's a b ility  to p ro lifera te  on the le a f surface 
(W ood et a l. 1988). Therefore, a low protective 
canopy from sm all ra in  showers and drier 
environm ental conditions could cause these P. 
gMajauH to be more contam inated by the mold.

In the observational study of e p ip h y ll 
growth and plant size, it  appears th a t  sooty mold 
may be best described by th is  discrete v a ria b le . 
T h is could provide evidence th a t  younger P. 
gMa/'auH h ave a defense against the sap rop h ytic 
fungi. Or it is possible th a t  the scale insects ( th a t  
create th e  honeydew surface) tend to colonize on 
older p lants. For purposes of ea rly  detection of 
sooty mold in festation , th is  correlation  w ith  
p lant size should be further researched.

An im portant question th a t arises from th is  
study is w h eth er to remove these trees, despite 
th e ir  mediocre productivity. P. gMHjava is a host 
for more detrim ental species, such as th e  guava 
le a f spot disease and the sooty mold, along (along 
w ith  the b lack  spot fungus and anthracnose). 
There is evidence th a t  th e  le a f spot fungus m ay 
cause the leav es to be more susceptible to a tta ck  
by non-native, herbivorous insect populations. By 
allow ing harm ful species such as these scarab 
beetles to th riv e  on the in vasive guava p lants 
may encourage th is  insect populations to increase, 
w hich  could h av e  side effects on other n a tiv e  
species. Under these circumstances, uprooting of 
th e  diseased P. vna/aua p lants should be 
considered instead of allow ing natural decay.

Changes w ith in  a population of in vasive 
species can expand the ecological n iches for o th er 
harm ful non-native species. T h is  population of P. 
gMHjcua, in an u n h ealth y  sta te , becam e re la tiv e ly  
defenseless against these e p ip h y llic  secondary 
symptoms of disease, one being a non-native 
fungus. Under experim ental conditions, the non
n ativ e beetle  favored the dam aged le a f  m a te r ia l 
(caused by the fungus) over the undamaged le a f 
m ateria l. Even though th ere  is a p o sitiv e  
re la tio n sh ip  found among these invasive andnon- 
indigenous species in a controlled setting, th e  
same p attern  is not found in the fie ld . T h e 
p ositive re la tio n sh ip  betw een the non-native 
species is h idden by the presence of another 
species— th e lichen . T he lichen  m ay be 
inadvertently  blockading the "in v asio n al

m eltdow n p o ten tia l" of th e  AdorefMS sp. to a 
certain  degree, by discouraging the beetle  from 
specific leaves on the trees. If there are enough 
other favorab le  leaves for th e  beetle  to choose 
from, then  the presence of th e  lich en  m ay not be 
such a large deterrent. A t any ra te , recognizing 
th e  lich en  as a possible in term ediary shows th e  
im portance of tak in g  a ll ab iotic and b io tic  factors 
surrounding the issue of the invasive species into 
consideration as w ell.

The d e lica te  ecological balan ce of species on 
oceanic islands are e a s ily  m anipulated  by non
n ativ e  species and h ave a h ig h er p ro bab ility  of 
a tta ck  by invasive species th an  m ainland 
communities (Loope and M ueller-Dom bois 1989). 
I t  is crucial th a t  ecologists recognize changes in 
h e a lth  status among invasive species w ith in  an 
ecological community in order to determ ine th e  
influences of th is  change on other non-native 
species. Moreover, looking at patterns w ith in  th e  
island  community netw ork as a w hole m ay unveil 
a more complete picture of how other non-native 
species are p ro lifera tin g  from the changes caused 
by one invasive species.

Future studies could reveal w h eth er th e  
beetle species is a lread y  invasive to Moorea and 
causing problems for n a tiv e  species. A nother 
inquiry to be investigated  is if  dam aged le a f  
fo liag e  h as im portant nutritional valu e for th is  
beetle species. T h is  would h elp  predict w h eth er 
a large increase of p a ra s itic  ep ip h y lls  would 
influence beetle  populations as w ell. T he lichen 's 
dual roles on the le a f  surface (encouraging a 
p a ra s itic  fungal e p ip h y ll w h ile  discouraging 
herbivory of th e  dam aged leaves) is an 
interesting model th a t  should be looked a t in 
other island communities.

ACKNOWLEDGEMENTS

F irstly , my deepest gratitude goes to th e  
gracious M arim ari K ellum  who allow ed me to 
spend endless hours (day and night) in her exotic 
garden. U tiliz a tio n  of her lad d er and other tools 
were very much appreciated . A sp ecial thanks to 
my n igh ttim e bug catchers and v eh icu lar 
chauffeurs, as w ell as my o ffic ia l lad d er holder. 
To a ll my professors and GSIs, th an k  you for your 
h e lp fu l guidance and patience. A sp ecia l thanks 
to the follow ing professors for th e ir  assistance 
w ith  s ta t is t ic a l an alysis: George Roderick, Jam ie 
Bartolom e, and Brent M ish ler. T hank you to 
Brent M ish ler, John T aylor, Dr. M o-mei Chen, 
M att M edeiros, and B rett R a tc liffe  (a t

6 0



U n iv e rs ity  o f N e b ra sk a , L in coln) for th e ir  
resp ectiv e  e p ip h y te  and arth ro p o d  e x p e rtise . 1 
a p p re c ia te d  a l l  o f your tim e and e ffo rt. A nd 
th a n k  you to th e  M oorea C la ss  o f 2005 for a l l  th e  
fun, b est o f luck to a l l  o f  you w ith  your future 
en d eavors.

LITERATURE CITED

B orror, D ., C . A . T r ip le  horn, and N . F. Johnson. 
1989. Introduction  to th e  S tu d y  o f Insects, 6 th  
E d itio n  e d itio n . Sau nd ers C o lleg e  P u b lish in g , 
P h i l id e lp h ia .

C o ley , P. D ., and T . A . K ursar. 1996. C auses and 
Consequences o f E p ip h y ll  C o lo n iz a tio n . Pages 
675 ui S . S . M u lk ey , R . L . C h azd o n , and A . P. 
S m ith , e d ito rs . T ro p ica l F orest P la n t  
E co p h y sio lo g y . C h a p m a n  & H a ll ,  N ew  Y ork . 

G e rh a rd  Z otz , P . H ., and G erold  S ch m id t. 2001 . 
S m a ll  p la n ts , la rg e  p la n ts : th e  im p o rtance of 
p la n t s iz e  for th e  p h y s io lo g ic a l ecology o f 
v a scu la r e p ip h y te s . Journal o f E x p erim en ta l 
B o ta n y  52 :2051-2056 .

H uber, L ., and T. J. G ille s p ie . 1992. M o d elin g  le a f  
w etn ess in  r e la tio n  to p la n t  d is e a se  
ep id em io lo g y . Annual R e v ie w  of 
P h y to p a th o lo g y  30 :553-577 .

H ughes, S . J. 1976. "So o ty  M oulds". M y co lo g ia  68. 
L aem m len, F . F . 2003. H ow  to M an ag e P ests: P ests 

in L an d scap es and G ard ens, So oty  M o ld . m . 
U n iv e rs ity  o f C a lifo r n ia  A g ricu ltu re  and 
N a tu ra l Resources.

Loope, L . L ., and D . M u eller-D o m bois. 1989. 
C h a r a c te r is t ic s  o f in v ad ed  is la n d s. P ag es 
257-280  h? J . A . D ra k e , e t  a l . ,  e d ito r . Ecology 
o f b io lo g ic a l in v asion s: a g lo b a l sy n th e s is . 
Joh n  W ile y  & Sons, C h ic h e s te r , U K .

M au, R . F ., and J. L . K essin g -M artin . 1991. 
A d oretu s sinicus (B u rm eister): C h in ese  Rose 
B e e t le , fn. D e p a rtm e n t o f Entom ology,

E xtension  to U n iv e rs ity  o f H a w a ii , H onolulu  
H a w a ii .

M ey er, J .-Y . 2004. T h r e a t  o f in v a s iv e  a l ie n  p la n ts  
to n a tiv e  flo ra  and forest v e g e ta tio n  of 
ea s te rn  P o ly n esia . P a c if ic  Scien ce 58 :357-375 .

M ibey , R. K . 1997. So oty  M oulds. P ag es 275-288  in 
Y . B en -D o v  and C. J. H odgson, e d ito rs . S o ft  
S c a le  Insects- T h e ir  B io lo g y , N a tu ra l 
Enem ies and C ontrol. E ls e v ie r  Scien ce B .V ., 
A m sterd am .

N a m e th , S ., J. C h a t f ie ld , and D. S h e t la r .  1996. 
F a c t  S h e e t: So o ty  M old s on T rees and Shrubs, 
m P la n t P a th o lo g y . O h io  S ta te  U n iv e rs ity  
Extension , Columbus.

R a ja k , R. L ., and M . C . D iw a k a r . 1987. K o ls h i 
problem  in orange o rch ard s o f V id a rb h a  
region  (M a h a r a s h tr a ) . P la n t  P rotection  
B u lle t in  39.

Ruinen, J. 1961. T h e  P h y llo s p h e re : A  e c o lo g ica lly  
n eg lected  m ilie u . P la n t and S o il 15 :81 -116 .

S c h m id t, G ., S . S a b in e , and G. Z otz. 2001. P la n t  
s ize : an  ignored p a ra m e te r  in e p ip h y te  
e co p h y sio lo g y ?  P la n t  Ecology 153 :65-72 .

S c h m id t, G ., and G. Z otz . 2001. E co p h y sio lo g ica l 
consequences o f d iffe re n ce s  in p la n t  s iz e : in 
s itu  carbon g a in  and w a te r  re la tio n s  o f th e  
e p ip h y t ic  b ro m e lia d , V r ie se a  san gu in olenta . 
P la n t C e ll and Environm ent 24 :101-111 .

S im b e rlo ff , D ., and B. V on H o lle . 1999. P o s itiv e  
In tera ctio n s of N onindigenous S p ecies : 
In v a sio n a l M eltd o w n ? B io lo g ic a l In v asion s 
1 :21 -32 .

W ood, B . W ., W . L . T edders, and C. C. R e i l ly .  
1988. So oty  m ould fungus on pecan  fo lia g e  
suppresses l ig h t  p e n e tra tio n  and n et 
p h o to sy n th e sis . H o rtSc ien ce  23 :851-853 .

Z otz , G ., P . H ie tz , and G. S ch m id t. 2001. S m a ll  
p la n ts , la rg e  p la n ts : th e  im p o rtance o f p la n t  
s iz e  for th e  p h y s io lo g ic a l ecology o f v a scu la r 
e p ip h y te s . Journal o f E x p erim en ta l B o ta n y  
52 :2051-2056 .

6 1



6 2



THE DISTRIBUTION, ARTHROPOD COMMUNITIES, AND 
LARVICIDAL PROPERTIES OF THREE SPECIES OF MYRTACAE ON 

THE ISLAND OF MOOREA, FRENCH POLYNESIA

DANIELLE F. FUCHS

Department o/Enrtronm enta/ Sco nce, Potfcy, an^t Management 
Dntverstty q^Catt/brn^a, Ber^etey

Abstract. P la n ts  produce secondary compounds th a t  hum ans use in  m ed icin e, 
cosm etics, s a n ita t io n , fin e  ch e m ica ls , p h a rm a ceu tics , perfum es, and nutraceu tics. For 
ex am p le , se v e ra l sp ecies o f th e  genus Syzygtnm, fa m ily  Myrtacae, h a v e  a n tib a c te r ia l , 
a n tifu n g a l, and a n tio x id a n t p ro p e rtie s  t h a t  could be used to f ig h t  cancer and some 
n eu rological d isord ers. T h is  study looks a t  th r e e  sp ecies o f th e  fa m ily  Myrtacae 
(Syzygm?7i ma/accense, S. cnm tnn, amt Myrtacae 1) found on th e  is la n d  of M oorea, F ren ch  
P o ly n esia  for d is tr ib u tio n  and la r v ic id a l  e ffe c ts  on Aedes potynesiensts. S ix  s ite s  w ere 
e s ta b lis h e d  a t  d iffe re n t e le v a tio n s  throu gh o u t th e  is la n d . S. 773%/%cce?ise w as observed 
to grow  a t  h ig h  e le v a tio n s  in  less d istu rbed  a re a s , and S. cnm tnn w as observed to grow 
a t  low  e le v a tio n s  in  h ig h ly  d istu rb ed  a re a s , w h e re a s  Myrtacae 1 w as observed to grow at 
a l l  e le v a tio n s  and in  m ild ly  d istu rb ed  a re a s . E ig h t  orders o f a rth ro p o d s w ere found 
b etw een  th e  s ix  s ite s . A rth ro p o d  d iv e rs ity  in creased  as e le v a t io n  in creased , p o ssib ly  
due to a la rg e r  hum an im p act a t  low er e le v a tio n s . To d eterm in e e a c h  sp ecies ' e ffe c t  on 
m osquito la r v a e , e x tra c ts  w ere m ad e by  b len d in g  le a v e s  w ith  d is t i l le d  w a te r  and th en  
stra in in g . A fte r  24  hours, S. 77i%/%ccefise h a d  k i l le d  95%  o f th e  m osquito la r v a e , w h e re a s  
S. cnm inu h a d  k i l le d  14%  and Myrtacae 1 h a d  k i l le d  18% . Future stu dies w ould be 
necessary to is o la te  and e x tra c t  th e  a c t iv e  compound or compounds in  S. fMa/accense.

Key tconts; Syzygtnm mataccense, Syzygtnm cnm tnn, Ae^tes potynestensts, secondary 
p la n t compounds

INTRODUCTION

P la n ts  h a v e  h a d  b il l io n s  o f y e a rs  to e v o lv e  
in to  com plex and h ig h ly  s p e c ia liz e d  organism s 
t h a t  do m uch m ore th a n  s im p ly  grow  and 
reproduce. B eyond  th e  p rim a ry  m e ta b o lic  
processes t h a t  control re s p ira tio n , c e ll  g ro w th , 
sto rag e , and reproduction, m ost p la n ts  produce 
secondary compounds th a t  sh a p e  how  th e y  
in te ra c t  w ith  th e ir  environm ent. Secon d ary  
compounds are produced in  low  abundance, 
som etim es le ss  th a n  1% of th e  to ta l carbon  m ass 
o f an  in d iv id u a l, and are o ften  stored  in 
s p e c ia liz e d  c e lls  or organs (Bourgaud e t a l. 2 0 01). 
H o w ev er sm a ll in abundance, th e se  compounds 
are  im p o rtan t fo r hum an as w e ll as p la n t use.

Secon d ary  p la n t  compounds can  in te ra c t w i th  
a l l  asp ects  o f a p la n t 's  ecosystem  to h e lp  in crease 
th e  fitn e ss  o f th e  p la n t. Som e p la n ts  produce 
a n ti-g e rm in a tiv e  compounds (a l le lo p a th y )  to 
reduce co m p etitio n  for w a te r  and so il n u trien ts. 
P la n ts  p rev en t le a f  d am ag e from  su n lig h t by  
producing U V  absorbing compounds. O th e r

secondary compounds act in numerous w ay s to 
d e ter h erb iv o res  or a t tr a c t  p re d a to rs  w h ic h  p rey  
on h erb iv o res. P la n ts  p ro tect th e m se lv e s  from  
p ath o g en s, or p h y to a le x in s , such as b a c te r ia , 
fungi, and v iru ses, by  producing a n tib io tic , 
a n tifu n g a l, and a n t iv ir a l  compounds. T h e se  
p ro p erties  a re  a ls o  im p o rtan t to hum ans, w h o 
h a v e  used  p la n ts  and th e ir  secondary compounds 
in  t r a d it io n a l m ed icin e  for thousand s o f y e a rs . In 
a d d it io n  to p h a rm a c e u tic a ls , secondary p la n t  
compounds are used in cosm etics, fin e  ch e m ic a ls , 
perfum es, and nutraceu tics (Bourgaud et a l. 2001).

T h e re  are  som e problem s asso cia ted  w ith  
h a rv e s tin g  la rg e  q u a n titie s  o f secondary p la n t  
compounds, h o w ev er. M an y  p la n t  sp ecies are  
d if f ic u lt  to c u lt iv a te  ou tsid e o f th e ir  n a tu ra l 
b iom e. T h e  u p ta k e  o f nutrien ts th a t  are  used in 
th e  production  o f secondary compounds is e a s i ly  
a ffe c te d  by  l ig h t ,  h e a t ,  and o th e r  en v iron m en tal 
fa cto rs  (M oyes and R aybou ld  2 0 01). A lth o u g h  
som e secondary compounds are m ore e ff ic ie n t  in 
conjunction w ith  o th e r  compounds in  th e  p la n t, i t  
is  o fte n  m ore p r a c t ic a l to a r t i f i c i a l l y  sy n th e s iz e

6 3



a chem ical for w ide-spread use (Bourgaud e t a l.
2001).

One p lant genus th a t h as recently been 
getting attention  for its ben eficia l properties is 
th e  genus SyzygzMW!, of th e  fam ily  Myrfaceae. 
Besides being im portant food sources, several 
species of SyzygiMW are known to h ave m ed icinal 
properties. S. arowahcMm, or clove, is found to 
h a v e  an tib acteria l and antioxidant properties 
and m ay h elp  to fig h t d iabetes (A bu-Shanab et 
a l. 2004, A b d el-W ah h ab  and A ly 2005, B afn a  
and B a laram an  2005, M oreira et a l. 2005, Prasad  
et a l. 2005). S. cordafMzn, S. sazfMrawggMse, and S. 
CM??!:'?!:: are also used to trea t d iabetes
(H an sh ella  et a l. 2005, McCormack 2005, 
M usabayane et a l. 2005). S. jam M ana is used in 
South A frica  to treat infectious diseases and is 
found to h av e  antim icrobial properties (D jipa et 
a l. 2000). S. CM77n'?n:' is shown to suppress 
aggressive beh aviors in anim als (C hakraborty  et 
a l. 1986). T hese two species are also known to 
h av e la rv ic id a l properties against mosquitoes 
(C av a lcan ti et a l. 2004, Sh arm a et a l. 2005).

T h is study looks at th e  genus SyzygzMW! on th e  
island  of M oorea, French Polynesia. A lthough 
the genus Syzygz'MW is one of the most speciosa in 
Polynesia (W h is tle r  1988), only three species are 
currently found on Moorea. T hese are SyzygzMm 
maiaccensc (L.) M err. & Perry, SyzygiMW! CMWUHn 
Skeels, and SyzygzMMi jazn&os A lston (Murdock). A 
nativ e of South-E ast A sia , S. maiaccensc, also 
known as the M a la y  apple or rose apple, w as 
brought to the Society  Islands by ancient 
Polynesians as a food source. S. CMznin::', known on 
Moorea as p istash , is n a tiv e  to India, and S. 
jnwlws is a n ativ e  of Indonesia (Murdock).

I w anted to study Syzygiam in its n atu ral 
h a b ita t  and see how each  species' secondary 
compounds affects th e  community around it. 
D ifferences in secondary compounds evolve from 
selectiv e pressures from herbivores and
pathogens th a t d iffer  betw een sp a tia l and 
tem poral ranges (H arvey et a l. 2003).
Herbivorous insects such as w eevils and ap h id s 
th a t  frequent a lim ited  range of p lants probably 
locate th e ir  hosts by recognizing specific p lant- 
derived v o la tile s  (Moyes and Raybould 2001, 
Tosh et a l. 2003). I hyp oth esize th a t th e  
d ifferent Syzygz'MW species w ill be found in 
d ifferent h a b ita ts  on the island  and host 
d ifferent insect communities. I also w ant to test 
w h eth er the species of SyzygzMwz on Moorea h a v e  
activ e  secondary compounds th a t w ill k i l l  
mosquito larv ae . I h yp othesize th a t  th ey  w ill be

able to k il l  mosquito la rv ae , as studies h av e 
shown several Syzyg:M?K species do so. I chose to 
focus on mosquito la rv a e  because mosquitoes are 
not only a nuisance but a th re a t known to carry 
Dengue fever. T h ey  breed e a s ily  in the fa lle n  
coconuts th a t l ib e r a lly  li tte r  the island  of 
Moorea (N eil D av ies, pers. com.). C leaning up 
fa lle n  coconuts h elp s to control mosquito 
populations but cannot en tirely  erad icate  them . 
Pesticid es are harm ful and can be expensive and 
uneconomical to apply  in large quantities. I hope 
to find th a t  the extracts of common, local p lants 
can be used as safe , inexpensive la rv icid es 
against mosquitoes. Syzyg:M?n species h av e  th e  
p otential to a ffect human communities as w ell as 
th e  p lan t and insect communities around them .

MATERIALS AND METHODS 

SfMth/ sites

T h is study w as conducted betw een October 7 
and November 15, 2005. I chose six sites around 
th e  island  of M oorea, French Polynesia, in w h ich  
to survey S. maiaccense, S. cMminii, and S. jafwiws. 
These species were in it ia lly  id en tified  in th e  
fie ld  w ith  th e  h e lp  of Professor Brent M ish ler, 
who is the D irector of th e  Jepson H erbarium  and 
th e  U niversity  H erbarium  at UC B erkeley . A fter 
th e  fie ld  survey w as conducted, I referenced Flora 
SocieieMsis by S tan  W elch  to confirm the id en tity  
of each  species and found th a t  S. jawz&os w as 
m isid entified  (W elch  1998). H ow ever, th e  
species I surveyed is s t i l l  in the fam ily  Myrfacae 
and is m orphologically  s im ila r to SyzygiMW. 
H enceforth th e  th ird  species w ill be referred to 
as Myrfacao 1. Voucher specimens are a v a ila b le  in 
th e  Jepson H erbarium  at th e  U niversity  of 
C a lifo rn ia , B erkeley .

I chose the six sites based on prelim inary  
observations of the island . A student research 
paper from 2000 also listed  SyzygzMm forests 
(B ech te l 2000). If an area of the island  h ad  at 
le a s t  fiv e  individuals of Syzygz'MW! w ith in  a 
th ir ty  m eter radius th an  I chose th a t  area as a 
survey site . Figure 1 is a m ap show ing the 
locations of each  site  on Moorea. S ite  #1 w as at 
th e  Belved ere ( la t  17°33'40" long 149°49'35"), 
about 240 m eters above sea le v e l and four 
kilom eters from the ocean. S ite  #2 w as at M arae 
T itiro a  ( la t  17°33'20" long 149°49'45"), about 140 
m eters above sea lev e l and approxim ately three 
and a h a lf  kilom eters from the ocean. S ite  #3 
w as along the w est side of the V a iare -P ao p ao
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route ( la t  1 7 °3 3 '0 5 "  long 1 4 9 °4 8 '4 0 "), w h ic h  
in creased  in  e le v a tio n  from  about 250 to 350 
m eters and is less th a n  tw o k ilo m e te rs  from  th e  
ocean. S i te  #4  w a s in an abandoned cocoanut 
p la n ta t io n  n ear H a a p it i  ( la t  1 7 °3 4 '1 5 " long 
1 4 9 °5 2 '0 5 ") h a l f  a k ilo m e te r  from  th e  co ast and 
a p p ro x im a te ly  25 m eters above sea  le v e l. S i te  #5  
w as across th e  s tre e t from  th e  Gum p S ta t io n  ( la t  
1 7°29 '05" lo n g l4 9 ° 4 9 '2 5 " ) , about ten  m eters above 
sea le v e l and less th a n  h a l f  a k ilo m e te r  from  th e  
ocean. S i te  #6  w a s a re s id e n tia l a re a  on th e  
N o r th -E a s t  s id e  o f O punohu B a y  ( la t  1 7 °2 9 '4 5 " 
long 1 49°48 '50")/ f iv e  m eters above se a  le v e l and 
le ss  th a n  h a l f  a k ilo m e te r  from  th e  ocean.

FieM surrey

A t e a c h  s ite  I used p su ed orand o m ization  to 
e s ta b lis h  th re e  se p a ra te  p lo ts . O nce a t  a s ite , I 
w a lk e d  alo n g  e s ta b lis h e d  t r a i l s  for a l i t t l e  w a y s  
and stop p ed  in an a re a  w h e re  I could see a t  le a s t  
one sp ecies o f SyzygiMTM p resen t. T h e n  I spun a 
com pass to e s ta b lis h  a rand om  d ire c tio n  and 
lo ok ed  a t  th e  second h an d  o f a w a tc h  for a 
random  number o f p aces. I f  th e  second h an d  w as 
betw een  one and n ine I m u lt ip lie d  th e  num ber by 
ten  and w a lk e d  t h a t  m any p aces in  th e  d ire c tio n  
o f th e  rand om  com pass b earin g , but i f  th e  second 
h a n d  w as betw een  ten  and s ix ty  I used t h a t  
number w ith o u t m u ltip ly in g . I e s ta b lis h e d  a p lo t  
center w ith  t h a t  random  d istan ce  and d irectio n . 
To e s ta b lis h  th e  n ex t tw o p lo t centers a t  th e  s ite , 
I used th e  sam e co m p ass-an d -w atch  tech niq u e, 
s ta r tin g  from  th e  p re v io u sly  e s ta b lis h e d  p lo t  
center.

Once I h a d  e s ta b lis h e d  a p lo t center, I took 
th e  asp e ct and slop e o f th e  p lo t. I e s tim a te d  th e  
p ercent canopy cover a t  p lo t cen ter using a 
c ircu la r, m irro red  d en sito m eter. T h e n  I found th e  
N o rth  b ea rin g  on a com pass and drew  a f ie ld  ta p e  
out f iv e  m eters in  th a t  d ire ctio n . Going 
clo ck w ise , I t a l l i e d  th e  num ber o f in d iv id u a ls  o f 
S. S. CMMimn, and Myrf%c%e 1 in  th e
c ircu la r p lo t o f f iv e  m eters rad iu s. I a lso  recorded 
th e  h e ig h t  o f e a c h  in d iv id u a l u sing a tw o-m eter 
h e ig h t  p o le . I used a clin o m eter to g e t an  an gle 
m easurem ent th a t  w ould a llo w  m e to c a lc u la te  
th e  h e ig h t  for trees th a t  w ere ta l le r  th a n  3.5 m.

N e x t I sw ep t th e  e n tire  p lo t for insects and 
a rth ro p o d s for f iv e  m inutes using an insect n et. 
A fte r  f iv e  m inutes I t a l l i e d  th e  num ber o f 
in d iv id u a ls  o f e a c h  O rd er t h a t  I co lle c te d  w ith  
m y n et. L a s t ly , I secured tw o 7x12 cm  double
sid ed  s t ic k y  p a p e rs  in th e  p lo t, p re fe ra b ly  n e a r

FlG. 1: Map of Moorea showing six study sites. 
Site 1 was at the Belvedere, site 2 was at Marae 
Titiroa, site 3 was on the Paopao side of the Vaiare- 
Paopao route, site 4 was at pk 21.3 near Haapiti, site 
5 was the Gump Hill, and site 6 was a residential 
area at pk 8.3 on Cook's Bay.

SyzygiMMi sp ecies. A fte r  a t  le a s t  tw o d a y s, I 
re v is ite d  e a c h  p lo t. A g a in  I sw ep t for insects for 
f iv e  m inutes, and I a lso  recorded th e  num ber o f 
a rth ro p o d s o f ea ch  O rd er th a t  h a d  lan d ed  on th e  
s tic k y  tra p s . I le f t  th e  tra p s  up and re v is ite d  th e  
p lo ts  one la s t  tim e a f te r  a t  le a s t  tw o m ore d a y s. I 
t a l l i e d  th e  to ta l num ber o f a rth ro p o d s cau g h t by  
th e  tra p s  b efo re  rem oving th e m  and a lso  sw ep t 
w ith  an insect n et for f iv e  m inutes.

Bto%ss%y

I perform ed  a b io a s sa y  to test w h e th e r  or not 
th e  e x tra c ts  o f S. S. CMTfUMH, or
Myrf%c#e 1 induced m o rta lity  in m osquito la r v a e . 
I need ed  to breed  m osquito la r v a e  so I co llected  
f a l le n  coconuts th a t  h a d  h o le s  in th e m , f i l le d  
th e m  w ith  w a te r , and p la ce d  th e m  in a s h a d y  
a re a  w h e re  m osquitoes w ould b e  l ik e ly  to breed . 
A fte r  s e v e ra l d a y s I ch eck ed  th e  cocoanuts for 
m osquito la r v a e . I id e n tif ie d  th e  la r v a e  as 
po/y7ies^7isis and put 20 la r v a e  e a c h  in to  24 c lea n  
containers. T h is  g av e  m e six  re p lic a te s  for e a ch  
p la n t  e x tra c t  p lu s six  re p lic a te s  o f a control.

In  order to m ak e th e  p la n t  e x tra c ts , I 
co llec ted  young le a v e s  from  e a ch  o f th e  th r e e  
sp ecies and w e ig h e d  out 10 gram s o f e a c h . T h e n  I 
b len d ed  e a c h  sp e cies  s e p a ra te ly  w ith  180 m L of 
d is t i l le d  w a te r . F in a l ly  I s tra in e d  e a ch  m ixture 
to o b ta in  th e  d esired  e x tra c ts . I f i l le d  s ix  
con tain ers o f m osquito la r v a e  w ith  30 m L e a ch  o f 
S. 773%/%cce?ise e x tra c t, s ix  w ith  S. CM77HMH e x tra c t , 
and s ix  w ith  Myrf%c%e 1 e x tra c t. T h e  rem ain in g  
s ix  con tain ers w ere e a c h  f i l le d  w ith  30  m L of 
d is t i l le d  w a te r  for a control. I le f t  th e  con tain ers
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uncovered at room tem perature (22°C) under 
am bient ligh ting .

I recorded the number of mosquito la rv ae  th a t  
h ad  died  in each  container a fter  every hour for 
th e  next tw enty-four hours.

Data analysis

I perform ed several Spearm an's Rank 
correlations to see if  th e  average density of 
ind iv id uals of SyzygiMW! in each  site  correlates 
w ith  e ith e r  th e  average h e ig h t of ind iv id uals at 
th e  site , the number of arthropod Orders found at 
each  site , th e  average percent canopy cover of 
each  site , or the e lev a tio n  of each  site . I also  
used the Spearm an's Rank test to see if  th e  
average canopy cover of each  site  correlates w ith  
th e  average h eig h t of indiv iduals of SyzygiMM at 
th e  s ite  or if  the number of arthropod Orders 
found at each  site  correlates w ith  th e  e lev a tio n  
of th e  sites. I perform ed a chi-square test for 
independence to see if  the d istribution of 
arthropods d iffers per site . L astly  I used th e  
Friedm an test to determ ine w h eth er or not th e  
SyzygiMM extracts actu ally  k ille d  more mosquito 
la rv a e  th an  the control.

RESULTS

Field SMrpey

Syzyg:'M?n is found a ll over th e  island  of 
Moorea, a lthough the species are more p revalen t 
in some areas th an  others. S. WHlsccense grows in 
th e  fnocHrpMS forest in less disturbed areas on the 
island , and also at h ig h er elevations, from about 
140 to 350 m eters above sea lev e l. Myrlccae 1 h as a 
w ider range th an  S. walHccense, as it  can grow at 
much lower e lev ation s (5-10m ), but it is s t i l l  only 
found in less disturbed areas. S. malaccewse and 
Myrfaceae 1 can grow on very steep slopes (up to 
79%) and need very li t t le  d irect sunlight to grow. 
The average canopy cover a t th e  s ites  w here S. 
fMalaccense grows is 88% . S. CMwnun is found only 
a t low elev ation s and can th r iv e  in h ig h ly  
disturbed areas. A ll th ree  species are 
reproducing successfully in th e ir  h a b ita ts , w ith  a 
h ig h er concentration of seedlings th an  m ature 
adults at most sites. See Figure 2 for histogram s 
of the h e ig h ts  of each  species surveyed.

I found eight Orders of arthropods betw een 
th e  six sites (A raneae, B la tto d ea , C oleoptera, 
D ip tera , Hom optera, Lepidoptera, N europtera, 
and O rth op tera). These include spiders, flie s ,

SyzygiHM maiaccense
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FiG. 2: Histograms of the heights (m) of S. 
maiacceHse, S. and Myrtacae 1.

lacew ings, ap h id s, m oths, crickets, mosquitoes, 
w eevils, le a f  hoppers, scale insects, and 
cockroaches. Figure 3 shows the d istribution of 
arthropods at each  site . T h is  d istribution was 
not the same between each site  (X^= 376.3, d f=25).

The average density of indiv iduals of 
SyzygiMW in each  site  correlates n eg ativ e ly  w ith  
th e  h e ig h t of individuals at each  site  and 
p o sitiv ely  w ith  the average canopy cover of each  
site  (r ,=  -0.96 and 0.9, resp ectiv ely ; c r it ic a l 
v a lu e=  0.886 at the 0.05 a lp h a  le v e l) . A lso, th e  
number of arthropod orders found a t a s ite  
correlates p o sitiv e ly  w ith  th e  e lev a tio n  of th e  
site  (r ,=  0.91). T he average density of
in d iv id uals in each  site  does not correlate 
sign ifican tly  w ith  e ith e r  th e  number of 
arthropod orders found at each  site  or th e  
e lev a tio n  of each  site  (r ,=  0.64 and 0.76, 
resp ectively ). There is no sign ificant
rela tio n sh ip  betw een average canopy cover and

66



N u m b e r o f  i n d i v i d u a l  o f  e a c h  in s e c t  t a x a  
c o i ie c te d  by site

V)*o

Order

a site 1
site 2

Dsite 3
Dsite 4
a site 5
a site 6

FlG. 3: Number of arthropods of each Order collected at each site.

a v e ra g e  h e ig h t  o f in d iv id u a ls  in  a s ite  (rg= -
0 .083).

In  th e  b io a s sa y , th e  S. e x tra c t
k i l le d  s ig n if ic a n tly  m ore m osquito la r v a e  th a n  
th e  control a f te r  24  hours (X^= 10 .85 ; c r i t ic a l  
v a lu e =  7.81 a t  th e  0 .05  a lp h a  le v e l) . T h e  
e x tra c ts  o f S. CMffnfin and S. j%77i&os d id  not k i l l  
s ig n if ic a n tly  m ore th a n  th e  control. F ig ure 4 
show s a g ra p h  o f la r v a e  m o r ta lity  ov er tim e 
w ith  e a c h  trea tm en t. A fte r  s ix  hours th e  number

of la r v a e  th a t  h a d  d ied  w as s t i l l  s t a t i s t i c a l ly  
s im ila r  for e a c h  e x tra c t, but a f te r  tw e lv e  hours S.

h a d  k i l le d  s ig n if ic a n tly  m ore la r v a e . 
A t 24  hours, S. 77i%/%cce7ise e x tra c t  h a d  k i l le d  95%  
of th e  m osquito la r v a e . T h e  Myrf%c%^ 1 h a d  k il le d  
18%  and S. CMwnMH h a d  k i l le d  less th a n  14% .

DISCUSSION

Ft'eM surrey

T h is  survey found th a t  S. 77i%/%cce?ise and S. 
CM77UMH do indeed h a v e  d iffe re n t h a b ita ts ,  but

Average number of iive mosquito iarvae per treatment overtime

25

1 2 3 4 5 6 7 8 8 10 11 12 13 14 IS  16 17 18 19 20 21 22 23 24

T re a tm en t A  j

I — a - — T rea tm en t B  {

T re a tm en t C  j

FlG. 4: Number of live mosquito larvae per treatment over time. Treatment A used S. ?na/%cceMse extract, 
Treatment B used Mi/rf%cae 1 extract, and Treatement C used S. CMnnun extract.
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MyrfHCHe 1 grows over a very broad range th a t  
overlaps both of these h a b ita ts . P erhap s S. 
wcfaccensc and S. CMWiifiu w ere introduced into 
d ifferent areas of the island  w hen they  firs t 
estab lish ed  a population, and certain  factors 
h a v e  kept them  from spreading to oth er areas of 
th e  island . S. THalacceMse w as thought to h av e  
been planted a t sacred sites by th e  ancient 
Polynesians (Brent M ish ler, pers. com.). Since it  
h as h ad  th e  most tim e to ad ap t, p erhap s S. 
WMiacceHse h as natu ralized  to the inocarpMs forest 
and cannot get the nutrients or moisture it needs at 
low er e lev ation s. S. cMMmn is the most recently 
introduced of the three species and is considered 
in v asive on Moorea (Brent M ish ler, pers. com). 
Invasives must be hardy, and S. CMwiw:: th riv es 
a t the h ig h ly  disturbed lower elevations.

I w as not surprised to find a low d iversity  of 
insects and arthropods on Moorea because of th e  
id ea of taxonomic disharm ony. W h ile  few 
species of insects can even m ake it to an island, 
even less can survive to produce v ia b le  
populations. Once an insect or arthropod does 
colonize an island, it  often undergoes ad ap tiv e  
rad ia tio n  to f i l l  broader niches. Most s ites h ad  a 
h ig h  abundance of spiders, flies , crickets, and 
true bugs (H om optera). S ite s  th a t  did not h a v e  a 
h ig h  d iv ersity  of arthropod orders s t il l  h ad  a 
h ig h  number of these four taxa . These sites 
mostly contained S. CMwu'wn. I had  thought th e  
low d iv ersity  of arthropod orders associated 
w ith  sites dom inated by S. cumin;:' could be due to 
th e  fact th a t  these sites are less dense th an  th e  
other sites, but there is no correlation there. 
However, insect d iversity  does increase 
sign ifican tly  w ith  increasing elevation , and th is  
could be explained  by human a c tiv ity . Human 
a c tiv ity  and its im pacts are concentrated around 
th e  coast of Moorea at low elev ation s, and 
disturbance decreases as e lev a tio n  increases. 
P erhaps farm ing monocultures and spraying 
pesticides are th e  cause of th e  depaperaute insect 
populations.

Since S. maiHccense and Myrfacae 1 were both 
found lib e ra lly  a t th e  same sites, p erhap s th e  
insects associated  w ith  them  h a v e  a more 
generalist strategy and do not associate w ith  only 
one specific host p lant. T hese sites attracted  a 
more diverse amount of arthropods, such as 
lacew ings, beetles, w eevils, ap h id s, m oths, and 
scale insects. However, th e  scarcity of these 
arthropods at low er e lev a tio n  sites could again  
be explained by human disturbance. Since I did 
not find a specific insect associated w ith  any of

th e  three study species, I am assuming th a t  none 
of th e  p lants produce specific secondary 
compounds to a ttra ct them . The Syzygmwi and 
MyrfHcae on M oorea did not evolve w ith  th e  
arthropod communities th a t  they  now associate 
w ith . In fact, most of th e  arthropods th a t  I 
observed were introductions to M oorea, too. T h is  
is probably w h y most of th e  p lant-in sect 
in teractions were general.

One d isad vantage of th is  study is th a t  I w as 
not able to observe th e  SyzygiMm and Myrfacae 
w hen they  w ere flow ering or fruiting. Perhap s 
th e  insect communities around them  d iffer  w hen 
th e y  need to a ttra ct p ollinators. These species 
m ay also produce d ifferent compounds w h ile  
fruiting. Studies h av e shown th a t th e  fru it of S. 
maiaccewse is very fragrant and em its an odor 
sim ilar to th a t of th e  rose (Pino et a l. 2004). 
However, th is  s t i l l  m ay not m ake a d ifference in 
Moorea if  the local insect populations are not 
w h at SyzygiMM evolved w ith .

Bioassay

T h is study showed th a t  one species of 
Syzygiaw on Moorea can in tentionally  h e lp  
erad icate  insects. Some compound or combination 
of compounds in the leaves of S. fnalaccense proved 
to be toxic to mosqutio la rv a e . I am not sure w hy 
S. maiaccewse k ille d  th e  la rv a e  w hen S. cMwinii 
and Myriacae 1 did not. S. malaccensc more lik e ly  
developed th is  toxicity  during its evolution in 
South-E ast A sia  th an  during its period of 
n atu ra lizatio n  in M oorea. It  would be interesting 
to test w h eth er th e  fruit of S. ywalaccense can k i l l  
mosquito la rv ae at a h ig h er ra te  th an  the leaves. 
A lthough even tually  h ig h ly  e ffectiv e , S. 
waiaccense m ay not be a p ractica l la rv ic id e  
because of the amount of tim e it  tak es to w ork and 
th e  h ig h  concentration needed. It is a h ig h ly  
abundant species, how ever, and probably would 
h av e  much less negative consequences on the 
environment th an  pesticid es if  it  were to be used 
in larger quantities.

CONCLUSION

The d istribution  of, and arthropod 
communities associated w ith , S. waiaccewsc, S.

and Myrfacae 1 seem to be more affected  by 
human interference th an  by any secondary 
compounds th a t th ey  m ay em it. It is d ifficu lt to 
observe the effects of secondary compounds when 
a species is not in its n a tiv e  h a b ita t . Invasive

68



p la n ts  and insects o ften  h a v e  to d ev elo p  m ore 
g e n e ra lis t  s tra te g ie s  in  order to su rv iv e . 
H ow ev er, p la n ts  th a t  a re  b e n e fic ia l to hum ans 
can in crease th e ir  ran ge if  th e y  becom e w id e ly  
p la n te d . W e m a y  see th is  in  th e  future w ith  S. 
m%i%ccense if  th e  resid en ts o f M oorea are inform ed 
of its  tox ic  e ffe c ts  a g a in st m osquito la r v a e . O f 
course, m ore la b o ra to ry  re sea rch  could b e  done to 
is o la te  and e x tra c t th e  compounds in  S. 7n%i%ccense 
t h a t  k i l l  m osquito la r v a e  to m ak e th is  p e s tic id e  
even  m ore p ra c tic a l for w id esp read  use.
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SUBSTRATE PREFERENCE OF FUNGIA ON PROTECTED REEFS ON
MOOREA, FRENCH POLYNESIA

COURTNEY E . HART

DqpgfTweM? q/Far?/? a n J  P/ane/afy a/* Ca/(/ar^??a, Far/ra/qy, Ca/?/arA??a 94720 (75*

y4^?rac?. Fa??g?a are individuat Ree-tiving corats that tend to form tocat aggregations. 
At though they are typicatty noted for tiving on corat reef stopes near heavy wave action, they are 
atso commonty found on fringing reefs in the tagoons of Moorea, French Potynesia and many 
other tropica) istands in the Pacific. This study investigates the factors invotved in determining 
the spatiat distribution o f Fungia. Initiat observations suggest that FY/ng?# tend to tive on 
substrate that shetters them Rom the sun in the shat tower and wave-protected areas parts o f the 
tagoon. In this study substrate type, substrate condition and shetter type of the avaitabte substrate 
were compared to the substrate preferred by FY/ng?#. The data reveated that Fung?# and the three 
subgenera present in Moorea preferred to tive on dead corat covered in atgae that provided shetter 
form direct suntight. This distribution was non-random -  statisticat anatysis showed that the 
preferred tocation o f FY/f?g?<3 was significantty different than the avaitabte distribution o f substrate. 
The findings of this study provide a cornerstone for future research on the tife history of FY/Mg?# 
and possibte reproductive and maturation strategies.

Fqy FY?Mg?<3, substrate, habitat preference, corat tife cyctes, 5c/en?c??f??#, FY?Mg??(Vae,
reef growth

INTRODUCTION

Around the wortd corat reef ecosystems are 
threatened by overfishing, devetopment, pottution, 
possibte ctimate change, human encroachment and 
many other factors. At a time of wortdwide dectine of 
corat reef heatth, it is important to understand the basic 
biotogy and interactions o f the individuat corat species 
as wett as the comptexes that comprise an entire reef. A 
key aspect of tife history in corats is habitat setection 
and preference. Habitat setection may invotve 
imprinting a form of associative teaming characterized 
by a rapid estabtishment o f a perceptuat preference for an 
object (Sm ith, 1990). It is not rigid; it is ever changing 
throughout time, space and species type. There is an 
urgent need for naturat history in conRonting the plight 
of marine ecosystems (Dayton, 2003). In order to better 
understand the processes and enhance the basic 
knowtedge o f FY/ngza, it is important to amass naturat 
history information about corat reef habitats. This 
particular study examines the habitat preference of 
species within the four groups of FY/ng?# present in 
protected tagoons of Moorea, French Potynesia from 
October thru November.

Species o f the genus FYvMg?#, (Scteractinia, 
Fungiidae) are the most abundant and widespread of at! 
the mushroom corats (See FIG. t). O f att the major 
genera, Fungia are the most restricted to tropicat waters 
(Veron, 2000). FY?Mg?a are individuat Ree-tiving corats 
and tend to form tocat aggregations. Morphotogicatty, 
FY?Mg?a species have simitar short tapering tentacles 
with batteries o f stinging nematocysts that extend in the 
night and retract when disturbed (Veron, 1986).

M obility is particutarty highly devetoped in the famity 
Fungiidae, and Ree-tiving adutts are documented in 36 
out o f 4 1 species (Hoeksema 1989, Hoeksema and Dai 
1991). Their tife history strategies inctude both asexuat 
and sexuat reproduction. Asexuat reproduction occurs 
Rom the acanthauti statk or Rom a damaged parent corat 
that can not repair its tissues by regeneration 
(Kramarsky-Winter, Loya, 1996). Sexuatty, diCerent 
sexes retease gametes into the water column which 
eventuatty fuse, develop into ptanuta tarvae, and settte 
on a hard surface after taking up zooxantheHae. This 
process can take last Rom two weeks to two years 
(Grant & Makcenzie, 2000). After setttement, the single 
statk that attaches the tarva to a substrate dissolves and 
the corat becomes mobile and begins to grow and 
mature.

FtG. t Example o f  a Fu n g /a  tiving in the shetter o f
dead sub-m assive corat at Papetoai Beach.
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Alt FMHgM! occur in a wide variety of habitats on 
Indo-Pacific reefs (Pichon 1974, Hoeksema and Moka
1989). They are found often on reef walls where wave 
action is present (Veron, 1986) and lagoons. Benefits of 
living near heavy wave action may be the rapid 
dispersal of larvae and immature polyps after they 
become detached form substrate. Because FMMgHats are 
able to locomote, they have the ability to choose their 
substrate and to migrate from one substrate to another. 
They move over short distances by nocturnal expansion 
of tissues that push against adjacent surfaces (Chadwick, 
1988). Members of the genus THHgia appear to interact 
with the environment and with other organisms 
(Chadwick, 1988); furthermore, their ability to move 
enables them to escape detrimental interactions on the 
reef. Since they cannot build their own colonial 
structures for protection, they must move in order to 
avoid over-competition for space and light. Advantages 
that arise from this characteristic are: (1) mobile corals 
extend reefs onto sand and serve as nuclei for the 
establishment of new reefs (Sheppard 1981); (2) corals 
may retreat from competitive contact with large colonial 
corals (Maragos 1974, Chadwick 1988), and (3) avoid 
bleaching by migrating downslope (Hoeksema 1991).

FMMg;<3 are seldom found on exposed reef fronts or 
in temperate, non-red* localities, both of which are 
common environmental extremes for other corals 
(Veron, 200). In fact little is known concerning the 
dispersion patterns of TMHgia on sheltered reefs 
(Chadwick-Furman & Loya, 1992). This study is 
based on the premise that details such as habitat 
preference are central to modem evolutionary and 
environmental biology (Greene, 2004). This particular 
project follows these ideals of natural history by 
exploring natural habitat preferences of FMMgia on 
protected reefs on Moorea. It also identifies the sorts of 
habitats FY/ngM select, and this in turn helps to 
determine how the reef community in these areas is 
structured.

Mobility in corals may have many important 
implications for a coral reef composition and for corals 
in general. The lack of a strong fossil record (Veron, 
2000) in all FHMgM! species may be suggesting a shift 
towards mobile corals in the future. The ability for an 
organism to adapt in a way that allows it to escape 
detrimental effects may prolong the existence of corals 
far into the future despite natural and human 
disturbances. It is possible that FMMg;# have no 
preference for living on certain substrates but initial 
observations suggest that they tend to live on substrate 
that shelters them from the sun in the shallower and 
wave-protected areas parts of the lagoon. This study 
tests whether a preference for sheltered habitat occurs 
randomly or is part of the life history choices of FMHgMf. 
Knowledge like this may be important in the future for 
amounting knowledge of Fungi'a with the hope of 
increasing possible restoration efforts.

MATERIALS &  METHODS

AH studies were conducted from the UC Berkeley 
Gump's Marine Station on the island of Moorea in 
French Polynesia in October and November of 2005. 
Not all species were present in study area (see Table 1) 
however for the purpose of this study species were not 
distinguished from each other because the point was to 
study the habitat preference of all fungia present in the 
protected reef areas.

FtG. 2. Study sites on Moorea. (i) Papetoai Beach, (ii) 
Gump Station, (iii) Temae Beach.

Three locations with protected reef were chosen as 
study sites, Papetoai Public Beach in Opunohu Bay, 
Temae Public Beach and the reef in front of Gump 
Research Station in Cook's Bay (See FIG. 2). Each site 
was divided into three areas and transects were used to 
arbitrarily ascertain the available substrate. An 
observation snorkel was also conducted at each area for 
the purpose of counting fungia and marking down their 
substrate. Site descriptions are as follows:

i. Papetoai Beach is a shallow, flat, sandy reef area 
situated just before the mouth of Opunohu Bay on the 
east side of the pass, 900 meters from the crest. 
Between the beach and the beginning of the fringing 
reef, a fine-grained sandy beach extends for about 5 
meters into the water. Close to shore the coral appears 
to be living and healthy but in deeper waters, much of 
the coral is dead with conspicuous algal growth. The 
coral patches become increasingly sparse towards the 
channel and sand and coral rubble make up most of the 
substrate. A current is usually present running parallel 
to the beach in an east to west direction but wave action 
is minimal due to protection from the barrier reef. Depth 
of the area studied ranged from 0 meters to 5.9 meters.

ii. The Gump Station is located on the northwest 
side of Cook's bay near the pass in the reef All of the 
shoreline north of the station until the green channel 
marker consists of a reef flat and wall of a fringing reef. 
The wave action is minimal; on windy days swells 
enter the bay but rarely break on the shore with any 
major force. The currents are also minimal. Distances 
Com the shore to the wall of the reef average at about

7 2



100 meters. Depth of the reef ranged form 0 meters at 
shore to 5 .4  meters.

iii. Temae Beach is located on the eastern comer of 
the island where the barrier reef comes closest to shore. 
Bordering the comer of the island the reef moves further 
and further oRshore Rom the island in the direction of 
the Sofitel La Ora Resort. There is little Ringing reef as 
the lagoon widens, only a massive sandy beach, a 
lagoon with coral and large sandy patches, and dense 
coral cover closer to the algal ridge. Wave disturbance 
is prominent near the crest o f the ridge and effects can be 
seen in the massive coral rubble. But the lagoon is 
large enough that wave action dissipates near shore. 
Studies were conducted in an area where the distance 
from shore to the algal ridge ranged Rom 220 m -  
450m  even though the distance between algal ridge and 
shore continues to grow. Depths in the lagoon ranged 
form 1.2 meters to 2 .4  meters.

Differences in the distribution o f naturally available 
substrate and the type of substrate that Fungia tended to 
prefer were tested for significance using the Chi-squared 
statistic. Comparisons were performed for each category 
of data (substrate type, substrate condition and shelter 
type) between each area in each location as well as 
between the totals numbers Rom each location.

RESULTS

In all three locations, FungMi tended not to reside 
in or on the substrates that were most common. At the 
Gump station, 50%  of the substrate available consisted 
o f sand (SD ) and only 4%  consisted o f sub-massive

Substrate was determined by sampling transects 
Rom the reefs and recording substrate type and 
availability every five meters. A 50 meter long tape was 
stretched out perpendicular Rom the shore. At Papetoai 
beach and the Gump Station, transects started at or near 
the wall o f the Ringing reef and extended all the way 
back to the beach. At Temae beach the transect tape 
started about 50 meters Rom the ridge where wave 
action was minimal and extended to shore or to a point 
in the sandy lagoon where corals were no longer 
present. The transects were a way to arbitrarily 
determine the types and percent cover o f substrate 
available for FY/ngf#.

Type o f substrate was categorized as massive coral 
(CM ), sub-massive coral (C S), branching coral (C B), 
coral rubble (C R), or sand (SD ). The condition o f the 
substrate was marked as: alive (A), dead (D) or dead 
with algae (DWA). I also noted whether or not the 
substrate was sheltered (SH) or not sheltered (NSH). A 
sheltered substrate was defined as anything that 
provided cover and protected Rom direct sunlight. Most 
dead corals were deformed enough to provide areas with 
filtered sunlight. Sand was considered sheltered if it was 
under or partially under a coral overhang. Six transects 
were sampled at each locations, two in each station (See 
Appendix 2 for G PS coordinates o f locations).

Observational snorkels were also conducted in each 
station. The snorkels consisted o f two researchers 
spending an hour at each station looking for yMMgn<%y. 
For each specimen found we recorded the number per 
area, what substrate it was on, what condition the 
substrate was in, and whether or not it was sheltered. 
Two research hours were devoted to each area in the 
three different study locations (9 sessions total). AH 
information was recorded in the water on a dive slate 
and then transferred to paper and Microsoft Excel 
immediately following the field session.

GUMP
Substrate Preference

CR CM CB CS SD

Type of Substrate

a Substrate Avaitabie (transects) H Substrate Containing Fungia (snork)es)

TEMAE
Substrate Preference 

3 * 1  I 212

Type of Substrate

a  Substrate Avaiiabie (transects) *  Substrate Containing Fungia (snorkies)

PAPETOA) 
Substrate Preference

CR CM CB CS SD

Type of Substrate

FiG. 3. These graphs show the difference between 
types of substrate available (based on arbitrary 
transects and the types preferred by yi/ngR? 
species. Statistics showed that the probability of 
this pattern occurring naturally was as low as 
2.7E-24. The corals actively selected one type of 
substrate per location to the others. In all cases 
that type of substrate offered the most shelter.
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coral (CS). However 50% of the FHMgra counted at this 
location were found to be living on sub-massive coral 
while only 4% lived on the sand. The rest of 46% of 
substrate was occupied but the combination of coral 
types. At Papetoai Beach 50% of the FMHgia lived on 
coral rubble (CR) which only represented 18% of the 
available substrate. And at Temae Beach branching 
coral (CB) only made up 7% of the available substrate 
yet 86% of all FMHgia were found living on it. When 
comparing all three sites, there was not a preference for 
type of substrate, however it was obvious that the 
fhngia were not living equally among all substrates. On 
average, 62% of all Fhngia lived on substrate that only 
represented 10% of what was available (FIG. 3). A Chi- 
squared statistic preformed on this data showed that 
distribution was non-random (p<0.0001)

GUMP

Condition
In all three areas, the majority of substrate was dead 

coral covered in living algae (DWA). It ranged Rom 
35% to 51% of what was available. For the most part, 
the FMHgnJs preferred to live on dead coral covered in 
algae. At Temae and Papetoai beach, 31% and 18% 
respectively, of all substrate was categorized as alive 
(A). But FHHgMt was rarely found on living coral. Only 
4% of the FMHgia counted in Temae and 1% in 
Papetoai preferred to be on living substrate. At the 
Gump Station there was very little living coral 
available compared to the other types of substrate (FIG. 
3). A Chi-squared statistic showed that the distribution 
of Fhngia was non-random (p<0.00001).

Although Fhngia showed a preference for certain 
substrate types (CM, CB, CS, CR, SD) in certain 
areas, there was not one type of substrate that they 
seemed to prefer across the board at all three sites (See

TEMAE

223

e  150

/ I "

^  100 ^  62  64

^  so

L 7

PAPETOA)

FiG. 4. Bar three graphs show the availability of 
substrate condition based on the arbitrary 
transects versus the preferred condition. In most 
cases the most abundant substrate condition was 
dead with algae (DW A) but often not by much. 
However, the Fhngia preferred to live on coral 
that was dead with algae is it often provided the 
most sheltered habitat.

GUMP

TEMAE

PAPETOA)

FIG. 5. These three graphs show ratio o f available 
shelter types based on the arbitrary transects and 
the number of FMMgia that actually preferred 
sheltered substrate. The majority o f substrate 
available was not sheltered yet the majority of 
fungia counted were found living on or in 
sheltered areas.
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FIG. 5). However there was a connection between 
substrate preferences noticeable at Temae Beach, 
Papetoai Beach and Gump Station. AH 
preferred sheltered substrates (iiving on or in) at aH 
protected lagoon sites. At Temae, Papetoai and Gump 
the percentage of avaiiabie sheltered habitat was 15%, 
28%  and 7%. However at all three locations at least 
79%  of all fungiids studied lived in or on a sheltered 
substrate. From site to site that type of substrate -  CR, 
C B , CM , etc. -  differed. At Temae Beach, branching 
coral offered the most sheltered substrate but there was 
very little branching coral at the other two locations. 
Sometimes a FMMgf# would be living on sand but was 
still sheltered by a coral overhang. The healthiest coral 
was usually living in, on, or near a sheltered substrate. 
A Chi- squared statistic for shelter type also showed 
that distribution o f FY/ng/a compared to distribution of 
substrate conditions was not random (p <0.00001)

Chi-squared tests showed that the substrate 
preferred by all FY/ngza was significantly different than 
what was available in the protected lagoon areas of 
Moorea. For all substrate types in the three locations p- 
values ranged Rom 1.40902E-05 to 2 .66902E -24. Chi- 
tests for substrate condition revealed p-values ranging 
Rom 9.24824E-08 to 1.02926E-41 among the three 
locations. And for shelter type in the locations, p-values 
ranged Rom 7.34768E-31 to 5 .51796E -66  (p <  .05 is 
significant). The data showed that the probability for 
mushroom coral to be dispersed equally among the 
substrates available is extremely low. Fangfa prefer 
substrate to be dead, covered in algae, and offering 
shelter.

DISCUSSION

Although there is documented data describing the 
habitat o f most FY/ngfa, specific substrate preferences of 
these corals has not been were not well documented 
within protected lagoon habitats until now. Migration 
Rom reef to sand and Rom shallower to deeper habitats, 
in both sheltered and exposed environments, it has 
important implications for the initiation and extension 
of coral reefs (Chadwick-Furman & Loya, 1992). 
Therefore, understanding the natural history of their life 
patterns — where they start their lives, how they 
migrate, and what areas they prefer -  will be important 
to fully comprehending FY/Mga<%y role in coral reef 
health and growth.

This study found that the FYvHgfa present in 
Moorea prefer to live in or on sheltered substrate within 
protected reef areas (protected with reference to heavy 
wave action). In many cases huge congregations of 
FY/ngza species were found living together. The 
healthiest specimens, ones containing the most color 
and least bleaching, were observed in these huge

congregations and they always lived on sheltered 
substrate.

It has been thought in the past that some 
mushroom coral lived on reef walls near heavy wave 
action. A few observational snorkels to the outer reef of 
Cooks Bay confirmed this fact. Many FY/Mgai^y were 
living about 10 meters deep amongst swaths o f healthy 
coral reef. Scuba divers who went as deep as 40 meters 
on Moorea reported seeing hundreds of mushroom 
corals during their dives. However the deepest depth of 
the lagoons and Ringing reefs studied was about 5 
meters. The study was limited to this depth because it 
relied solely on snorkeling as a research technique. At 
shallower depths such as these, the sun light is much 
more intense often aSecting the temperature o f the water.

In an environment such as the ones studied, 
mushroom coral must be able to avoid the intense 
sunlight at such shallow depths. Thermal stress during 
exposure to high irradiances of solar radiation, or 
irradiances higher than the current photoacclimatization 
state, causes damage to both photochemistry and carbon 
fixation at the same time in zooxanthellae, while DNA 
damage, apoptosis, or necrosis are occurring in the host 
tissues of symbiotic cnidarians (Lesser & Ferrell 2004). 
In order to avoid stresses they must find shelter when in 
the protected lagoon areas. This study shows that 
mobility o f the coral species allowed them to seek out 
sheltered habitat to protect them Rom the elements in 
the shallow waters.

Other sessile coral are unable to accommodate any 
changes in water temperature or light intensity because 
they lack the ability to move away Rom it. Although 
there was a proportion o f FY/Mga<%y that were found on 
the sand or not on protected substrate, they were oRen 
bleached and small. No numbers were taken for this 
observation; however, an elder in the community who 
lived his life fishing on Moorea, conveyed that the coral 
presently studied is never found on the sand, it is 
always found on dead coral rubble (Papa Mape 
translated by Hinano Murphy, /ye^cna/ 

Although the study showed that some 
coral are found on sand, there numbers are significantly 
lower than those who sought out sheltered substrate.

There are many factors that might explain the non- 
random distribution o f Fangza. Not only does a 
sheltered substrate help to protect mushroom coral Rom 
direct sunlight that could increase the rate of bleaching 
and overall coral death, but it also created a haven for 
juvenile FY/ngfa. During the study, many of the most 
sheltered areas such as dead coral heads at the wall of 
the Ringing reef or masses o f branching coral in the 
lagoon were home to many FaMg/a still attached to the 
substrate. This observation implicates that younger 
FY/ng/a in the protected lagoon need a more sheltered 
area than on the walls o f reefs in order to start their 
lives. These may be important findings in terms of 
understanding the life cycles of mushroom coral and 
their contribution to reef growth.
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CONCLUSION

Like all corals, Eawgia have a very interesting life 
history. In order to understand how their life cycles 
function and how they factor into the health and 
reproduction of coral reefs, researchers must provide 
ample data on every aspect of the organism. Identifying 
the trends in habitat preference of Eaag/a in protected 
lagoons will play a role in helping to understand the 
early life stages of mushroom corals. The next step may 
be to compare a variety of different locations on the 
island to compare life history strategies based on 
environmental constraints. Because their ability to 
locomote may provide hard substrate for new coral 
recruitment, the complete life history of Eawg/a will 
prove to be helpful in solving future coral reef issues.
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APPENDICES

APPENDIX 1 : Classification o f Fungia worldwide. The genus F i/n g fa  is divided into four groups based on 
morphological features and location. This table shows the species that are known to be present in Moorea according 
to Veron (2000). A ll those present in Moorea were studied in this study.

G ro u p Species On M oorea?

Group 1 : Species with large septal teeth Yes — common

COfOM# No

Yes -  uncommon

Aorr/Ja Yes -  common

va//Ja No

No

Group 2: Species with saw-like teeth and usually with a central rib Yes -  common

Group 3: Species with middle sized rounded teeth Yes -  abundant

yra//f?ae No

Yes -  common

sca^ra No

No

Yes — uncommon

No

Group 4: Species which have distinctly non-circular polyps jcafar/a Yes — common

fa/waM̂ M.s7.y No
.yeyc/?e//eM.yAy No

APPENDIX 2 . G PS locations for transect sites.

LOCATIONS STATION GPS ACCURACY

Papetoai Beach IA 0197308,8063868 13 m

IB 0197391,8063961 13m

2A 0197348, 8063910 11m

2B 0197369,8063925 9m

3A 0197411,8063967 18m

3B 0197311,8063873 19m

Gump Station 1A 0199851,8064024 10m

IB 0199850 ,8064007 8 m

2A 0199823,8064141 14m

2B 0199833,8064080 10m

3A 0199851,8064212 10m

3B 0199858,8064245 10m

Temae Beach 1A 0207272,8063295 10m

IB 0207320,8063281 8m

2A 0207123,8063308 9m

2B 0207179,8063307 10m

3A 0207071,8063279 10m
3B 0207033,8063265 7m
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PHYLOGENETIC DISTRIBUTION OF HAUMEDA 
(BROPSIDALES) ON MOOREA

Step h en  M . H atosy

Science, Po/icy, #nd Munugemenf, Lfnirersih/ o^C#/i/brni#,
BerM ey, C#/i/brni# 94720 USA

A&str#cf. C oral reefs are sp ecies rich  ecosystem s and  alth ou gh  m u ch  w o rk  has been  
d ed icated  to their con servation , they  rem ain  threatened  by  overexp loitation . T o  exam ine 
evolu tion ary  trend s in  reef d istribu tion  20 in d iv id u als rep resen tin g  six EMimcd# species 
(H. distort# (Y am ada) C olinvau x, H. minim# (Taylor) C olinvau x, H. opnnti# (L innaeus) 
L am ou rou x, H. bomeefisis T ay lor, H. discoide# D ecaisn e, and  H. t#onicoi# T aylor) w ere 
co llected  from  algal ridge, b ack  reef, lagoon , frin g ing  reef, bay  and  m otu  environm ents 
on  the island  of M oorea, Fren ch  Polynesia . T h e variatio ns in  m orp h ology  w ere studied , 
m orp h olog ical ch aracters w ere d evelop ed  and a p h ylogen etic an alysis w as in ferred  from  
the m orp h olog ical characters u sing  P A U P  and M cC lad e. A  tracin g  o f reef d istribu tion  on  
the m o st parsim onious tree in ferred  from  fou rteen  m orp h olog ical characters show ed 
little  p h ylogen etic con servatism  w ith  reef d istribution .

Key H?ords.' ptiytogcnctic ccmscru#tism; ptiytcgcnctic repidsion; rec/  ̂ ccnscm #tion; rec/  ̂
zon#tion

IN T R O D U C T IO N

C ov erin g  an area o f ap p roxim ately  600,000 
km^ (Sm ith  1978), coral reefs have been  the focus 
o f m any stu d ies d ealin g  w ith  sp ecies assem blages 
and ecosy stem  fu n ctio n  (Peres and P icard  1969, 
P ratch ett e t al. 2001, A ron son  et al. 2005, B ozec et 
al. 2005, C on no lly  et al. 2005). T his research  has 
m ad e it c lear that co ra l ree f com m u nities are 
im p o rtan t becau se they  have rich  b iod iversity  
(Ray 1988), p ro tect coastlin es from  severe w eath er 
(Shep p ard  et al. 2005), are resp on sib le  for 9% -12%  
of the w o rld 's  fisheries ' p ro d u ctiv ity  (Sm ith  1978, 
B irk eland  1997), and p rovid e ap p roxim ately  $375 
b illio n  p er y ear in  ecosystem  services (C ostanza et 
al. 1997, W est and Salm  2003). T h is kn ow led ge 
has thus gen erated  m uch  need ed  in terest in  coral 
reef con servatio n  and m an agem en t (Ray 1988, 
B eger et al. 2003, W est and Salm  2003, A ron so n  et 
al. 2005), as w ell as pu blic ed u cation  o f coral reef 
b io logy  (A rm stron g  2005). T h e b est w ay to focu s 
con servatio n  efforts is to exam in e the ecological 
and ev olu tion ary  p atterns o f species d istribu tion  
w ith in  coral reef ecosystem s. In  this w ay, a better 
u n d erstan d in g  o f sp ecies d istribu tion  can  aid  in 
better u n d erstan d in g  the com p lex  com m u nity  
association s that occu r on  coral reefs and h igh ligh t

areas that requ ire  sp ecific and  im m ed iate 
attention .

T h e green  calcareo us alga, H #E m ^#, can  serve 
as an excellen t m od el organism  to in vestig ate such 
p attern s becau se (1) H #/im ^ #  has a w orld w id e 
trop ical d istribu tion  (H illis-C olinvaux 1980, H illis 
1999, B an d eira-P ed ro sa  et al. 2004, K ooistra  and 
V erbru ggen  2005) so it can  serve as a u sefu l m odel 
in  any trop ical ocean , (2) it occu rs on  all ree f zones 
p ro v id in g  rep resen tation  o f a ll reef habitats, and
(2) it has a  rich  fossil h istory . It first ap p eared  in 
the fossil record  260 m illion  years ago during  the 
P erm ian , ach ieved  circu m trop ical d istribu tion  
d urin g  the C retaceou s, su rv ived  the m ass 
extin ction  a t the C retaceou s-T ertiary  bound ary , 
and u n d erw en t an  evolu tion ary  rad iation  
resu ltin g  in  the 33 extan t sp ecies d istribu ted  w orld  
w id e (H illis e t al. 1998, H illis 2001). T h ree extant 
lineages o f H#/i?7ied# are also  rep resented  in  the 
fossil record  d atin g  b ack  to the late T riassic and 
C retaceou s Period s (D ragastan  and  So lim an  2002). 
T h is fossil h istory  can  lend itse lf to com p arative 
an alyses betw een  an cien t and cu rren t reef 
d istribu tion s o f H #/im ^#.

T o in vestig ate the u se o f H #E m ^ #  as a m od el 
o f sp ecies d istribu tion , this stu d y  w ill exam in e the 
six sp ecies that occu r on  M oorea, Fren ch
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Polynesia. By constructing and using a phylogeny 
of the Hahmeda present on Moorea, the 
distribution of Haiimeda on six reef habitats (algal 
ridge, back reef, lagoon, fringing reef, bay and 
motu) will be analyzed. There are three possible 
outcomes (B. M ishler pers. comm.):
(1) The distribution of Haiimeda am ong the six 
habitat types is random  (the null hypothesis).
(2) Related species are distributed ecologically
closer together than would be expected for a 
random  distribution (Hypothesis 2). This
hypothesis follows the philosophy of phylogenetic 
conservatism.
(3) The distribution am ong the six habitat types is
overly dispersed (Hypothesis 3). This follows the 
philosophy of phylogenetic repulsion and in the 
case of ecological distribution it is synonymous 
with com petitive exclusion (the terms
phylogenetic repulsion and overly dispersed are 
used interchangeably in this paper).

M ETHODS

Sampling

Sam pling was done betw een Septem ber and 
November 2005 on the island of M oorea, French 
Polynesia. By free diving and reef walking, 
Hah'meda species were collected at six sites along 
the north coast between Motu Tiahura and the 
Temae public beach (Fig. 1) at the algal ridge, back 
reef, lagoon, fringing reef, bay, and at a motu.

Motu Tiahura was predom inantly a shallow 
(< lm ) sand flat (composed of biogenous sediment) 
that gradually sloped dow n into a lagoon. 
Collection w as done south of the conglom erate 
coral platform. Collections were made to a depth 
of one meter.

Papetoai public beach and the derelict pier 
were fringing reef environments. The areas within 
three meters of shore were mostly composed of 
loose biogenous substrate and large coral rock 
formations. Past three meters, the substrate was 
mostly coral rock and coral rubble. The lim it of 
the collection zone was a large channel frequented 
by boat traffic. Collections w ere made down to a 
depth of about seven meters.

The area off the Gum p Station was a fringing 
reef w ithin a bay. The substrate was a mix of 
sediment (mostly terrigenous) and coral rock 
formations. The depth of the area collected was 
usually two to three meters; however, collections

Fig. 1. Location of collection sites are marked with 
black dots.

were made to a depth of about seven m eters were 
the bottom  sloped down the bay floor.

The M aharepa fringing reef w as com posed of 
large coral rock form ations near shore out to a 
point where depth w as about four meters and the 
bottom  was com posed m ostly of biogenous 
sedim ent and coral rubble with sparse large coral 
rock. The latter environm ent was considered the 
lagoon w hich was about five m eters deep. The 
back reef had m uch the same com position as the 
fringing reef except that the back reef also had 
considerable w ater movement. The algal ridge 
was identified as the point where water depth was 
near 0.5 m eters and substrate w as mostly 
conglom erate coral rock and dominated by algae. 
Collections w ere made to a depth of five meters.

Temae public beach started w ith a large 
lagoon com posed of biogenous sedim ent and 
sparse coral rock. Depth of the lagoon was about 
four meters. The back reef was composed of large 
coral rock and coral rubble and was two to three 
m eters deep. The algal ridge was composed of 
conglom erate coral rock and dominated by algae. 
The depth was less than 0.5 meters. There was 
very noticeable water m ovem ent throughout the 
lagoon, back reef, and algal ridge. Collections 
were made to a depth of four meters.

The samples collected in clear zip-lock 
baggies, transported back to the Gump Station and 
m aintained in the seawater system  at the station 
for character development.

Character development

Characters were developed by reviewing past 
taxonomic w ork (Hillis et al. 1998, Hillis 1999,
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B an d eira-P ed ro sa  et al. 2004, K ooistra  and 
V erbru ggen  2005) and a fie ld  gu id e (Payri e t al.
2000), and by  stu dy in g  and com p arin g  the 
sam p les collected . Sp ecies w ere id entified  by 
u sin g  P ayri et al. (2000) and through  
corresp on d en ce w ith  A n to in e d.R. N 'Y eu rt a t the 
U n iversity  o f Fren ch  P olynesia. T h is in form ation  
w as also  used  to create  a p hotograp hic fie ld  guide 
(A ppendix A) and sp ecies key  (A ppendix B) of 

p resen t on  M oorea.
C haracters 1 through  12 w ere adapted  from  

H illis (1998). C haracter 13 w as d evelop ed  by 
exam in ing  a ch ang e in  m orp h ology  betw een  
segm en ts p roxim al to the cen tral thallu s and 
segm en ts d istal to  the cen tral thallus. C haracter 14 
w as developed  by  exam in in g  the exten t o f 
calcification  o f ind iv id uals. C alcification  w as 
ch aracterized  q ualitatively  by  looking a t the 
rig id ity  o f the thallus. C haracter 15 w as 
d evelop ed  by  tak in g  d ig ital p h otograp hs (using  a 
C ano n  P ow erSh ot S70) o f su rface u tricles u nd er 
100X  m agn ificatio n  on  a N ik o n  com p oun d  
m icroscope. U tricle  d iam eter w as d eterm ined  by 
con v ertin g  d igital p hotograp hs to PD F files then  
u sing  the m easu rem en t tool on  A d obe A crobat. 
T en  utricles from  each  in d iv id ual w ere m easured  
in  p ixels (pt), and an  average o f those ten  
m easu rem en ts w as used.

M easu rem en ts o f the lengths and w id th s o f 
segm en ts and lengths o f hold fasts and  thalli w ere 
m ade to the n earest m illim eter. For characters 
resu ltin g  from  segm en t m easu rem en ts, ten  
segm en ts w ere m easu red  from  each  ind iv id ual 
and  averages w ere taken.

V ariation s o f the ratio  segm en t-len gth -to- 
segm en t-w id th  and u tricle  d iam eters betw een  
in d iv id uals w ere analyzed  u sin g  the K ruskal- 
W allis Test. Ind iv id ual sam p les w ere treated  as 
"sa m p le  g ro u p s" and the ten m easu rem ents taken  
from  each  sam ple w ere con sid ered  "trea tm e n ts ."

C haracters w ere then  evalu ated  u sin g  three 
criteria. (1) C haracters need ed  to  be in d ep en d ent 
from  each  other. (2) C haracters need ed  to be 
inheritable . (3) C haracters need ed  to have d iscrete 
states. C haracter 16 (ecological d istribution) w as 
the trait b ein g  investigated  and  w as exclu d ed  
from  the data m atrix  before the p h ylogeny w as 
inferred .

C haracter states w ere assigned  to each  sam ple 
o f a lgae (see R E SU L T S fo r listed  ch aracters and 
ch aracter states) and  th is d ata  w as entered  into  a

ch aracter m atrix  (A p p end ix C) u sing  M cC lad e 4 .0  
(M ad d ison  and  M ad d ison  2000). T h e tree w as 
rooted  to discoidc# based  on  previous
m olecu lar w o rk  d one w h ere H. discoidc# w as m ore 
clo sely  related  to the ou tgrou p com p ared  to the 
o th er Harmed# sp ecies (H illis e t al. 1998).

T h e ch aracter m atrix  used  for a parsim ony 
an alysis w h ich  w as p erform ed  u sing  P A U P* 4.0 
for M acin tosh  (Sw afford  2001) u sing  the heuristic 
search  m ethod  searching for the m ost 
p arsim on io u s tree. M axim u m  p arsim on y trees 
gen erated  from  the heu ristic search  w ere used to 
con stru ct a  strict con sen su s tree by  u sin g  the 
"ca lcu la te  co n sen su s" op tion  in  P A U P*. T h e data 
an alysis from  P A U P* w as then  transferred  to 
M cC lad e 4 .0  (M ad d ison  and  M ad d ison  2000), and 
C haracter 16 (ecological d istribu tion  am on g the 
ree f zones) w as traced  onto the m axim u m  
p arsim on y tree to in vestig ate  p attern s o f reef 
d istribution .

Voucher specimens

V ou cher sp ecim en s w ere p rep ared  by 
w ash ing  the a lgae in  fresh  w ater, then  d rying  
b etw een  card  stock  and  w ax paper. V ou chers w ill 
b e  deposited  at the Jep so n  H erbariu m  at the 
U n iv ersity  o f C alifornia-B erkeley .

R E SU L T S

C7i%r%cfers

1. T h allu s m ostly:
E rect (0); sp raw lin g  or p en d an t (1)
E rect thalli stood  tree-like from  their substrate. 
Sp raw ling  or p en d an t thalli form ed  m ats or 
drap ed  over the substratum .
2. A xis o f grow th:
M ostly  in  one axis (0); both  horizon tal and vertical 
axes p resen t (1)
F o r m ost species, the grow th  axis o f the
thallu s tend s to occu r either h orizontally  as w ith
H. disforf# or vertica lly  as w ith  H. &ornccns^s. 
H ow ever, som e species, p articu larly  in  Section  
O p untia , the axis o f grow th  occu rs in  both  the 
v ertica l and horizon tal d irections as w ith  H. 
munma.
3. B asal segm ents:
N o sp ecial stru ctu re (0); Fan -like stru ctu re (1); 
P illar-like stru ctu re (2)
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Basal segments were the source of peripheral 
branching segments. Fan-like structure w as a 
basal stalk segment joined to two or three 
segments that formed a half-circle. Pillar-like 
structure consisted of cylindrical basal segments 
from  w hich branching segments arose. Basal 
segments with no special structure looked like the 
rest of the segments on the thallus.
4. Rhizoids:
Usually amassed in a single region (0); not 
restricted to a single region (1)
Amassed in a single region required no other 
rhizoids had emerged from peripheral segments. 
Very distinct is the large bulbous holdfast of 
HaHmeda &orneens:s, but also seen in H. discoidea, 
and H. iaem'coia. Not restricted to a single region 
required rhizoidal tufts em erging from multiple 
segments.
5. Holdfast length/m ature thallus height:
20% or greater (0); less then 20% (1)
For a score of 0, the length of the holdfast had to 
be more than 20% of the mature thallus height.
6. Holdfast with:
Adhering sediment particles (0); no attached 
sediment (1)
Sedim ent particles that had to be manually 
rem oved from  rhizoids w ere considered adhering.
7. Branching pattern:
Essentially in one plane (0); frequently in different 
planes from  proximal segments (1)
Thalli that branched in different planes had a 
"bushy" appearance. Thalli branching in one 
plane had a palmate appearance.
8. Segm ent shape:
Rarely contorted (0); com m only contorted (1) 
W hen looking at a segm ent's upper margin, 
commonly contorted segments appeared wavy in 
their shape. Rarely contorted segments were flat.
9. Segm ent shape:
Lacking pronounced stalk (0); with basal margin 
often prolonged into short stalk (1)
The short stalk protrudes out two or more 
m illimeters from  the center of the segment.

10. Segm ent shape:
Upper margin w ith groove from  which new 
segments emerge (0); one central and commonly 
two or m ore lateral pits from  where new segments 
arise (1)
Small depressions can be seen along the upper 
m argin of the segments. A  groove has to run 
along the entire upper margin to be scored 0. Any 
separations in  the depression w as scored 1 (as 
lateral pits)
11. Segm ent length/segm ent w idth in upper half 
of thallus:
0.6-0.9 (0); 1.0 (1); <  0.6 (2)
Ten segm ent lengths and ten segm ent widths were 
measured and divided. The quotients w ere then 
averaged for character scoring. Variations between 
species is greater than variations w ithin species 
(Kruskal-W allis; X2=30.8; d.f =6; p<0.0001).
12. Breadth of largest segments:
< 5 mm (0); 6 m m-9 m m  (1); >10 m m  (2)
The Kruskal-W allis Test shows a significant 
variation betw een species (X^=44.7; d.f.=6;
p<0.0001).
13. Change in segm ent m orphology:
No change (0); segm ent m orphology changes 
betw een proxim al and distal segm ents (1) 
Excluded: Studies (Hillis et al. 1998, Kooistra and 
Verbruggen 2005, Verbruggen et al. 2005) have 
discussed the m orphological plasticity of HaHweda 
species. Due to this plasticity, the change in 
morphology does not occur due to genetic 
variation.
14. Calcification:
Slight (0); m oderate (1); heavily (2)
Slight calcification requires that all parts of the 
thallus are very flexible (fleshy-like) and do not 
tend to break w hen bent. M oderate calcification 
results with a thallus that is very sturdy yet allows 
some m otion of the thallus. Heavy calcification 
has the thallus very com pact and immobile to 
motion.
15. Average peripheral utricle diam eter (Fig. 2):
<9  pt (0); 9 p t -14 pt (1); >14 pt (2)
The Kruskal-W allis Test shows a significant 
variation of utricle diameter betw een individuals 
(X2=143.6; d.f.=15; p<0.0001). Fig. 2 shows the 
grouping of the character states.
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Fig. 2. Discreteness of utricle diameter character 
states based on mean utricle diameter of ten utricle 
diameters taken from 16 individual Hadm^da 
samples. Discrete breaks can be seen at utricle 
diameters of 9 pt and 14 pt.

16. E colog ical d istribu tion :
A lg al rid g e (0); b ack  reef (1); lagoon  (3); frin ge reef
(4); m otu  (5)
A lgal rid g e w as consid ered  the area on  the barrier 
ree f that lies b etw een  0m  and 0.5m . T he b ack  reef 
w as the area o f b arrier reef that exten d ed  ou t to a 
d ep th  o f fo u r m eters. T h e lago on  w as any area of 
reef that w as d eep er than  four m eters. The 
frin g in g  reef w as the area o f ree f ad jacen t to shore 
that w as sh allow er than  fou r m eters. The b ay  w as 
the area  o f frin g ing  ree f w ith in  C o o k 's  Bay. The 
m otu  w as the frin g ing  reef on  the east sid e of 
M otu  T iahura.
E xclu d ed : T h is ch aracter w as exclu d ed  in  the 
p hytogeny because the p hytogeny w as used  to 
in vestig ate  any h istoric  d istribu tion al p atterns.

Pdy/ogcni/

P hy logenetic an alysis o f fou rteen  
m orp h olog ical ch aracters resu lted  in  52  equ ally  
p arsim on io u s trees w ith  a tree length  o f 36  steps 
and a C on sistency  Ind ex (C .I.) o f 0.50. The strict 
con sen su s tree (Fig. 3) and  one o f the m axim u m  
p arsim on y trees (M PT) (Fig. 4) both  reso lv e tw o 
clades: the B orn eensis clad e con tain in g  Harmed# 
dorMcensis and the M inim a-O p u n tia-D isto rta  
(M O D ) clad e, w h ich  inclu d es H. minima, H. 
opanda, and H. disforfa. T h e strict con sen su s tree 
leaves both  clad es u nreso lved  w h ile  the M PT 
show s good reso lu tion  in  the M O D  clad e b u t still 
leaves the B orn eensis clad e u nresolved . The

parsimonious trees with 36 steps and a Consistency 
Index (C.I.) of 0.05. The tree was rooted to Hadmeda 
discoidea based on Hillis (1998). Two clades, one 
containing H. bomeensis, the other containing H. 
minima, H. op an da, and H. disforfa have been 
resolved. Numbers after species name represent 
sample identification numbers.

B orneensis clad e reta in s the sam e resolu tion  in 
both  the strict con sen su s tree and M PT.

E co lo g ical d istribu tion  traced  on  the M P T  (Fig. 
5) show s clad es are n ot restricted  to any specific 
ree f zone. T h ree  sp ecies (H. domecnsis, H. opMMda, 
and  H. disforfa) w ere d istribu ted  over fou r o f the 
six  zones.
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Fig. 4. Maximum parsimony tree inferred from 
fourteen morphoiogicai characters. One of 52 
equally parsimonious trees with 36 steps and a 
Consistency index (C.I.) of 0.5. The clade containing 
H. minima, H. ocMHfia, and H. disforfa is fully 
resolved. The clade containing H. bomeensis retains 
the same resolution from the strict consensus tree. 
Numbers after species name represent sample 
identification numbers.

DISCUSSION

ecologies! distribution 
ordered

slgsl ridge 

back reef 

lagoon 

frtige reef 

motu

bay

equiwca)

Fig. 5. Character 16 has been traced on the 
maximum parsimony tree from Fig. 4. There are no 
reef zone distributions that are monophyletic. 
Numbers after the species name represent sample 
identification number.

The two clades resolved in this phytogeny (the 
Borneensis clade and M OD clade) are supported 
by m olecular work (Kooistra et al. 2002). W ithin 
the M OD clade Haiimeda minima is located within 
a m onophyletic group of H. disforfa. This is not 
supported by molecular work (Kooistra et al. 2002, 
Kooistra and Verbruggen 2005). This could be due 
to m isidentification; however, the m orphology of 
H. minima was consistent w ith that described in 
Payri et al. (2000). Kooistra et al. (2002) have also 
described another clade that includes H. faenicola 
and H. discoidea; however, that relationship was 
not resolved here.

The tracing of character 16 (ecological 
distribution) (Fig. 5) does not appear to support 
Hypothesis 2. Based on Hypothesis 2, one would

expect nearest neighbors to exist on the same reef 
zones, but as can be seen in Figure 4 no such 
situation exists. In this phytogeny, nearest 
neighbors often occupy different reef zones. This 
could lend support to the idea of competitive 
exclusion in Hypothesis 3. However, Hypothesis 
2 or Hypothesis 3 cannot be considered 
unsupported or supported due to lack of a 
complete null hypothesis. In order to generate a 
null hypothesis, simulations need to be run by 
random ly assigning ecological character states to 
the M PT so an expected random  distribution is 
available as a null hypothesis (B. M ishler pers. 
comm.). The nulThypothesis that is generated can 
then be tested against the actual distributions 
found.
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Besid es d istribu tion  am ong reef zones, 
an oth er avenue o f in vestig ation  cou ld  b e the 
p h ylo gen etic  d istribu tion  o f m ore refined  
eco log ical characters. T h e eco log ical ch aracters 
used  in  this study w ere described  u nd er the 
assu m p tio n  that each  ree f zone is a u nique habitat 
w ith  its ow n  abiotic and  b iotic factors that cou ld  
lim it sp ecies d istributions. H ow ever, each  reef 
zone can  have a com p lex  o f h abitats w ith in  it. For 
exam ple, as a w hole, the b ack  ree f is su b ject to a 
lo t o f w ater m ov em en t and  h erb ivory  is a com m on  
occu rrence. B u t w ith in  the b ack  reef, there are 
exp osed  rock y  terraces, sheltered  rocky  crevices, 
and op en  sand flats. E ach  o f these also  has u nique 
b iotic and  ab iotic factors that can  lim it the 
d istribu tion  o f certain  species. It is possib le 
ad ap tation  has occurred  in  relation  to these m ore 
local h ab itat types.

T h is has b een  observed  in  A tlan tic and  Indo- 
P acific in  w hich  sp ecies either occu p ying
san d y su bstrate  or h igh  h yd rod yn am ic areas are 
m on op h yletic  (K ooistra et al. 2002). If habitat 
sp ecificity  is p h ylo gen tically  conserved , as it w as 
in  K ooistra  et al. (2002), then  those traits cou ld  be 
used  to exam in e w h ich  habitat p aram eters 
(tem p eratu re, hyd rod yn am ics, herb ivore pressure, 
su bstrate, etc.) are m ost im p o rtant in  defin ing  
d istribu tion al bound aries. H abitat p aram eters can  
be con sid ered  im p o rtant if they  are specific w ith in  
a  sp ecies, y et the sp ecies d iffers in  reef zone 
d istribu tion . T h is com bin ed  in form atio n  of 
h ab ita t sp ecificity  and  reef d istribu tion  could  
b eg in  to co n stru ct a b etter u nd erstand ing  o f reef 
algal assem blages.

A n oth er u sefu l ap p roach  w ould  in clu d e a 
w id e sp read  stu d y  in vestig ation  d istribu tion  
p attern s over en tire oceans. So m e w o rk  has 
alread y  b een  d one m olecu larly  u sing 
d istribu ted  throu gh o u t the trop ical oceans 
(K ooistra et al. 2002, K ooistra  and V erbru ggen  
2005). By u sin g  a large scale study, co ra l reef 
con servatio n  efforts cou ld  furth er be focu sed  by 
u sin g  evolu tion ary  d istribu tion  p atterns to help 
locate m arin e b iod iversity  hotsp ots and 
evolu tion ary  so urces (Briggs 2005). O nce found  
these areas cou ld  b e  the focu s o f m ore in tense 
con servatio n  efforts.

T h e m od el p ro p osed  in  this p ap er requ ires 
som e refinem ent. C om p u ter analyses are need ed  
to fu rth er in vestig ate w h ich  p ro cesses are 
occu rring , and ad d ition  o f m ore defined  ecological 
ch aracter states are needed . H ow ever, coral reefs

are v ita l ecosystem s (Sm ith  1978, R ay 1988, 
B irkeland  1997, C ostanza et al. 1997, Briggs 2005, 
Sh ep p ard  et al. 2005) not only  to b iod iversity  but 
to those w ho d epend  on  them  fo r sustenance. 
W ith  the cu rren t state o f coral reefs, an ything  that 
can  lim it w asted  effort is w orth  investigating  
further.
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APPENDIX A

Hah'mcda of M oorea

Hadmeda faeaicola

A ttached to rock. Basal segm ents 
form ing a pillar-like structure. 
Segm ents large (8-10m m ) w ith little 
calcification. Thallus is very flexible. 
Specim ens w ere found on the back reef 
(specim ens w ere also found on Tetiaroa 
form ing dense m ats on the seaw ard 
facing reef).

HaEazeda dz'scozdea

Very fleshy species found attached to 
rocky substrate. Segm ents highly 
convoluted, and broad (8-10m m ). Basa] 
segm ents form  fan-like structure. 
Specim ens found on algal ridge had 
holdfasts attached in  sm all holes in 
coral rock. Specim ens found in fringing 
reef w ere attached in crevices of coral 
bom m ies.

Halz'azeda aa'az'aza*

Can be differentiated from  H. opazitza 
and H. dzsforfa by its reduced segm ents 
(2-3m m ). Thallus form s com pact bush) 
structure attached to rocky substrate 
w ith a single holdfast. U nlike H. 
opaafza and H. dz'sforfa, m ultiple 
rhizoidal attachm ents are often absent.
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Haiimeda horneensis (formerly Hahmeda 
incrassafa (A. d. R. N 'Yeurt personal 
communication)

Occurs in loose sediment. Large 
bulbous holdfast firmly attached in 
sediment. Thallus is erect with 
calcification m oderate to heavy. 
M orphology is very plastic as can be 
seen from  the photos to the left, (a) The 
specim en pictured was found on the 
fringing reef in Cook's Bay. It was 
originally classified as H. macroioba, but 
correct identification was assessed by 
A. d. R. N 'Yeurt (personal 
communication). Segments are broad 
(width: 8-10mm). Thallus braches in 
alm ost one dimension and is flexible, 
(b) The specimen pictured was found 

on the shallow (< lm ) sandy shelf on the 
windward side of Motu Tiahura. 
Segments are smaller than (a) (width: 3- 
5mm) and the thallus has a compact 
bushy form  and is very rigid.

Hah'meda disforfa*

Small segments (width: 3-5mm). 
Thallus is sprawling forming dense 
mats on rock and in rock crevices. 
Typically starts from  one main holdfast; 
although, other small rhizoids have 
been found on peripheral segments.

Hah'meda opanha*

Small segments (width: 3-5mm). 
Thallus is sprawling on rocky substrate 
and forms loose bushy clumps (Hillis 
(1980) also describes H. opanha 
occurring on sandy substrate). Attache: 
to substratum  via small multiple 
rhizoidal holdfasts.

*Hadwzeda ymnima, H. distoria, and H. opanda can often be difficult to separate. Consult Payri et al. (2000) for further information.
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APPENDIX B

Key for the Haiime4a of M oorea*

l.a . Thallus predom inately erect..............................................................................................................go to 2
1. b. Thallus spraw ling form ing m ats or

draping over the substrate......................................................................................................... go to 4

2. a. Thallus grow ing on loose substrate, large bulbous hold fast..........................................HaiimeJa bomeensis
2 . b. Thallus grow ing on rocky substrate..........................................................................................go to 3

3. a. Thallus segm ents highly contorted, very lightly calcified (alm ost fleshy).............. H. 4iscoi4ea
3. b. Thallus segm ents not contorted, lightly calcified ................................................................H. faenicoia

4. a. Thallus segm ents very reduced (2m m -3m m  w ide),
grow ing in very com pact clu m p s...........................................................................................H. minima.

4 . b. Thallus segm ents m ore
than 3m m  w id e................................................................................................................................go to 5

5. a. Thallus grow ing in loose clum ps, m any rhizoidal attachm ent p oin ts.......................H. opanfia
5.b. Thallus grow ing as loose m ats attached to rock, one m ain holdfast..............................H. Wisteria

*This is only meant as a quick reference to the Haiimeda found on the reefs of Moorea. The taxonomy of Haiimeda in 
French Polynesia is currently in a state of change (A. N'Yeurt pers. comm.). Please consult Payri et al. (2000) for 
further information.

A PPEN D IX C

C haracter m atrix used to infer phylogeny

character 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

H. &orneensis_32 0 0 1 0 0 0 1 0 0 1 0 0 0 7 7 4
H. &omee?isis_41 0 0 1 0 0 0 0 0 0 1 0 1 0 1 2 1
H. bomeensi$_18 0 0 1 0 0 0 0 0 0 1 0 0 1 2 1 3
H. 4isioria_38 1 0 0 0 1 1 1 0 1 1 0 0 1 7 7 2
H. opMnfia_14 1 0 0 0 1 1 0 1 0 1 0 1 1 1 0 3
H. disforta_15 1 0 0 1 1 1 1 0 1 1 0 0 1 7 7 3
H. borneensis_42 0 0 1 0 0 0 0 0 0 1 0 1 0 1 1 5
H. discoi&a_46 0 0 1 0 0 1 0 1 0 0 2 1 0 0 1 0
H. opMnfia_44 1 0 0 1 1 1 1 1 0 1 0 0 1 1 0 0
H. faem'coia_49 0 0 2 0 1 1 0 0 0 0 0 1 1 0 2 1
H. opM?itia_45 1 0 1 1 1 1 0 1 0 1 0 0 1 2 0 0
H. discoi&a_16 0 0 1 0 0 1 0 1 0 0 2 1 0 7 7 3
H. 4isiorfa_23 1 1 0 ? 7 7 1 0 0 1 2 0 1 1 1 3
H. opanfia_35 1 1 0 1 1 1 0 1 0 1 0 1 0 1 1 4
H. &orneensis_26 0 0 1 0 0 0 0 0 0 1 2 0 0 1 1 4
H. &orngensis_34 0 0 1 0 0 0 1 0 0 1 0 0 1 1 1 4
H. opanfia_52 1 1 0 1 1 1 1 1 0 1 0 0 1 1 1 5
H. 4isforfa_50 1 1 0 1 1 1 1 0 0 1 0 0 1 2 2 5
H. minima_51 1 1 0 1 1 1 1 1 0 1 1 0 1 1 0 5
H. borngensis_53 0 0 1 0 1 0 0 0 0 1 0 1 0 1 1 5
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THE EFFEC TS OF H ERBIV O RY ON ALGAL SUCCESSION ON DEAD CORAL
SU BSTRA TE

AH Kattan

/HfggrafAeR/o/ogy, o/Ca/I/orw/a, BerAre/gy, Ca/Z/orn/a 94720

yf The effects o f herbivory and presence o f fish and urchins, DzatAzzza
.yavzgpyz and EcAzzzozzzetrgz wat/zae;', on dead coral substrates was studied on the island 
Moorea in French Polynesia. Herbivore exclusion cages were designed to test the effects 
on algal succession on two dead coral substratres, yf cropora /zyacy?/zzz,y and PoczY/cpora 
verrzzco^a. Five different treatments were observed for percent coverage o f algal growth 
and data was recorded 6 times over a 3 1-day period. Growth o f filamentous algae, 
Po/yyzp/zofzza ycopzz/orzzzzz, was seen growing the sixth day o f treatment in all designs. 
Significant difference in percent coverage o f separate types o f algae was not observed 
until day 27 o f the study between the caged Dzaafezzza & and closed cage treatments in 
percent coverage o f fleshy algae on corals. Herbivory and presence o f urchins showed 
greater effects on algal succession than that o f fish. Algae were sampled and identified to 
create a conceptual model o f algal succession on both coral substrates over study period. 
Transects were established at two sites to determine types o f algal growth in relation to 
the density o f urchins per unit area. Transect data showed correlations between high 
urchin density and high percent coverage o f filamentous and low percent coverage o f 
fleshy algae. Transect results supported findings in cage experiments showing that urchin 
species are vital to maintaining balance in reef ecosystems by halting succession o f 
macro-algal dominance.

/fey wonA; Diadema savignyi, Echinometra mathaei, zYozzzzzzgzzzce, p/za-ye ^Az/i, 
pre&z/or, ree/eco<syy?67zz, /zerAzvozy

INTRODUCTION

Herbivory in ecosystems is integral to 
maintaining a balance in species distribution. 
The removal o f predators in a system can 
cause a skew in the distribution o f taxa and 
can lead to the extinction o f a species. Coral 
reef systems are subject to ecological changes 
due to factors, biotic and abiotic, which can 
lead to changes in reef species dominance. 
This loss o f dominance is termed a phase shiff 
and is detrimental to the survival o f coral 
species. Previous studies examined the factors 
that affect algal growth on coral substrate and 
has shown that the main factor retarding live 
co ra l grow th is m acro algal cover 
(McClanahan, 1997; McCook, 2002; Wilder,

2003). Macro algae are able to grow on a 
number o f different substrates, and thrive on 
the rugosity o f dead coral substrate calcium 
carbonate. Light, nutrients, sedimentation and 
water flow are significant factors in the 
growth and dispersal o f algae (McClanahan, 
1997). Herbivory, by fish and urchins is a 
major biotic factor that controls the growth o f 
m acro-algal species (M cClanahan, 1997; 
Wilder, 2003). The main herbivorous species 
found in coral re e f system s, are the 
Surgeonfish, CYefzoc/zaehz-y y?rz6f?M.y, Parrotfish, 
v4c<3zz?Azzrzz.y zzz'rgro/zzyczz.y and urchins Dzaafewa 
gavzgzzyz and Ac/zzzzoTzzetra zzza/Aaez. 
(Carpenter, 1986; Hay 1985; Wilder, 2003). 
The availability and density o f these species
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determine coral vs. algal dominance in reef 
systems (Hay 1985; Hay, 1997).

Decline in fish populations is 
occurring globally due to overfishing, 
industrialization, and elimination of habitat. 
The reduction of herbivore predation allows 
for algal growth and eventually climax 
communities o f macro-algae to exist 
(Carpenter, 1986; Hay, 1997; Wilder, 2003). 
The phase shift to a macro-algal dominant 
system occurs through the successional 
growth o f algae on dead coral substrate 
(McClanahan, 1997). Herbivores play a vital 
role in allowing or arresting the successional 
pathways to algal growth (Carpenter, 1986; 
Hay 1985; Hay 1997; McClanahan, 1997). 
The primary objective of this study was to 
determine the effects o f herbivores on 
successional growth of algae on two abundant 
species of coral, y4cropora AyacytAa^ and 
Pocf/Zopora verrMcosa in Moorea, French 
Polynesia.

M cClanahan's study (1997) o f 
herbivory on successional algal growth on the 
reefs o f Eastern Africa, determined that 
endolithic " tu rf ' algae are the initial 
colonizers of calcium carbonate plates in back 
reef sites. However, in certain environments 
with stronger water movement along with 
certain grazers allowed for the removal of 
sediment particles and growth of coralline red 
algae (McClanahan, 1997). This successional 
growth then led to the establishment of 
calcareous algae, ^p. (McClanahan,
1997). Wilder (2003) performed a similar 
study in the Vaipahu lagoon, Moorea, French 
Polynesia, to determine effects of herbivores 
on algal growth. In Wilder's (2003) study 
relative effects of urchins on algae were 
related to availability of algal patches within 
mobile distance < lm . His study also 
determined that fish had greater effects on 
algal growth when urchins were absent in the 
treatment. Wilder (2003) focused his study on 
the herbivorous effects on the ash-free dry

weight and biomass of the algae through 
different caged designs.

In the current study I used similar cage 
designs, but rather than strictly observing algal 
coverage, my experiments focused on two 
different coral species while monitoring 
primary and secondary succession of algal 
growth on each coral head. The main goal of 
this study was to monitor successional growth 
o f algae on the substrates stated. Given that 
herbivory plays a vital role in maintaining 
coral reef dominance in reef ecosystems 
(Carpenter, 1986; Hay, 1997; Knowlton, 
2001; McClanahan, 1997; Wilder, 2003) my 
study looked closely at the response algal 
growth to the removal of major predators. 
Specifically I address these four questions, 
Does herbivory by urchins and fish deter the 
successional growth o f algae that is 
detrimental to the survival of coral species? If 
so, is one predator's presence more vital to 
arresting the growth of macro-algae, or fleshy 
algae? Is there a relationship between the 
number of urchins present in a system to the 
percentage of benthic or macro-algal growth 
on dead coral substrate? Finally, does the 
species of coral substrate affect the succession 
of algae? This study aimed to answer these 
questions by testing these hypotheses: (1) 
Treatments will display differences in percent 
coverage o f groups o f algae. (2) The 
availability of fish will deter growth of "turf' 
algae on substrates studied and allow for the 
growth of red corallines. This will then lead to 
higher succession in algae eventually leading 
to macro-algal growth o f brown algae. 
(McClanahan, 1997) (3) The herbivory of 
urchins will "arrest" growth o f algae to a 
benthic state (McClanahan, 1997). (4) The 
two coral substrates of ^cropora Ayacy/Aa^ 
and P o ci//ip o r <2 verrucosa will show 
differences in percent coverage and succession 
of algae.

Expected outcomes were that algal 
growth would reach climax state under caged
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conditions and patterns would emerge in the 
different designs showing the effects o f 
herbivory o f fish and urchins on algai growth. 
Differences in algal coverage would show the 
significance o f  herbivory in maintaining a 
natural coral reef system.

M ETHODS

N e r& iv o re  axcArsv'o?? exper/w eM ?

The cage experiments were conducted 
in 25 meters o ff shore at the Gump Research 
Station  in M oorea, French  P olyn esia  
( 1 7 ° 2 9 .4 1 7 ' S, 1 4 9 ° 4 9 .5 7 4 ' W ). The 
environm ent where cages were placed 
representative o f the island bay ecology with 
its variable water flow and bottom substrate o f 
sand, silt and rocks (Payri, R. N 'Y eurt, 
Orempuller, 2000). The algae that thrive in 
this environm ent create a soft moving 
substratum allowing for the growth o f  a 
number o f different green algae and fleshy red 
and brown algae. Herbivore presence and 
predation is moderate with species o f the 
surgeonfish, C7ef?ocA<3em,y gPia/Mg, parrotfish,

territo ria l
damselfish and urchins D m Jew a ggwgwvi and 
Fc/nMOTwetra (Kattan, o^y.).
Coral cover is quite similar to the fringing reef 
environment on the island with abundant coral 
species o f Por;7ay, Poc;'//;por<3, Acropora and 
A/oaf/pora. Depth o f the study site averaged at 
1.3 meters and sunlight exposure to cages was 
approximately 11-12 hours a day.

f/rc/a'a p r e f a c e  a a J  a/ga/ 
coverage on ca/caaa  carbonate yaAsTrate

Two transects were established and 
sampled at both Temae Airport and Maharepa 
for the correlation study o f algae coverage and 
urchin presence (Temae Airport: 17°28 .396 ' 
S, 149°46.537 ' W ; Maharepa: 17°28.882' S, 
1 4 9 °4 7 .6 4 2 ' W ). Transects were sampled

from shore to algal ridge encompassing 
typical lagoon environments o f  the island. 
Transect data were grouped for both sites 
along with replicates from each site. Map o f 
Moorea with sites o f both studies are in Figure 
1.

Fig. 1. Study sites

Ffgrbivore cxc/ayiaa axperaagaf

Two species o f dead coral substrate 
were used for the cage experim ents to 
determine differences on both substrates and 
for replication. Coral heads of coral species, 
A crap ara  and P aci//ip a ra , were used for a 
prior exp erim en t testin g  e ffe c ts  o f 
sedimentation on re-growth o f live coral. 
These coral heads were collected on August 
11, 2005 and "were placed for 31 days outside 
the lagoon on the reef slope (20 feet deep), 
inside the reef crest (9 feet), mid lagoon (not 
in sandy area, 10 feet), and along the shore on 
the fringing ref (20 feet)" (Lenihan, pary. 
caa!aa). Initial conditions were recorded for 
each o f the corals by percent coverage of 
coloration, brown sediment coverage, bare 
calcium carbonate and any endolithic algal 
"tu rf' growth. Coral heads showed no sign of 
live substrate with percentage o f white 
calcium carbonate coverage over 90%  for all 
corals. A nested one-way ANOVA test was 
performed to show no statistical difference in 
initial conditions o f coral heads. In this study
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coral heads were placed in treatment for -31 
days.

Cages were designed to create four 
different treatments of herbivore exclusion. 
Cage material consisted of .65 crn wire mesh 
held together with zip ties. Bottoms of cages 
were constructed with green mesh and chicken 
wire. Cage sizes were either 30x30x30 cm or 
35x35x35 cm according to treatment used. 
Cage designs were adapted from designs used 
in previous studies specifically, Wilder (2003) 
and McCook, Diaz-Pullido (2002). Five 
treatments o f herbivore exclusion were 
designed including one control.

A full cage was constructed to exclude 
both urchins and fish and was used as a 
control to allow for full potential of algal 
growth. Treatment code: "-Fish, -Urchin". 
Another full cage was designed for fish 
exclusion and urchin inclusion by caging 
separate species of urchins. Thus, two separate 
cages were constructed for this treatment for 
each o f the D ioJew o and EcAinoweiro 
species. This was done to exclude the factor of 
competitive animal behavior. Treatment 
codes: "-Fish, +Diadema" and "-Fish, 
+Echinometra". A fourth treatment was no 
cage, which left coral heads open to allow for 
predation by fish and urchins. Treatment code: 
"-Fish, -Urchin". A fourth treatment consisted 
of an open top cage that excluded urchin 
predation, but allowed fish to graze on algal 
growth "+Fish, -Urchin". AH four designs 
were used for each coral substrate at a site 
with each cage separated -1 .5  m. A coral 
substrate from each of the two species was 
placed in each treatment for a total o f five 
different designs. Three replicates o f each 
treatment were constructed allowing for 
replication for statistical tests. A total of 
fifteen cages were placed at the study site.

Cages were visited daily for 
observation and cage cleansing. Cages were 
cleaned with a brush to allow for full sunlight 
exposure and to reduce sediment 
accumulation. Data were collected every six

days from the start of the treatment for percent 
coverage of algal growth and coloration. 
Percent coverage was only recorded on the 
heads of corals and excluded any algal growth 
on the bottom of the coral. Algae that could 
not be identified was recorded and later 
identified in the lab. Specific green, yellow, 
and red coloration percent coverage was 
recorded for each head of corals. Percentages 
were determined using square plots, .65 cm^, 
from the cage material to observe presence of 
algal growth.

q /A /g o g  on C o ro /

Primary and secondary growths of 
algae were sampled from corals for 
identification. New algal growths were coded 
and recorded for date and presence in 
treatment. Slides were prepared with samples 
to determine characteristics microscopically. 
Algae were identified to genus and species 
when possible using an algae field guide 
(Payri, R. N 'Yeurt, Orempuller, 2000). 
Samples that could not be identified in 
Moorea were preserved as voucher slides and 
taken back to the herbarium at UC Berkeley 
for identification by Professor Richard Moe.

C/rc/nn o n J  o /g o / co v e ra g e  on
cn/cin/n  cnr& onafg

Algal growth on calcium carbonate 
substrate and the presence or absence of 
urchins, and Ec/nno7ne?ra species
were observed along each of 2 transects at 
Temae and Maharepa. Transects were swam 
from shore to algal ridge using a 1 n f quadrat 
to estimate percent coverage. Transect length 
varied depending on the distance between 
algal ridge and shore. The purpose of transects 
was to find a relationship between urchin 
presence/herbivory and structure of algal 
community on dead coral substrate.
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Coverage of Fteshy Atgae on Treatments

A atA tzczz/ Azza/y^A

In both studies coverage on corals was 
described using 5 functional groups: (1) bare 
calcium carbonate, (2) filamentous turf, (3) 
calcareous algae, (4) encrusting coralline 
algae and (5) fleshy brown algae (McLanahan, 
1997). Percent coverage o f categories was 
recorded at the end of the experiment on each 
of the corals. To obtain the absolute effects of 
herbivory from fish and urchins on each 
treatm ent I perform ed one-w ay nested 
ANOVAs on each response variable at the end 
of the cage experiment. Final conditions were 
tested against initial conditions o f corals. 
Statistical tests were performed with each data 
set at 6-day intervals to show progressive 
e ffe c ts  o f herbivory. A Tukey-Kramer 
"Honestly Significantly D ifferent" test was 
performed on data that displayed significant 
differences in percent algal coverage among 
treatments.

DzazV^zzza and Ec/zzzzozzzgtra species 
were grouped into "Total Urchin Presence" 
for transect data to view correlation between 
urchin presence and certain algal growths. 
Percent coverage of algae on dead coral and 
rubble substrate was recorded to compare with 
experimental study o f dead coral substrates. 
Regression tests were performed on transects' 
data after data was pooled and urchin presence 
was root transformed for normal distribution.

RESU LTS 

T/ezTzzvore Exc/zzyzozz

In itia lly  bare corals showed no 
differences in coverage prior to treatments 
(one-w ay AN OVA, p = .1728). One-way 
A N O VA  test was perform ed to show 
differences in algal coverage among the five 
different treatments. D ifferences in algal 
coverage were statistically  insignificant 
among treatments during the first - 2 6  days o f 
treatment. Significant differences were only

Fig. 2. Mean percent coverage o f fleshy algae in 
treatments during 31 -day study.

apparent in the last two sub samples o f data, 
day 27 and 31 as shown with fleshy algae in 
Figure 2.

T he A N O V A  resu lts  show ed 
differences in percentage o f  fleshy algal 
coverage among treatments in sub sample data 
o f  day 31 (F -val.=3 .313, p-value = .0262). 
Fleshy algae included red algae o f the genus 
Z,azzrez?cza, brown algae o f species Dzc(yo?<3 , 
and green algae that could not be identified. 
T u k ey -K ram er H SD  resu lts show ed 
significant difference in percent coverage o f 
fleshy algae in the caged Dza<7ez?z<2 treatment. 
Positive values in the Tukey-Kram er HSD 
table show ed pairs o f  m eans were 
significantly different between the caged 
D zaJezzza and closed -cage treatm ents. 
Appendix A shows ANOVA results for day 31 
o f fleshy algae coverage between treatments.

One-way AN OVA test showed a 
significant difference in percent coverage o f 
filamentous algae among treatments for Day 
27 o f  treatment, (ANOVA, F val.= 1 1 .4 7 , 
p < .0 0 0 1 ). Positive values in the Tukey- 
Kramer HSD table showed pairs o f means 
were significantly different between "-Fish, 
+Diadem a" and "-Fish, -Urchin" treatments. 
However, p value=.153, for ANOVA for day 
31 o f  treatm ent showed no significant 
difference in percent coverage o f filamentous 
algae. Filamentous algae were mainly species 
o f Po/y.yzp/zoz7z<2 sco/7zz/orzzz?2 and a small 
percent was a green filamentous alga that
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Fig. 3 Conceptual model of succession of aigae on studied corai substrate

could not be identified; it closely resembled 
with cyanobacteria.

Visual observation o f coverage of 
encrusting coralline algae was higher in the 
urchin-caged treatments, though ANOVA 
tests did not show statistical difference in day 
31 of treatment (F val.=1.38, p val. =  .36).

5MccessioM o/A/gac o?z Cora/ /wAs^ra/e

According to the ANOVA results, 
differences in algal growths in separate 
treatments were not significant until the 27^ 
day o f treatment. Prior to significant 
differences in growth, the brown filamentous 
algae Po/ys/p/zoma scropM/oraw, covered 
most o f the corals in all treatments. Algae 
were sampled at day 9 of treatment and was 
observed at 43x and identified with field guide 
(Payri, R. N'Yeurt, Orempuller, 2000). New 
growth of a filamentous alga, a new species 
relative to P. scopa/oraw, was not recorded 
until day 15 o f treatment. In the "+Fish, 
+Urchin" treatment allowing access to both 
fish and urchins, the new filamentous green 
algae was sampled and observed at 43x for 
identification; however I was not able to 
identify it. Fleshy algal growth was not 
observed until the 21^ day o f treatment and 
composed mainly of brown algae, Dic(yo?a sp.

(R. Moe, pers. cowwj Fleshy red algae were 
also observed and sampled on day 31 of 
treatments and identified as belonging to the 
genus PaMrenc/a (R. Moe, pers. coww.). 
Fleshy alga was juvenile and when present 
coverage ranged from —5-7%. Presence of 
encrusting coralline algae was observed from 
day 9 o f the treatment thru the end of the 
study. Percent coverage was greatest in all 
treatments at day 31 of the study. The greatest 
mean coverage of coralline growth occurred in 
the D /a  Je w  a caged treatment, "-Fish, 
+Diadema", at -1 .5% . A conceptual model of 
the successional pathways of algal functional 
groups under different treatments was 
constructed and is shown in Figure 3.

ZVrc/un presence a n J A/ga/ coverage on 
ca/c/aw carbonate saAytrafe

Transect data showed a significant 
relation between high urchin density and high 
percent coverage of benthic filamentous algal 
cover on dead coral substrate as shown in 
Figure 4 (Regression, r̂  value =  .06043). 
Graph results showed a linear relationship 
between high urchin density and low percent 
coverage of fleshy algae on substrate, though 
regression test did not produce as significant
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results as shown in Figure 5 (Regression, r̂  
value =  .020122)

DISCUSSION

The two species o f  dead coral 
substrate, Ztcropora and Pocf/Ttpora
v e rru co sa  used for this study showed no 
differences in algal coverage throughout cage 
experiment. The rugosity and surface o f these 
corals differed in their polyp structures; 
however, this did not create differences o f 
growths on each species. This leads to the 
view that all coral species are susceptible to 
algal growths and dominance. Benthic algae in 
filamentous form is quick to grow on dead 
coral substrate yet can be sustained in that 
stage through the herbivory o f  urchins, 
especially species (Hay 1997). The
type o f algae that is responsible for the phase 
shift in the reef system cannot be described by 
this study or by previous studies. Though the 
arrival o f benthic filamentous algae does lead 
to growths o f  different types o f  algae as 
shown in this study.

Filam entous turf cover on coral 
substrates occurred almost immediately as 
coverage was up to -5 %  on some corals by 
the 6^ day o f  treatment. This supports the 
rapidity o f benthic algae to grow on such

substrate and as being primary in growth in 
the chain o f succession (Bruggeman, 1994; 
M cClanahan, 1997). Succession o f  turf 
forming algae on the corals showed growth o f 
brown filamentous
as primary in the turf assemblage. Secondary 
growth o f the small green filamentous algae 
was seen mid-way through the study and 
occurred first in the open treatment. Coralline 
growth was observed early in the study but not 
sufficient to consider in the succession o f 
algae on substrates studied. Coverage that was 
observed, < 3 % , was seen mainly on the 

verrMcoga substrate. Reasons for 
such low growth are due to time constraints 
with previous studies showing significant 
growth o f encrusting coralline occurring after 
60-90 days (McClanahan 1997; Diaz-Pullido, 
M cCook, 2002). Growth o f  juvenile fleshy 
algae was observed on day 21 in treatments 
that excluded urchin and allowed for fish 
grazers, mainly o f DFcfyoh? species. Growths 
o f fleshy red algae under the genus LaMreKcia 
were first observed in the same treatments at 
day 31 o f the study. Fleshy brown and red 
algae were observed to be the climax stage o f 
succession in this period o f study on substrates 
used. This climax state supports a number o f 
studies portraying fleshy brown macro-algae 
to be the clim ax stage o f succession over 
longer time periods, as great as 30 months in
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D iaz-Pullido and M cC ook 's study 
(Bruggeman, 1994; McClanahan, 1997: Diaz- 
Pullido, McCook, 2002; Wilder, 2003).

The effects of herbivory were shown 
to be stronger for urchins, especially the 
Dfaafem a species. The caged D /a Je w a  
treatment, "-Fish, -Diadema", showed a 
significant lower percent coverage of fleshy 
algae then the closed cage treatment. This 
result supports conclusions made in Kenya 
that urchin grazing is different form fish 
grazing due to the ability of urchins to deter 
growth o f fleshy algae and maintain 
succession in a benthic state (McClanahan, 
1997). The treatment that allowed DmJewa, 
along with other herbivores, "+F ish , 
+Urchin", did not show differences in percent 
coverage of juvenile fleshy algae. Though the 
open treatment allowed urchins to graze, the 
caged treatment kept D z'aJe??!# and 
Ec/zzMOT?!e?f"<3 species within proximity of 
corals.

The reasoning for minimal effects of 
fish grazers on algal growth can be attributed 
to their feeding preferences, most importantly 
that territorial damselfish prefer later 
successional species of algae to graze on, 
allowing for juvenile growths of macro-algae 
(Sammarco, 1980). McClanahan suggested in 
her study that large roaming herbivorous fish 
allow turf-forming algae to pass through more 
successional stages allowing for growths of 
corallines and fleshy algae (1997). This study 
supports this view by showing succession of 
juvenile fleshy algae in treatment "+Fish, - 
Urchin", allowing herbivory by fish and 
excluding urchins.

Greatest mean value of encrusting 
coralline percent coverage was seen in day 31 
of data in the caged D faJem a treatment at 
-1 .5% . Bruggemann showed that coralline 
growth is greatest with lower coverage of 
benthic turf and filamentous algae, with data 
suggesting that urchin grazing allowed for the 
greatest growth of coralline (1994). Data from 
this study is not significant to support this

view; however, further study with less time 
constraint can establish supporting results.

Transect results provided supporting 
evidence to the above findings in relation to 
density of both D. sawgnyi and E. in
the field. Observation of algal growth was 
similar to observations made in cage 
experiment by examining growth on dead 
calcium carbonate substrate. Results of linear 
regression show that greater urchin presence 
and herbivory maintains succession of algae in 
a benthic filamentous form. In contrast, low 
urchin density and herbivory show higher 
values of percent coverage of fleshy algae. 
These results strengthen the importance of 
urchins in halting succession of macro-algae.

Reef ecosystems are a diverse balance 
of live healthy corals, herbivores, algal 
communities, and a number of different 
organisms (Whitaker, 2002). The disturbance 
of any of these species upsets this balance 
creating a phase shift leading to the non
existence of certain species in the system (Hay 
1997). The disturbance of large herbivores 
through over-fishing and water pollution 
causes this disturbance by offsetting a chain of 
events that leads to the death of corals and 
macro-algal dominance in these systems 
(Carpenter 1983, Knowlton 2001, Wilder, 
2003). As shown in this study, urchins, 
especially gavignyi, are vital in
maintaining the balance and health of live 
coral species.
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APPENDIX A

ANOVA AND TUKEY-KRAMER HSD RESULTS FOR DAY 31 FLESHY ALGAL COVERAGE

40-

30-

2 0 -

1 0 -

50-'

0 -
!

+F!sh +Urchin +Fish -Urchin
! ! 
-F!sh +Echinometra -Fish -Urchin

!
-Fish +Diadema 'All Pairs 

Tukey-Kramer

treatment
0.05

Abs(Dif)-LSD -Fish -Urchin +Fish -Urchin +Fish +Urchin -Fish +Echinom. -Fish +Diadema
-Fish -Urchin -12.991 -5.158 -0.491 -0.491 0.842
+Fish -Urchin -5.158 -12.991 -8.324 -8.324 -6.991
+Fish +Urchin -0.491 -8.324 -12.991 -12.991 -11.658
-Fish +Echinom. -0.491 -8.324 -12.991 -12.991 -11.658
-Fish +Diadema 0.842 -6.991 -11.658 -11.658 -12.991

Positive values show pairs of means that are significantly different.
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THE RELATIONSHIP BETWEEN A PARASITE AND ITS HOST: 
AN INVESTIGATION OF CASSYTHA HMFORMIS (LAURACEAE) 
AND PEMPH7S ACIDULA ON MOOREA, FRENCH POLYNESIA

SARA LOPUS

Sconce Po/My o/*C#/z/brnz#, B^rA^/q/, C#/{/brnm 94720 USA

A&str#ct. T he relationsh ip  b etw een  Pe?7ip?ns # c^ # /# , a parasitic angiosperm , and 
C#ssyBi% /i/^brTTHS (Lauraceae) w as investig ated  on the T iahura M otu , M oorea, French  
Polynesia. C om p arison s w ere m ade betw een  the arch itectural structure, resource 
allocation , and germ ination  rates o f p arasitized  and  u np arasitized  plants. Parallel 
com p arisons w ere m ade b etw een  parasitized  and  u np arasitized  b ran ch es on p arasitized  
plants. P arasitized  Pe?MpMs sp ecim en s had  larg er branch es, less m ature fru its, and low er 
germ ination  rates o f ripe seed s than  did u np arasitized  p lants; sim ilar trend s w ere 
exh ib ited  b etw een  b ran ch es of parasitized  p lants, a lth ou gh  germ ination  rates of seeds 
from  p arasitized  b ran ch es w ere h ig h er than those from  u np arasitized  branches. 
D ifferen ces in fru it m aturities cou ld  ind icate th at a h igh  p ro p ortion  o f fru its fall from  
parasitized  p lants before  reach ing m aturity . A m on g parasitized  plants, the low er 
germ ination  su ccess o f seed s on  u np arasitized  b ran ch es m ay indicate selection  by  the
parasite for resource-rich  h o st branches.

Kq/ P em p h is A cidula; C assytha
Moore#, French Po/ynesf#

INTRODUCTION

R e la t io n s h ip s  b etw een  p a ra s ite s  and h osts 
can be com plex, and th e  e ffe c ts  o f a p a r a s ite  on its  
h o st a re  o fte n  d iff ic u lt  to p re d ic t. W h ile  i t  is  
w id e ly  acknow led ged  t h a t  th e  presence o f a 
p a r a s ite  can  d ecrease th e  h o sts ' ra te s  o f su rv iv a l 
and rep roduction  (Gom ez 1994, K o sk e la  e t  a l .  
2002), th e re  is som e d eb ate  as to th e  m ost 
a d v an tag eo u s a d a p tiv e  s tra te g y  for a p a r a s ite  to 
d ev elo p  over tim e.

T h e  n e g a tiv e  e ffe c t  o f a p a r a s ite  on th e  
fitn e ss  o f its  p la n t  h o st can  v a ry  g re a tly  in 
degree, from  a case o f m ild  p a r a s it is m  in w h ic h  
th e  h o st p la n t  m a in ta in s  its  a b i l i ty  to perform  
p h o to sy n th e sis  and produce fe r t i le  fru its  to a case 
o f to ta l p a r a s it is m  in  w h ic h  th e  p a r a s ite  feed s 
on its  h o st 's  su p p lies o f w a te r  and n u trien ts u n til 
th e  h o st is u nable to reproduce and d ies (Gom ez 
1994, K o sk e la  e t a l .  2002). W h ile  som e p a ra s ite s  
require th e ir  h o st p la n t  to s ta y  a liv e  u n til th e y  
are  a b le  to re le a se  th e ir  ow n seeds for 
rep rod uctive purposes, o th e r  p a r a s ite s  are  a b le  to 
su rv iv e on a num ber o f h o st p la n ts  a t  once, so th e  
d e a th  o f a h o st does not rep resen t th e  d e a th  o f 
th e  a sso c ia te d  p a r a s ite  (S a t te r th w a ite  1998).

In  order for a p a r a s ite  to p rev en t to ta l  
d e te r io ra tio n  of its  h o st sp ecies, it  m ay  be 
e v o lu tio n a r ily  ad v an tag eo u s for th e  p a r a s ite  to

filiform is (L auraceae); /icsf ^ffiess;

d ecrease in  v iru len ce  over tim e (G om ez 1994), 
ta k in g  w h a t  i t  n eed s w ith o u t e lim in a tin g  its  
h o st. T h e o r e t ic a lly , a s ta te  o f zero  v iru len ce w ill  
occur if  th e re  is no low er con strain t on v iru len ce , if  
res ista n ce  h a s  no cost to th e  h ost, or if  th e  
p a r a s ite  b e n e fits  from  increased  h o st 
rep roduction  (T o ft and K a rte r  1990). In  th e  
c la s s ic  b io lo g ic a l control case  o f m yxom atosis, a 
v ir a l  d ise a se  re le a se d  to control ra b b its , 
p o p u la tio n s of ra b b its  e x h ib ite d  an a lm o st 
im m e d ia te  d ec lin e  a f te r  in troduction  o f th e  v iru s. 
A lth o u g h  th e  ra b b it  p o p u la tio n s began to clim b  
a f te r  a few  y e a rs , th e  v iru s proceeded to increase 
in  v iru len ce  and now  m a in ta in s  a b a la n ce  of 
in te rm e d ia te  v iru len ce  (A p a ra ic io  e t  a l. 2004). 
T h e  case  d em on strates th e  d y n am ic re la tio n s h ip s  
and d e lic a te  b a la n ce s  b etw een  p a ra s ite s  and 
h o sts  th a t  m ay  d ev e lo p  over tim e.

B ecau se  of th e ir  g eo g ra p h ic  is o la t io n  from  
o th e r  lan d  m asses, tro p ic a l is la n d s  p ro v id e  id e a l 
h a b i ta t s  for th e  in v e s tig a tio n  o f com plex b io tic  
re la tio n s h ip s  b etw een  organism s th a t  h a v e  
e v o lv e d  in  is o la tio n . C om m unities o f n a tiv e  
organism s p resen t on is lan d s are com prised  not 
only o f th o se  organism s th a t  w ere a b le  to re a ch  
th e  is la n d  but a lso  o f th o se  t h a t  w ere  a b le  to 
su rv iv e a lo n g sid e th e  o th e r  sp ecies p resen t 
(R ou gh gard en  1989 in  W h it ta k e r  1998). 
In te rsp e c ific  re la t io n s h ip s  such as p a ra s it is m
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betw een n ativ e  p lants on a trop ical island  
therefore represent a long-standing balance.

W h ile  m any scien tific  studies h a v e  
investigated  th e  re la tio n sh ip  of th e  p a ra s ite  
CMSCMfa enropacH, or dodder, (Gomez 1994, K e lly  
1992, K oskela e t a l. 2002) w ith  its p lant hosts, 
m arkedly less research has been devoted to th e  
s im ilar p arasite  Cassyf?M (D as 2000,
S a tte r th w a ite  1998). CassyflM is a to ta l tw ining 
p arasite  w ith ou t fo liag e  leaves or ch lo ro p h y ll 
(D as 2000) th a t  h as been suggested to reduce th e  
fitness of its  host p lants (Burch 1992 in 
S a tte r th w a ite  1998), removing nutrients through 
points of attachm ent ca lled  h austoria . 
H austoria provide a p arasite  w ith  roughly equal 
areas of contact to th e  host's xylem  and phloem  
and a llow  it to tak e  up p hotosynthetic products 
as w ell as w ater (Room 1971).

Pressure by a p arasite  lead in g to reductions in 
host fitness could be represented by changes in the 
h ost's arch itectu ral structure (W ith a m  and 
Mopper 1985) as w ell as in the w ay a p lan t 
a llo ca tes  its resources. There are tradeoffs 
associated  w ith  th e  developm ent of tolerance to 
p arasites, such as decreases in a host's  
reproductive biom ass w h ile  to ta l v eg eta tiv e  
biomass rem ains the same (K oskela et a l. 2002). 
A stressed p lant m ay also devote an unusually 
h ig h  proportion of its resources to reproduction in 
an act of overcompensation (Lennartsson et a l. 
1998), possibly as a la s t-d itch  effort to reproduce 
before dying, w h ile  lim itin g  its production of 
branches and leaves.

The problem of id entify ing  a p a ra s ite 's  e ffect 
on host fitness is com plicated by the fact th a t  not 
a ll unp arasitized  p lants are equally  f it . Dodder, 
for instance, is more lik e ly  to coil on hosts of h ig h  
nutritional status than  those of poor qu ality  
(K e lly  1992). Since a lag  tim e m ay occur betw een 
p a ra s itic  infection and exh ib itio n  of a p a ra s ite 's  
deleterious effects on its host (Preston 1977), 
w h at m ay appear to be a h e a lth ie r  population of 
p arasitized  th an  unp arasitized  p lants could 
actu ally  be the result of recent in festatio n  upon 
h e a lth y  hosts by the p arasite .

Less research h as been dedicated  to 
investigation  of re la tio n sh ip s involving 
p a ra s itic  angiosperms than  oth er types of 
p arasites, and of th a t  research, very li t t le  h a s 
been conducted in the fie ld  (GQmez 1994). For the 
purposes of th is  study, I focused upon th e  
re la tio n sh ip  betw een CassyhM /ili/orwis 
(Lauraceae) and Pewpin's on the T iah u ra

Motu in Moorea, French Polynesia. CassydiH is a 
p arasite  w ith  a very w ide host range (D as 2000), 
and it w as recently found to grow upon 19 of 21 
possible host species on the T iah u ra  Motu 
(S a tte r th w a ite  1998). PempMs w as an id e a l 
study organism for th is  project because it  is th e  
only shrub present across a large region of th e  
T iahu ra Motu, providing a re la tiv e ly  
homogenous study h a b ita t .

In th is  study, I investigated  the d ifferences in 
resource a llo catio n  betw een p arasitized  and 
unparasitized  Peywpins individuals w ith in  a 
p arasitized  zone. Since p ast research h as shown 
th a t  herbivory leads to more frequent destruction 
of term shoots th an  la te ra l shoots, causing host 
p lants to take on a short, dense appearance 
(W ith a m  and Mopper 1985), I expected to find 
sim ilar results among p arasitized  PcynpMs 
ind iv id uals. I also  expected to detect differences 
in the resource a llo catio n  of p a ra s itiz ed  and 
unparasitized  PempMs ind iv id uals, as indicated  
by differences in the ra tio  of m ass and number of 
fruits to leaves to prim ary branches, indicating 
e ith e r  increased or decreased devotion to creation 
of reproductive m a teria l by  p arasitized  
ind iv id uals. I expected rip e seeds from 
p arasitized  individuals to h a v e  lower 
germ ination rates th an  those from u np arasitized  
ind iv id uals, indicating reduced fitness among 
fruits th a t  survive to ripeness.

In ad d ition  to investigating  differences 
between p arasitized  and unp arasitized  p lants, I 
also  compared th e  above factors betw een 
p arasitized  and u np arasitized  branches on 
p arasitized  individuals. I expected
unparasitized  branches on p arasitized  p lants to 
ex h ib it d ifferen t types of resource a llo catio n  and 
germ ination rates th an  p a ra s itiz ed  branches. 
Existence of such differences could indicate th a t  a 
host p lan t's  reaction to in festation  by CassytiM is a 
re la tiv e ly  local one. I expected a p a ra s itiz ed  
host to ex h ib it decreased fitness only lo ca lly , 
a llo ca tin g  a disproportionately h ig h  number of 
its  resources to certain  portions of the p lant, 
depending upon the p a ra s ite 's  presence or 
absence. D ifferences in branch fitness could also 
ind icate th a t  the p arasite  h a s p re fe ren tia lly  
selected resource-rich host branches on w h ich  to 
a tta ch .

METHODS
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I conducted an in v e s tig a tio n  o f resource 
a llo c a t io n  by  PeynpTns in d iv id u a ls , som e of
w h ic h  w ere  h o sts to th e  p a r a s ite  C%ssyf^% 

on th e  T ia h u ra  M otu, a sm a ll is la n d  o ff  
th e  n o rth w estern  coast o f M oorea, Fren ch  
P o ly n esia  (S  17° 2 9 ', W  149° 54  ). T h e  m otu's 
n orth ern  sh o re  p ro v id es an id e a l s ite  upon w h ic h  
to stu d y  th e  tw o sp ecies because o f th e  
h om og eneity  o f th e  reg ion 's p la n t p o p u latio n s. 
T h e  s h o re lin e  is com posed o f a conglom erate 
region  a p p ro x im a te ly  10 m  in w id th , w ith  
sa n d ie r su bstrate  in lan d . Pe77ip/ns is  th e  only

and one u n p a ra s itiz e d  b ran ch  from  e a ch  
specim en. I m easured  th e  len g th  and b a s a l  
d ia m e te r  o f e a c h  b ran ch  b efore  rem oving th e  
75cm  of th e  b ran ch  clo sest to th e  tip .

I se p a ra te d  e a ch  b ran ch  tip  sam p le  into 
segm ents o f q u atern ary  b ran ch es. A  q u atern ary  
branch  is c la s s if ie d  as th e  b ran ch  segm ent from  
th e  h ig h e s t  p o in t w h e re  tw o te r t ia r y  b ran ch es 
m eet to th e  p o in t w h e re  tw o qu atern ary  b ran ch es 
m eet (F ig u re  2) and becom e a 5° b ran ch . A ny 
number o f te r t ia r y , secondary , and p rim a ry  
b ran ch es could stem  from  a sing le  q u atern ary

LEGEND

conglomerate 
!___ ! platform

j  sandy substrate

P

u

parasitized plant

unparasitized
plant

study site

FiG 1. Approximate composition of study site on Tiahura Motu.

shrub grow ing in  th e  region  and is  r e la t iv e ly  
ev e n ly  d is trib u ted  across th e  sh o re lin e . C%ssyf7i% 
is  p resen t only  on shrubs lo ca ted  in  a zone 
a p p ro x im a te ly  20 m  from  sh ore (F ig u re 1).

I sam p led  ten ran d o m ly -se le cted  Pe77ip/us 
in d iv id u a ls , four o f w h ic h  w ere u n p a ra s itiz e d  
and six  o f w h ic h  w ere p a r a s it iz e d  to v ario u s 
degrees. A ll  Pemp/ns specim ens w ere lo ca te d  in 
close p ro x im ity  to one an o th er w ith in  th e  zone o f 
p a r a s it iz e d  in d iv id u a ls  (F ig u re  1) and a p p e a red  
to h a v e  s im ila r  access to p h y s ic a l resources. 
From  e a ch  specim en , I rand om ly se le c te d  four 
b ran ch es to sa m p le ; in  th e  case  o f p a r a s it iz e d  
in d iv id u a ls , I se le c te d  a t  le a s t  one p a r a s it iz e d

branch . I rand om ly se le c te d  a te r t ia r y  b ran ch  
segm ent (a lo n g  w ith  a secondary and p rim ary  
b ranch , i f  p resen t) to sa m p le  from  e a ch  
qu atern ary  segm ent (F ig u re  2 ). From  e a ch  
te r t ia r y  segm ent, I ran d om ly  se le c te d  a secondary 
branch  (and  a p rim a ry , i f  p resent) to sa m p le . 
From  e a ch  secondary segm ent, I rand om ly 
se lec ted  a p rim a ry  b ran ch  to sam p le . From  e a ch  
p rim a ry  b ran ch , I a lso  counted th e  numbers of 
fru its  and le a v e s  p resen t. I found th e  dry m asses 
o f a l l  fru its . In a d d itio n  to fin d in g  th e  dry m asses 
o f le a v e s , I used th e  com puter p rogram  Im ageJ to 
a p p ro x im a te  th e  le a v e s ' su rface areas .
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FlG 2. C lassification  of branch types from 
primary (1) to quaternary (4).

Plant arcln'fccfMre

I perform ed a t-test to compare the ra tio s of 
branch lengths to basa l d iam eters in order to 
id entify  w h eth er branches on p arasitized  p lants 
are shorter th an  those w ith  com parable b a sa l 
d iam eters on u np arasitized  p lants; I performed 
th e  same test to compare p a ra s itiz ed  and 
unparasitzed branches on p arasitized  p lants. 
A d d itio n ally , I performed t-tests to compare 
mean b asal diam eters and lengths of branches on 
p arasitized  and unparasitized  p lants as w ell as 
p arasitized  and unparasitized  branches on 
p arasitized  plants.

Resource allocation

To id entify  d ifferences in p lants' resource 
a llo ca tio n  strategies, I perform ed t-tests to 
compare the number of leaves per prim ary 
branch, th e  m ean w eight of leav es per prim ary 
branch, the m ean to ta l le a f  surface area per 
prim ary branch, and the m ean individual fru it 
w eight.

Germination rates

In order to determ ine w h eth er fruits from 
p a rasitized  and unp arasitized  Pemplns specimens 
h a v e  equal ra tes of germ ination, I collected  rip e 
seeds from each  specimen, keeping separate th e  
seeds from p arasitized  and unparasitized  
branches w ith in  the same organism. I ran 
germ ination tr ia ls  w ith  20 seeds from each  
unparasitized  specimen and 40 seeds (20 from 
unparasitized  branches and 20 from p arasitized  
branches) from each  p arasitized  specimen. T h e 
seeds were p laced  in zip loc bags betw een two 
sheets of f ilte r  paper m oistened w ith  10 cc w ater. 
A t-te st w as used to compare seed germ ination 
rates of various branch types. Since seed 
production is n early  a lw ays used in studies of 
p lan t tolerance as an estim ate of to ta l p lan t 
fitness (Strauss and A graw al 1999), I performed a 
t-test to compare th e  number of seeds in each  
random ly-selected ripe fruit. A ll s ta t is t ic a l tests 
were perform ed using the computer softw are 
program JMP.

RESULTS

Plant ArcinfecfMre

There w as no sign ificant d ifference in th e  
ra tio  of branch length to b asa l d iam eter betw een 
p arasitized  and u np arasitized  p lants (p -value: 
0.8792, 0 = 0 .1 0 ) or betw een p arasitized  and 
unparasitized  branches on p arasitized  p lants (p- 
value: 0.3931, 0 = 0 .1 0 ).

M ean b asa l d iam eters of branches on 
p arasitized  p lants w ere sign ifican tly  larger than  
d iam eters on u np arasitized  p lants (p -value: 
0.0310, 0 = 0 .1 0 , Table 1)., and w ith in  p arasitized  
plants, m ean basa l diam eters on p arasitized  
branches were sign ifican tly  larger than  those on 
unparasitized  branches (p -value: 0.0095, 0 = 0 .1 0 , 
Table 1). M ean branch lengths on p arasitized  
p lants w ere sign ifican tly  greater th an  those on 
unparasitized  p lants (p -value: 0.0076, 0 = 0 .1 0 , 
Table 1), and w ith in  p a rasitized  plants, mean 
lengths of p a ra s itiz ed  branches were 
sign ifican tly  greater th an  those of unparasitized  
branches (p -value: 0.0377, 0 = 0 .1 0 , Table 1).
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TABLE 1. M ean  b ra n ch  b a sa l d iam eters (mm) and 
lengths (m) for u n p a ra s itiz e d  p lan ts  and p a ra s itiz e d  
slants and betw een  u n p arasitize d  and p a ra s itiz e d  
tra n ch es on  p a ra s itiz e d  p lants._________________________

U. p!ant P. ptant U. branch 
on p. ptant P. branch

Branch
basa!
diam. 22.0** 28.7** 23.2** 33.4**

StDev 8.2 9.9 9.1 8.3

Branch
tength 1.69** 2.29** 1.96** 2.56**

StDev 0.55 0.71 0.72 0.61

n 16 24 11 13
Notes; T-tests used to compare means between

columns; *p <  0.10; **p <  0.05.

Resource

P a r a s it iz e d  p la n ts  h a d  s ig n if ic a n tly  m ore 
le a v e s  p er p rim a ry  b ran ch  th a n  d id  
u n p a ra s itiz e d  p la n ts  (p -v a lu e : 0 .0521 , D =0 .10 , 
T a b le  2 ). T h e re  w ere no s ig n ific a n t d ifferen ce s  
b etw een  p a r a s it iz e d  and u n p a ra s itiz e d  p la n ts ' 
m ean  le a f  d ry  w e ig h ts  p er p rim a ry  b ran ch  (p- 
v a lu e : 0 .6689 , T a b le  2 ) or m ean  le a f  su rface a re a s  
per p rim a ry  b ran ch  (p -v a lu e : 0 .8755 , T a b le  2 ) . 
Am ong p a r a s it iz e d  p la n ts , th e re  w as no 
s ig n ific a n t d iffe re n ce  b etw een  p a r a s it iz e d  and 
u n p a ra s itiz e d  b ran ch es in m ean number o f le a v e s  
(p -v a lu e : 0 .9440 , D = 0 .1 0 ), m ean  le a f  d ry  w e ig h t 
(p -v a lu e : 0 .3873 , 0 = 0 .1 0 ) ,  or m ean  le a f  su rface 
a re a  (p -v a lu e : 0 .6725 , 0 = 0 .1 0 )  p er p r im a ry  
branch .

T h e re  w a s no s ig n ifica n t d ifferen ce  betw een  
p a r a s it iz e d  and u n p a ra s itiz e d  p la n ts  in  th e  m ean  
number o f fru its  p er p r im a ry  b ran ch  (p -v a lu e : 
0 .6955 , T a b le  2 ). In d iv id u a l fru its  from  
u n p a ra s itiz e d  p la n ts  w e ig h e d  s ig n if ic a n tly  m ore 
th a n  d id  fru its  from  p a r a s it iz e d  p la n ts  (p -v a lu e : 
0 .0734 , 0 = 0 .1 0 , T a b le  2 ). Am ong p a r a s it iz e d  
p la n ts , th e re  w a s no s ig n ific a n t d iffe re n ce  in  th e  
m ean  number of fru its  p er p rim ary  b ran ch  b etw een  
p a r a s it iz e d  and u n p a ra s itiz e d  b ran ch es (p- 
v a lu e : 0 .8374 , 0 = 0 .1 0 )  or in  in d iv id u a l fru it  
w e ig h ts  b etw een  p a r a s it iz e d  and u n p a ra s itiz e d  
b ran ch es (p -v a lu e : 0 .8159 , 0 = 0 .1 0 ) .

B e tw een  p a r a s it iz e d  and u n p arasitzed  
p la n ts , th e re  w ere no s ig n ific a n t d iffe re n ce s  in 
th e  r a t io s  o f le a f  m ass to p rim a ry  b ran ch  m ass (p- 
v a lu e : 0 .9300), fru it m ass to le a f  m ass (p -v a lu e :

0 .9486), or fru it m ass to b ran ch  m ass (p -v a lu e : 
0 .3046).

TABLE 2. R esou rce  allocation  d ata for 
u n p arasitized  p lants and p arasitized  p lants: m ean  
n u m ber leaves, lea f d ry  w eig h t (g), and  lea f surface 
area (cm^) p er p rim ary  branch ; m ean  n u m ber fru its per 
p rim ary  b ran ch ; and  m ean  m ass p er fru it (g).

Unparasitized
ptants

Parasititzed
ptants

# Leaves/ 
1st branch 7.47* 8.19*

StDev 2.81 2.94

n 123 119

(0(D>
Dry weight/ 
1st branch 0.069 0.063

(U (D —] StDev 0.045 0.042

n 20 39

Surface Area/ 
1st branch 3.63 3.73

StDev 2.47 2.14

n 20 39

# Fruits/ 
1st branch 1.81 1.92

V)
*5

StDev 0.85 1.1

n 26 24

Mass/ Fruit 0.019* 0.013*

StDev 0.002 0.002

n 26 24
Notes; T-tests used to compare means across 

columns; *p <  0.10; **p <  0.05.

Ger77n?i%hofi rates

G erm in atio n  ra te s  w ere s ig n if ic a n tly  h ig h e r  
for r ip e  seeds from  u n p a ra sitiz e d  p la n ts  th a n  for 
th o se  from  p a r a s it iz e d  p la n ts  (p -v a lu e : 0 .0275 , 
D = 0 .10 , T a b le  3 ) . Am ong p a r a s it iz e d  p la n ts , 
g erm in atio n  ra te s  w ere s ig n if ic a n tly  h ig h e r  
am ong rip e  seed s from  p a r a s it iz e d  b ran ch es th a n  
from  u n p a ra s itiz e d  b ran ch es (p -v a lu e : 0 .0969 , 
0 = 0 .1 0 , T a b le  3 ) . T h e re  w as no s ig n ifica n t 
d ifferen ce  in  th e  m ean  number of seed s p er rip e  
fru it b etw een  p a r a s it iz e d  and u n p a ra s itiz e d  
b ran ch es (p -v a lu e : 0 .8617 , T a b le  3 ) or p a r a s it iz e d  
and u n p a ra s itiz e d  b ran ch es am ong p a r a s it iz e d  
p la n ts  (p -v a lu e : 0 .2869 , T a b le  3 ) . T h e  v ery  sm a ll 
sa m p le  s iz e  o f ran d o m ly -se le cted  rip e  fru its  from



TABLE 3. Germ ination rates of ripe seeds; m ean 
num ber seed s/fru it for un parasitized and parasitized 
plants and unparasitized and parasitized branches on 
parasitized plants._______________________________________

U. plant P. plant
U. branch 
on p. plant P. branch

Germ
rate 0.125** 0.038** 0.008* 0.067*

StDev 0.031 0.018 0.023 0.023

n 4 12 6 6

Seeds/
Fruit 21.2 21.6 20.0 22.3

StDev 1.4 1.7 5.3 1.4

n 14 10 3 7
Notes; T-tests used to com pare rates and means 

betw een colum ns; *p <  0.10; **p <  0.05.

p arasitized  p lants m ay be responsible for th e  
lack  of significant results.

DISCUSSION

Although I expected branches on parasitized 
PgHipius individuals to be shorter than branches on 
unparasitized individuals with comparable basal 
diameters, there were no significant differences in 
ratios of branch basal diameter to branch length. 
The results do not support my hypothesis that 
parasitized PewtpMs individuals would be 
shrubbier than unparasatized plants and therefore 
do not suggest that the effects of Casst/Pta on its 
host are sim ilar to those of herbivory described by 
Witham and Hopper (1985).

Branches of parasitized Pewp/ns individuals 
were significantly longer and had significantly 
larger basal diameters than branches of 
unparasitized plants, indicating that parasitized 
plants' branches are larger than those of 
unparasitized plants. The same is true for 
parasitized plants on parasitized branches in 
comparison with unparasitized branches. It is 
possible that the parasitized plants are older than 
unparasitized plants; the parasite may not have 
attached itself to the younger plants in the region 
yet, explaining why the unparasitized plants are 
smaller. It is also possible that the parasite has 
selected for larger host plants, particularly if 
branch size is an indicator of plant fitness. This 
would support the results observed by Kelly 
(2002), in which dodder individuals selected for 
resource-rich plants when choosing hosts.

Although parasitized plants had significantly 
fewer leaves per primary branch than did 
unparasitized plants, the total weights and surface 
areas of leaves per primary branch were not 
significantly different betw een the two plant

types. Parasitized plants must therefore produce 
smaller leaves than do unparasitized plants.

The comparable m asses of leaves per primary 
branch indicate that approximately equal amounts 
of resources are allocated to the production of 
leaves among both plant types, parasitized and 
unparasitized, and both branch types within 
parasitized plants. The photosynthetic potential of 
the plants and branches is also roughly the same, 
since there is no significant difference between 
plant types in  total leaf area per prim ary branch. 
In this sense, there is no apparent difference in 
plant fitness betw een parasitized and 
unparasitized plants and branches.

Fruits on parasitized plants weighed 
significantly more than did fruits on unparasitized 
plants. Since the plants were only sampled once 
during a season, it is possible that fruits from 
parasitized plants reach maturity earlier in the 
season than do fruits from  unparasitized plants. If 
so, the difference in  fruit size does not indicate 
differences in plant fitness. There is also the 
possibility that a high proportion of the fruits on 
parasitized plants fall before reaching maturity, as 
was observed by GDmez on Horn/Hf/top/H/Pa 
spinosa infected by dodder (1994). If so, the 
smaller fruits on parasitized plants are indicative 
of lower fitness am ong parasitized individuals. 
Further experim entation over a longer period of 
time could indicate which scenario is occurring on 
the Tiahura Motu.

The lack of significant differences in ratios 
relating leaf masses, fruit masses, and primary 
branch m asses indicates that there is not a 
difference betw een plant types in the amount of 
resources allocated to photosynthetic, 
reproductive, and structural m aterials at the 
primary level. Further analyses could indicate 
whether differences exist at higher structural 
levels.

Since the num ber of seeds per fruit and the 
number of fruits per primary branch are 
approximately equal betw een plant and branch 
types, differences in germ ination rates are 
representative of plants' overall reproductive 
fitness. The rates indicate that unparasitized 
plants produce more viable reproductive material 
than do parasitized plants. The opposite trend is 
true within parasitized plants, with the higher 
germination rates of parasitized branches 
indicating better reproductive fitness than 
unparasitized branches on parasitized plants.

Using reproductive success as an indication of 
plant fitness, the results of this study suggest 
parasitized PewtpMs individuals are less fit than are 
unparasitized plants, as indicated by the lower 
germination rates of ripe seeds. The reduced 
fitness of parasitized plants indicates that CassyPta
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is a v iru len t p arasite  that red u ces the fitn ess o f its 
h o st plant.

The very  sm all sam ple size associated  w ith  the 
cou nts o f seeds per fru it m ay b e  resp on sib le  for 
the lack  of observed  d ifferences, so rep eating  the 
study w ith  m ore fru its could  con firm  w hether 
p arasitized  b ran ch es actually  prod uce a greater 
n u m ber o f v iab le seed s than do u np arasitized  
branch es on p arasitized  p lants. A d d itionally , 
germ ination  trials w ere cond ucted  u sing  only ripe 
fruits, a lthou gh  counts o f fru its per prim ary 
branch  inclu d e fruits at all stages of m aturity ; 
c lassify ing  fru its b y  stage o f m aturity  w hen 
cou nting  w ould  elim in ate the p ossib ility  of 
artificially  h igh  germ ination  rates am ong p lants 
w ith  h ig h  p ro p ortion s o f im m ature fallen  fru its.

In  a n um ber of in vestig ated  p aram eters, 
p arasitized  Pe?72p?HS b ran ch es exhibited  
characteristics that m ay ind icate h ig h er fitness 
levels than u np arasitized  branch es on parasitized  
plants. Parasitized  b ran ch es w ere larg er and had 
h igh er germ ination  rates am ong rip e seed s than 
did u np arasitized  plants. It is possib le th at this 
trend  is an  in d ication  o f low  v iru len ce b y  C#ssy%t%, 
in  w h ich  the p arasitic  relationsh ip  has becom e one 
o f com m en salism  (G Q m ez 1994), through 
evolu tion ary  ad v antages to C%ssyf?i%. B ased  on 
visu al observations in the field , h ow ever, this 
theory seem s u nlikely , since there w ere m any 
dead Penip/us branch es w ith  dead C%ssyf?i% 
attached. Su ch  ob servations im p ly  that the 
presence of C%ssyf?i% on Pe?7ip/ns lead s to at least 
the localized  d eath  of the h ost plant. A  future 
study com paring  the percentage o f dead branch  
m aterial betw een  parasitized  and u np arasitized  
p lants could serve to confirm  w h eth er th is is the 
case.

M ore likely , I b elieve  that the h ig h  fitn ess of 
p arasitized  branch es on parasitized  p lants 
ind icates that C%ssyf7i% selects for fitn ess w hen 
attach ing itse lf to a h o st plant. T here w ere very 
few  exam p les of p rod uction  o f fru it b y  C%ssyf?i% in 
the field , so I assum ed  the parasite rep rod uces 
prim arily  by  attach ing itse lf to  n earby p lants, and 
I did not consid er the p ossib ility  of fru it d ispersal 
p atterns affecting  the p arasite 's  d istribu tion  on 
h ost p lants. A  controlled  stu dy of C%ssyf/i%'s host 
p references w h en  attach in g  to p lants could 
confirm  w h eth er d istribu tion  is n on -ran d om ly  in 
favor o f resource-rich  b ranch es. Since it is possib le 
that there is a lag  tim e b etw een  attach m en t of 
C%ssyf?t% to Pe?7ip?HS and the exh ib ition  of 
d eleteriou s effects, the p arasitized  
ind iv id uals m ay d isp lay  red u ced  fitness in  com ing 
years.

It is also  possib le that p arasitized  
p lants d isp rop ortionately  allocate resou rces to 
p arasitized  branches, w hich  in  turn  have h igher

rep rod uctive fitness as a result of 
overcom p ensation . R esearch  tracking  the 
rep rod uctive h ealth  of p arasitized  b ran ch es over 
tim e could p ro vid e m ore in form atio n  about 
C%ssyf?i%'s v iru len ce and the p arasite 's  long-term  
effects on Pe77ip?us.
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THE EFFECTS OF COMPETITION ON THE DISTRIBUTIONS OF 
THREE GECKO SPECIES ON MOOREA, FRENCH POLYNESIA

N atalie M . M . R eed er

Infegrafioe Biology, Bericeiey, 94720 USA

Abstract. T h e  in troduction of HcwndHcti/tMS /renafas to oceanic islands has b een  
docum ented  to cause the decline of native sp ecies in  u rb an ized  areas in  several 
instances. H. R en atas w as recently  introduced to the island  of M oorea, Fren ch  
P olynesia . A  d istributional study u sin g  transects show ed that H. R en atas is only  found 
on and around b u ild in g s w h ile  both  Geiiyra oceanic# and Fepaiodacfyias iaga& ris can  also 
b e  found in  the forests. B eh avioral exp erim en ts d esign ed  to test com petition for insect 
prey  w ere conducted on  each  species p air to d eterm in e the ir effect on one another. G. 
oceanic# and F. iaga& ris seem  to avoid  one another w h ile  n e ith er reacts to the p resen ce 
of H. /renafas. T h e lack of d irect effect of H. /ren a fa s ' p resen ce m ay support an  
exploitation  com petition m ech an ism  for d isp lacem ents this species has caused 
e lsew h ere . A  gu id e to the G ek k o n id s of M oorea w as also constructed.

Key loords; Ge^Fonidae; G e h y ra  oceanica; Lepid od actylus lu g u b ris; H em idactylus 
frenatus; French Poiynesia; Moorea; infro^aced species; expioifafion competition

IN T R O D U C T IO N

T h e classic im age of natural science is one of 
b u g  collections and field  notes catalogu in g  the 
d iversity  of an im als to b e found in  the field . 
M ore recen tly , the focus has sh ifted  to 
u nd erstand ing  the u n d erly in g  m ech an ism s of 
that d iversity  so g lobal b iod iversity  can su rv iv e 
the cu rren t extinction  crises resu lting  from  
in creasin g  h u m an  in flu en ce (G osling , 2003).

C om petition is a m ech an ism  that has a 
profound effect on  com m u nity  d iv ersity  b u t is 
often overlooked  because of its com plexity. 
C om petition can  resu lt in  a clum ped  d istribution  
and lim it population  size le a v in g  the population 
m ore v u ln e ra b le  in  the ev en t of habitat 
destruction or d istu rbance (Bustard 1970; 
D u g atk in  2004). Introduced species h av e caused 
the loss of m an y  in d ig en ou s species b y  out- 
com p eting  them . Increased h u m an  m obility  and 
h ab ita t d istu rbance has resu lted  in  a d ram atic rise 
in  n on -in d igeno u s sp ecies introductions. In 
Florida in  th e  U n ited  States, the g ree n  anole, 
Anoiis caroiinensis, w as introduced and out- 
com peted a n ative anole species, ev en tu ally  
rep lacin g  it (U .S . C on gress 1993).

Tropical island s are p articu larly  sensitive to 
these introductions. Because of their isolated 
n atu re, they  support a sm all n u m b er of h ig h ly  
specialized  in d ig en o u s species that tend to b e  less 
ab le  to ad ap t to ch ang es in  the en v iro n m en t 
(W hittaker 2002). In  the M ascarene Islands the 
gecko  Hemaiacfyias R en atas has caused  the n ear 
extinction  of two en d em ic species of the gen u s 
N acfas b y  exclu d ing th em  from  refu gia  (Cole et 
al. 2005). B eh av ioral exp erim en ts on the geckos 
of H aw aii h av e show n that H. /renafas d isplaces 
F. iaga&ris populations there by  m eans of 
exploitation  and in terference com petition (Case et 
al. 1996 ; C ase 1993).

In locations w here m ultip le gecko species co
exist, one species u sually  d om inates and 
m onopolizes the p rim e forag in g  spots and 
refu gia . W h erev er H. ^ T ia fa s  is p resent, it is 
thought to d isplace Fepaio& cfyias iaga&ris and 
Gehyra oceanic# w hile F. iaga& ris w ill d isp lace G. 
oceanic# from  u rban  en v iron m en ts w h en  H. 
/renafas is not p resen t (Case 1993; M cK eow n 1978; 
Z u g  1991). It is u n lik ely  that a factor other than 
the introduction of H. /ren afas could exp lain  these 
d isp lacem ents since introductions h ave occurred 
on h un d red s of oceanic islands u n d er d ifferent



conditions but with the sam e result (Case et al. 
1996).

There are at least 5 species of gecko on 
Moorea in the Society Islands: PMsMma sp.,
GeEym ocean ica, Ge^yra wMhiafa, Lccz'dodacft/lMS 
lagM^ns and HcmidaciylMs /renafas. All of these 
geckos are common hum an commensals so it is 
widely assumed that each species was carried by 
a hum an vector, but the tim ing of their 
introductions is unclear (McKeown 1978). It seems 
likely that H. /renafas is the most recent 
introduction since it was not found in a 1988 
survey of the lizards of Moorea (Ineich 1988).

The relatively recent introduction of H. 
/renatas to Moorea provides an intriguing 
opportunity to investigate the effects H. /renatas is 
having on the distribution of the resident gecko 
populations. If H. /recaias is having a sim ilar 
displacement effect on Moorea as elsew here, the 
behavior of the resident geckos in the presence of 
H. yrenafas may support hypotheses of 
interference or exploitation competition as a cause. 
A behavioral experim ent will add to our 
understanding of the mechanisms of species 
displacement prevalent in this system.

D eterm ining whether the distribution of 
Moorean geckos follow a similar pattern to those 
documented elsew here can illum inate the 
processes that establish species dominance as well 
as how introduced species affect native species. If 
the distributions follow the sam e patterns, then 
the future effects of H. /renafas' introduction may 
be inferable from the events that have transpired 
on other tropical islands and conservation efforts 
can be m ade.

The purpose of this study is to conduct a 
behavioral experim ent to determine how three of 
the Moorean G ekkonid species affect each other's 
behavior, to m ake a prelim inary comparison of 
their distributions, and to compare these results to 
the associations found elsew here in the hope of 
identifying a mechanism for native species 
displacement by invasive H. /renafas.

M ATERIALS AND METHODS 

Disfn'&Mt:o?!

An equal num ber of transects were 
established in each of three elevation zones, 
below 100 m, betw een 100 and 200 m, and above 
200 m. A transect 20 paces long was sampled 
every 100 paces along the trail in a random 
direction determ ined by a coin flip. Every tree

along the twenty pace transect was inspected for 
geckos. Geckos were identified to species by 
observation of dorsal patterns, size and toe pad 
and claw morphology either on the tree or upon 
capture. The num ber and species of geckos found 
was recorded as well as the dominant vegetation 
and conditions of the transect area. The elevation 
of each transect w as recorded by GPS where 
possible or determ ined by locating it on a 
topographic map of the island. The transects 
were established on the Cross-Island trail and 
unnam ed trails at the Gum p Station and in Mari 
M ari's garden (fig 1). A ll transects were done 
betw een 16:00h and 19:00h, Septem ber 18 to 
N ovem ber 19, 2005.

FIG. 1. The four transect sites on the island of Moorea, 
French Polynesia where all research was done. The 
transects encompassed three elevation zones reflecting 
levels of human disturbance and urbanization.

Compehh'pe interactions

Three geckos, one each of G. oceanica, L. 
IngM&ris, and H. /rcnains, w ere captured each 
night of the study on the U .C. Berkeley Richard 
Gump Research Station on Moorea, French 
Polynesia betw een 18:30 and 19:30h, Septem ber 
18 to N ovem ber 19, 2005. Upon capture, each 
gecko was identified to species. Its environm ent, 
including substrate on which it was found and 
height from the ground was recorded. I also 
noted its behavior if I observed it eating, 
drinking or interacting with other geckos before 
capture or if it behaved interestingly upon 
capture. Each captured gecko was placed in a 
holding terrarium  with shelter and water. Once 
one of each species was obtained, a tubular black 
light was turned on at one end of the 
experim ental tank to attract insects. The
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exp erim en ta l tank  w as a plastic aq u ariu m  62.1 cm  
long  b y  31 .8  cm  w ide b y  26 cm  ta ll fitted  w ith  a 
top m ade of w ire m esh  o f % inch  sq u ares stapled  
to a w ooden fram e that fit snu gly  on the 
aq u ariu m  (fig  2). T h e  lig h t attracted a constant 
p resen ce of 5 to 6 g lassy-w inged  sharp  shooters, 4 
to 5 m oths, and 1 to 2 other insects on av erag e . 
T he m esh  allow ed the insects to fly  throu gh  into 
the tank .

FIG. 2. The test terrarium with a metal mesh top and a 
removable, opaque divider w as used to test each 
gecko's access to insect prey attracted to the black 
light at the left end both alone and in the presence of 
another species.

A t the start of each  trial a d iv id er m ad e of 
aq u ariu m  plastic w rapp ed in  m ask in g  tape to 
form  a visu al b arrier  w as placed  in  the test tank 
to d iv id e it dow n the cen ter the long w ay  so each 
side had a ligh ted  end and  a d ark en d . Tw o 
geckos of d ifferent species w ere p laced  on eith er 
side of the d iv id er. T h ey  could not see one 
another. T h ey  w ere th en  observed  in  this 
condition for a h a lf an  hour. T h eir d istance from  
the lig h ted  end  as w ell as side of the cag e w as 
recorded ev ery  three m inutes u sing  a centim eter 
ru ler attached to both sides of the top. A fter a 
h a lf an  hour, the d iv id er w as rem oved  th rou g h  a 
slit in  the top screen that w as then  resealed  w ith 
V elcro. O nce a g a in , the ir distance from  the 
ligh ted  end  and the side of the cag e they  w ere on 
w as recorded ev ery  th ree  m in u tes for a h a lf hour. 
T h eir b eh av io r and  an y  conflict or insect 
p redation  w as recorded  d u rin g  the hour trial. 
T hese trials w ere then  repeated  in  the sam e 
m a n n e r until a ll three com binations of gecko 
species had b e e n  tested.

A fter each  trial, th e  geckos w ere retu rned  to 
the h o ld in g  terrariu m . Each gecko  w as then 
sexed and  m easu red  for snout to v en t le n g th , tail 
condition, total tail len g th , len g th  of tail

reg en eratio n  w h ere  ap p licab le , and  w eigh t. Sex 
w as d eterm in ed  by  looking for en larg ed  fem oral 
and p re-an al p ores for m ales and the p resen ce of 
eg g s and  lack of pores for fem ales. Sn o ut to vent 
le n g th  w as m easured  u sing  a clear, plastic 
m illim eter ru ler from  the tip of the nose to the 
cloacal op enin g. T ail condition w as determ ined  
b y  ch eck in g  v isu ally  for a point of regeneration . 
T h e tail len g th  and  point of regeneration  w ere 
m easu red  w ith  the ru ler startin g  at the ven t. The 
w eig h t w as obtained  b y  su sp en d in g  the gecko in 
a p re-w eigh ed  b a g  from  a sp rin g  scale. A ny 
scars that could be used  for in d iv id u al recognition  
w ere draw n and a rep resen tativ e  d igital im age 
w as recorded. F in a lly , the gecko  w as retu rned  to 
its exact location o f capture.

In  order to d eterm in e if the d istributions of 
the three gecko  species are sign ifican tly  d ifferent, 
the transect data w ere an aly zed  w ith  a C hi- 
Squ are test of in d ep en d ence. A  sign ifican t result 
su ggests d ifferent h ab itat p referen ces or u ses and 
w h en  used  in  conjunction w ith  data from  other 
locations it could indicate p ossib le interspecific 
effects on the g eck o s' d istributions.

T h e raw  data from  the b eh av io ra l tests w ere 
used in  three w ays to d eterm ine w hat effect the 
p resen ce each  gecko  species had on the b eh avior 
of other tw o. F irst, the raw  distance data w ere 
an aly zed  w ith a K ruskal-W allace non-param etric 
test to d eterm in e if there w as a sign ificant 
d ifference in  the d istance of the gecko from  the 
lighted  end  of the cag e w h en  it w as alone and 
w ith  another species. If the test found a 
sign ifican t d ifference, then  w e could conclude that 
the p resen ce of a d ifferent species has an effect on 
the b eh av io r of the other. From  m y h yp oth eses I 
w ould exp ect that w h ich ev er species rem ained  
close to the lig h t in  the p resen ce of another w ould 
b e th e  d om in an t species.

Second ly , the raw  data w ere used  to obtain 
the relative d istances of each lizard  from  the other 
d urin g  the tria l. T hese data w ere tested w ith  a 
K ruskal-W allace non-param etric test to determ ine 
if any  of the species m oved sign ifican tly  farther 
aw ay from  another w h en  the d iv id er w as 
rem ov ed . Such  a result w ould support an 
avoid ance m echanism  for com petitive 
d isp lacem ent.

L astly , th e  size d ifferences b etw een  the 
geckos in  each  test w ere plotted  ag ain st the 
a v erag e  re la tive  d istances from  the p eriod  of the
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trial without the divider. A regression line was 
fitted to this graph to determ ine if there was a 
correlation. A significant correlation would 
suggest that size m ight play an important role in 
the outcome of interspecific competition of these 
geckos.

RESULTS

Distribution

Transects revealed a significant difference in 
the distributions of the three species among three 
elevation zones reflecting the level of human 
disturbance (Chi-Square, x^=16.683, CV=9.49, 
D F=4). IT. /rcnatMS was found exclusively below 
100 m  and always either on or very near a 
building. G. oceanica and L. iagnbris were both 
found in all three zones, in the high elevation, 
native forest, in the m id-elevation disturbed 
forest, and in the urbanized zone below 100 
meters on and around man-m ade structures (table 
1).

TABLE 1. Transects were sampled in three elevation 
zones to establish the distributions of the three gecko 
species in the study. The total number of each species
found is shown for each zone

c. L. A
/ugubris yrenatws

below 100m 4 5 9
100-200m 5 3 0
above 200m 9 1 0
totals 18 9 9

The presence of another species does not 
signi/icanih/ affect the distance of a gecko from its prey

None of the species pairings had a significant 
effect on the distance of any of the geckos from 
the insect-attracting light. The data were tested 
for a difference in  proxim ity to the light before 
and after the divider was rem oved. A Kruskal- 
W allace test yielded no significant difference 
among G. occanica alone, with L. ingabris, and 
with H. frenatus (Kruskal-W allace, x^"2.8869, 
D F=2, p=0.2361). The test showed no significant 
difference am ong H. frennfns alone, with G. 
occanica and with L. iagabris (Kruskal-W allace, 
X^=0.7608, D F=2, p=0.6836). A gain am ong L. 
lugubris alone, with G. occanica and with H. 
/rcnafns the Kruskal-W allace test found no 
significant difference (Kruskal-W allace, x^*4.11,

D F=2, p=0.1280). None of the species
combinations significantly altered a gecko's 
distance from its prey.

L. lugubris and G. oceanica aooid each other

Data from the behavioral experim ent were 
used to obtain the relative distance of each 
individual from the other before and after they 
were aware of the other. The relative distances 
before and after were tested for a significant 
difference. A significant difference was found 
betw een the relative distances of L. ingnbris from
G. oceanica before and after the divider was 
rem oved (fig. 3). Since the data was not normally 
distributed, a Kruskal-W allace analysis was used 
to determ ine significance (Kruskal-Wallace, 
X^=20.46, D F=1, p<0.0001).

No significant difference was found between
G. occanica and H. ^irenaiMs (Kruskal-W allace, 
X^=2.7556, D F=1, p=0.0969) or between L.
lugubris and H. frenatus (Kruskal-W allace, 
X^=1.2092, D F=1, p=0.2715). These pairs of 
geckos did not move closer to or farther away 
from each other after the divider was removed.

g 50- .... ......... .. —---- '

C 40-------- -------- ,----------- -̂-------------- 1
*3 . t

*  30- '
tJ * .
5 20- * -

<5 to - - '

Lt. w/C.o. L). w/o Co.

L. tugubris vs. C. oceanica

FIG 3. A one-way analysis of the distances apart of 
L. lugubris and G. occanica before and after they are 
visually aware of one another. L. lugubris and G. 
oceanica are significantly farther apart once they are 
aware of each other.

Size differential may affect the distance of H. 
frenatusfrom L. lugubris

The average relative distance of one gecko 
from another was plotted against their size 
differential to determine if there is a significant 
correlation. Each species pair was plotted and 
fitted with a regression line. No significant
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correlation w as found b etw een  G. oceanic# and H. 
/ren afas (R eg ression  an aly sis, R ^=0.2501) or G. 
oceanic# and H. /renafas (R eg ression  an alysis, 
R^=0.118).

A slig h tly  sign ifican t size effect w as found 
b etw een  H. /renafas and  T. /a g a ^ n s  (R eg ression  
an alysis, R ^=0.6076) w ith  their a v erag e  d istance 
ap art in creasin g  as the ir size d ifference increased  
(Kg. 4).

H. frenatMB Vs.

FIG. 4. The difference in size between H./irenafas and 
L. Jaga&ns was correlated with their average distance 
apart to determine if there was a size effect.

D ISC U SSIO N

T h e d istributions found for L. laga& ns, H. 
/renafas, and  G. oceanic# on M oorea are consistent 
w ith  those found elsew h ere . L. Zaga&ns is often 
found in  the forest as w ell as on or n ear b u ild in g s 
(Case 1993). G. oceanic# is another species w ell 
know n to in h ab it forests as w ell as ru ral or 
su bu rb an  habitats w ith g ard en s n ear b u ild in g s 
(Z ug 1991). H. /ren a fa s ' exclusion from  the forest 
w as not u nexp ected  since they  h av e  b e e n  found 
to b e  poorly  adapted  to liv in g  on cru m bly  
substrates such as the loose b ark  of trees in  the 
forest (Cole 2005).

O n  other island s w h ere  H. /renafas has b een  
introduced , it has caused  a d isp lacem ent of L. 
/aga& ns and  others, in clu d in g  G. oceanic# from  
u rban ized  areas (Case 1993). T h is study sough t to 
d eterm in e w hich  of several form s of com petitive 
b eh av io r could exp lain  the ad v an tag e of H. 
/ren afas o v er L. /aga& ns and  G. oceanic# in  u rban  
en v iron m en ts. In terference com petition in  w hich 
the p resen ce of H. /ren afas n ear a food resource 
w ould d iscourage other species from  a p rim e 
foraging site results in  a w eak en in g  of body

condition in the su bord in ate species from  lack of 
access to h ig h -d en sity  p rey  areas (Cole 2005). 
D irect com petition in  w hich  one species fights, 
predates, or p h y sica lly  b locks another could also 
resu lt in d eleteriou s effects on the subordinate 
species (Case 1993; Bustard 1970). Exploitation 
com petition in  w hich  one species has a b iological 
ad v an tag e for cap turing  and consu m ing p rey , 
th ereb y  d ep letin g  the resource for other species, 
has em erg ed  as the m ost p ro bab le  exp lanation  for 
com petitive exclusion elsew h ere  (Petren et al. 
1996).

T h e results of this study do not support a 
d irect com petition exp lanation . N o predation and 
only  one agonistic interaction w ere observed  over 
the course of the study. N one of the species 
ap p eared  to defend the area  closest to the insect- 
attracting light.

Interference com petition seem s to b e a factor 
b etw een  G. oceanic# and L. /aga& ns only . A 
sign ifican t increase w as found in  the ir distance 
from  each  other after the d iv id er w as rem oved . 
Such an effect w as not found w h en  eith er species 
w as tested w ith  H. /refiafas. T h ese results could 
reflect the evolu tionary  h istory of the three 
species on M oorea. G. oceanic# and L. /ag ab n s 
h av e b een  sym p atric on M oorea for thousands of 
years , p ro b ab ly  after b e in g  b ro u g h t as stow aw ays 
on ancient P o ly n esian  canoes (Petren  1998; 
M cK eow n 1978). H. /ren afas has only recently  
arrived , not ap p earin g  until after 1988 (Ineich, 
1988). A s a result, G. oceanic# and L. iagn&ris 
m ay h ave ev olved  a b eh av io ra l response to avoid 
one another resu lting  in  n iche separation . T h ey 
m ay not h av e had tim e to develop  such a 
response to the new com er H. /ren afas.

T h e lack of support for eith er d irect 
com petition or in terference com petition as a 
m ech an ism  for H. /ren afas d om inance ov er L. 
iaga&ris and  G. oceanic# follow s w ith  the d om inant 
hyp othesis of exploitation com petition. H. 
/ren afas has b e e n  dem onstrated  to h ave a h u n tin g  
ad v an tag e ov er L. iaga& ris due to its larg er size 
and ov er both L. iagai?ris and  G. oceanic# due to 
its faster ru n n in g  speed . A s a result, H. /renafas 
is m ore successful during  forag in g  sessions w h en  
resources are clu m p ed  and d ep letes the insects 
causing  low er p rey  a v a ila b ility  for other species 
of geckos forag in g  in  the sam e area (P etren  et al. 
1996).

S ize is often an  im p ortant factor in  gecko 
com petition w ith la rg er in d iv id u als out- 
com peting  sm aller ones (P etren  et al. 1996). The 
correlation test results do not support a size effect
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on the behavior of the species combinations 
except for betw een H. /re?iatMS and L. lagM^ris. 
The lack of a size effect on the other two species 
combinations could be a result of the small 
sample size and further investigation needs to be 
done to determ ine the role of size in this system.

W ithout data showing how the population 
densities of L. ZMgM&n's and G. oceanic# have been 
affected by the introduction of H. /renafMS, it is 
hard to discern what the behavioral effects found 
in this study m ay m ean for the future of these 
populations. It must be considered, how ever, that 
the introduction of H. Jrenafas to other islands has 
almost always resulted in a decrease in the 
species previously inhabiting the man-made 
structures of that island (Cole 2005; Petren 1998; 
Case 1993; McKeown 1978). The possibility that 
the case on Moorea could follow the sam e pattern 
of species displacement is apparent. If competition 
is indeed observed betw een these species as 
elsewhere, a competitive displacem ent effect 
could be predicted, possibly causing the decline 
of an excluded species on Moorea as it did for the 
genus Nacias on Mauritius and requiring 
im plem entation of conservation efforts (Cole 
2005).

Studies from other islands have resulted in  a 
better knowledge of gecko conservation 
techniques. A sim pler habitat structure with 
more clumped insect resources gives the greatest 
advantage to H. /rcnatas. A dding more 
complexity to the habitat can decrease 
interspecific competition and has been shown to 
reduce deleterious effects on L. ZMga&n's in the 
presence of H. /rewafas (Petren 1998). Providing 
artificial habitats of a more crum bly substrate can 
provide an H. /reaafas-free refuge for claw
bearing species that are able to utilize such 
substrates (Cole 2005).

It is possible that H. /reaafas has not yet 
begun to im pact the resident populations of 
geckos, but with an increase in urbanization, H. 
/reaafas m ay have a greater advantage. 
Increased urbanization m eans a simultaneous 
decrease in natural habitats. In combination with
H. ^rcnafMs' dominance in urban areas, there 
could be serious implications for L. iMPM&n's and 
G. oceanic# if conservation efforts are not made on 
their behalf.

This system  can be an im portant study model 
to gain much needed information on the 
dynam ics of invasive species and competitive 
displacement. The interactions of these geckos 
reflect issues of inter and intraspecific competition,

invasive species, feeding behavior and hum an 
disturbance. Knowledge gained from study of 
these geckos can be applied to a variety of other 
systems.

Fafare sfadics

Future studies should m ake population 
estimates for all species present on the island and 
begin  to track these populations over time. W ith 
this information we w ill be able to see the effect of
H. yrcaafas' introduction as well as other factors 
affecting the herpetofauna of Moorea. A study to 
corroborate that H. /renatas does deplete insect 
resources can further support the hypothesis of 
exploitation competition. More com prehensive 
studies of the biology and ecology of each species 
are needed. Further study into the behavior of 
each species of gecko will give insight into their 
interactions with other species and information on 
their specific diet and refugia preference would 
reveal sources of competition.
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APPENDIX A

SPECIES OF THE FAM ILY GEKKONIDAE FOUND O N  M OOREA, FRENCH POLYNESIA

Gehyra ynahlata
Habitat: H um an com m ensal, forests 
Description: Adult SVL: 42-50 mm.
Uniform ly light olive to dark olive- 
brown. Light and dark spots on head 
and body. Belly grayish olive to 
lemon yellow. Base of tail may be 
orange ventrally.

Gehyra ocean ica
Habitat: Found in the forests and
rural and suburban areas 
Description: Adult SVL: 59-84 mm.
Uniform ly light olive to dark-olive 
brown. Light spots all over body. 
Belly grayish olive to lemon yellow. 
Base of tail m ay be orange ventrally.

Hena'dactylas /renatas
Habitat: On and around man-made 
structures
Description: Adult SVL: 48-58 mm.
Uniform beige to grayish beige with 
small dark spots. Long slender toes. 
Makes gurgling threat call and 
chirping territorial call.

LepidoJactyins iaga&ns
Habitat: In the forest and on and
around m an-m ade structures 
Description: Adult SVL: 34-44 mm.
G rayish beige with w idely spaced 
pairs of dark brown spots in a chevron 
pattern from neck to tail. D ark brown 
eye stripe. Belly yellowish white to 
light beige. M akes chirping call.

Pheisanta sp. (lahcauda Iahcauda?)
Habitat: Unknow n. Sighted on the
GSI bungalow  and on a store shelf 
Description: Adults 130 mm  total.
Uniform  vivid green to yellow-green. 
Two short, bright orange stripes just 
anterior to the hind lim bs.*

Right Foot Mental Scales Tail

GeAyra wad/ata ventral

GeAyra oceanica

Lepidodacty/aj /aga^riy ventral

*Figures redrawn from Zug, George R. 1991. Lizards of Fiji: Natural History and
Svstematics. Bishop Museum Press, Honolulu. Information from Zug 1991 and 
www.phelsumania .com.
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KEEPING AN EYE ON YOUR NEIGHBOR: TERRITORIALITY AND 
HOME RANGES IN JUMPING SPIDERS

GlNEVRA L. RYMAN

Sconce Po/zcy M%fi%ge772e7if, Hnzu^rsz'ty o^C^/z/brnz^, Cz7Jz/brnz'  ̂94720 LISA

Aizstr^cf. T erritoriality  p lays an im p o rtant role in structuring pop ulations, but 
relatively  little  is  know n abou t the territoriality  of ju m p in g  sp id ers (A raneae: Salticidae). 
Jum ping sp id ers are c h a r is m a tic  and unique sp id ers, w ith  th e ir  la rg e  m ed ian  ey es, 
e x ce lle n t v is io n , and a d a p ta b le  p re d a to ry  s tra te g ie s . S in ce  th e y  do not sp in  w ebs to 
ca tch  th e ir  p rey  it  is m ore c h a lle n g in g  to d ire c tly  observe th e ir  te r r ito r ia l  b e h a v io rs  
th a n  w ith  w eb-sp inners such as o rb -w eav ers . T h e re  h a s  been  l i t t l e  p rev io u s study done 
on th e  s a lt ic id s  o f M oorea, Fren ch  P o ly n e s ia . A n in i t ia l  survey w as com p leted  to see 
w h a t sp ecies w ere p resen t on th e  is la n d , and to see i f  b io d iv e rs ity  v a r ie d  w ith  
e le v a tio n . T h is study then  w en t on to in vestig ate  the territoriality  o f T/iore/Bo/# efisz/b*# on 
the larg e tree fe m  Angz'opfens euecf%. Field  observations sh ow  that fem ales have a m uch 
sm aller hom e range than m ales w ho m ove large d istances in  search  o f recep tive fem ales. 
Fem ales m ay also  exh ib it stronger site fid elity  once they  have laid  eggs, and  rem ain  close 
to them  until they hatch. In  a system  w here a m ale 's  lifestyle em p h asizes courtship  and 
searching fo r fem ales, silk  d raglines m ay prove a u sefu l m ethod of locating  a m ate. In  a 
series o f laboratory  experim ents, I tested w hether the p resence of silk from  the opposite 
sex sign ificantly  altered  b eh avior com p ared  to silk  from  an  anim al of the sam e sex. The 
resu lts show ed no sign ifican t d ifference in b eh avior in eith er m ales or fem ales. W hile 
chem icals in silk  m ay still p lay a role in  m ate location , v isu al cues rem ain  im p o rtant to 
this h ig h ly  v isu al anim al.

Key K707Y?s; S%^zcz'&?e; Society French Poiy%esz%; p/ieroTHOTies

INTRODUCTION

A  te rr ito ry  is a s ite  w h ic h  an  an im a l or group 
d efen d s for a long p eriod  o f tim e, com pared to 
th e ir  l i fe s p a n  (S ta m p s 2004). I t  d iffe r s  from  a 
hom e range in th e  fa c t  th a t  th e  s ite  is  v ir tu a l ly  
exclu siv e  to an in d iv id u a l or group (R o lan d o
2004). T h e re  are numerous d eb ates  about how  th e  
a d a p ta t io n  o f te r r i to r ia l i ty  arose. I t  h a s  been  
proposed th a t  t e r r i to r ia l i ty  h e lp s  to control 
p o p u la tio n  d en sities  (K a le la  1954), a llo c a te  
e x is tin g  resources (B row n 1964), p ro tect 
in d iv id u a ls  from  p re d a tio n  and d ise a se  (H orn  
1968), and in creases an in d iv id u a l's  r e la t iv e  
fitn e ss  (V e m e r 1977). T e r r ito r ia l i ty  h a s  been  
sh ow n  in  m any ta x a  from  v e rte b ra te s  such as th e  
red squ irrel T%772z%sczM?'Ms 7iM^so?ucMS (Rusch and 
R eed er 1978) and th e  p ik a  OcIzofoM# /lypcr^orc#?! 
(G liw icz  e t  a l .  2 0 05), to in v e rte b ra te s  l ik e  th e  
lim p e t (B ra n ch  1975), and th e
h a r v e s te r  an t PogoM077iyr?72cx rMposMS (H o lld o b le r  
1976). R ie c h a r t  (1981) conducted a se rie s  o f 
exp erim en ts w ith  th e  d esert sp id e r  Agc/c?iopszs

and found th a t  i t  w as a d a p tiv e  for a n im als  
to som etim es occupy la rg e r  te rr ito r ie s  th a n  
necessary.

F u rth er re sea rch  on te r r i to r ia l i ty  h a s  been  
conducted on w eb b u ild in g  sp id ers such as th e  orb 
w e a v e r Mcf%&ns g r a i n s  (B u sk irk  1975), w h ic h  
l iv e s  com m unally but d efen d s its  ow n feed in g  
a re a . C h ris tia n so n  (1984), and R ie c h a r t  (1978) 
h a v e  a lso  sh ow n  th a t  o th e r  w eb -bu ild ers a lso  
d efen d  th e ir  w eb as a te rr ito ry . W an d erin g  
sp id ers l ik e  th e  w o lf sp id e r  h a v e  a lso  been  
show n to e x h ib it  te r r i to r ia l i ty  (M o y a -L a r a n o e t . 
a l . ,  2002). G ille s p ie  & T a b a sh n ik  (1994) stu d ied  
resid en ce tim e and w eb site  te n a c ity  in  th e  h a p p y  
fa c e  sp id er, TTzerMfzoM T h is  sp id er uses
m in im al w ebs for p rey  cap tu re , and th e y  found 
t h a t  i t  is a b le  to fo rag e aw ay  from  its  w eb. M ost 
sp id ers are p o te n t ia l ly  c a n n ib a lis t ic  and 
ag g ressiv e  tow ard  o th e r  sp id ers n ea r th e m  
(H od ge and U etz  1994) and th e  ro le  t h a t  
t e r r i to r ia l i ty  p la y s  in  th e ir  in tera ctio n s p rovid es 
room  for fu rth e r  study.
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The Jumping spiders (S a ltic id a e ) are a 
rem arkably diverse fam ily , containing more than  
four thousand species (Coddington and Levi 1991). 
They occur on a ll continents except A ntarctica, 
and h ave d iv ersified  w idely  to f i l l  n iches in 
many d istinct h a b ita ts . Jumping spiders h av e  th e  
most h ig h ly  developed sense of sight of a ll th e  
spiders, and are ch aracterized  by th e ir  two large 
anterior m edian eyes, and an overall range of 
v ision  covering 360 degrees (Foelix  2002). 
S a ltic id s  are diurnal, and active hunters (Jackson 
1998) and sight p la y s an im portant role in 
locating m ates as w ell.

Few people h av e  studied the S a lt ic id a e  on 
th e  island  of Moorea, French Polynesia. J.W . 
Berry and J. A. B ea tty  v isited  the Society Islands 
in 1987, and published a survey of the jumping 
spiders of the P acific  islands in a series of three 
papers (Berry et a l. 1996, 1997,1998) describing 
new species and renaming others. T he prim ary 
objective of th is  study is to contribute to 
knowledge of the species present on the island , 
th e ir  distribution, and basic territo ria l b eh av io r. 
In th is  study I surveyed v a ria tio n  in b iod iversity  
w ith  e lev ation . T h is  w as accom plished by 
sam pling spiders at six sites across the island at 
sea level and 300 m eters (See Fig . 1). I 
h yp oth esize th a t the h ig h er e lev atio n  sites w ill  
be more diverse, because the h a b ita t  is less 
disturbed.

I then  focused on the jumping spider ThoreHioia 
enst/era (T horell 1887) (S a ltic id a e ), to study its 
biology in d eta il. U nlike the jumping spider 
Psecas c^apoda, (Romero & V asconcellos-N eto 
2005), T.ensi/era has no association w ith  a sp ecific 
p lant. It occurs on many d ifferent p lants across 
th e  island of M o'orea and is cosm opolitan 
throughout the P a c ific  (Berry and B eatty  1996). 
In it ia l fie ld  observations showed T. casPera to be 
commonly found on the fern Aagiopten's euecia, 
w hich  is also known as th e  g ian t fern. It  can 
reach h eig h ts  of several m eters, and provides a 
unique m icro hab itat on w h ich  to observe jumping 
spider beh avior.

S a ltic id s  do not build webs to capture prey, 
but they  use s ilk  as draglines, and to construct 
sleeping burrows and egg cases. The jumping 
spider Pin'dippas jo^asoa: in h abits the same site  
for prolonged periods of tim e, sometimes from 28 
to 33 days (Jackson 1978). T he life sty le  of m ales 
focuses on locating m ates, and courtship (Jackson 
1979) w h ile  fem ales lay  several egg sacs on the 
underside of concave leaves, and construct retreats 
on adjacent leaves. T h is m ay be suggestive of

(l)Hill behind Gump Station (2) Motu Tiahura (3) 
Mangroves (4) Peak of cross island hike Vaire-Pao 
Pao (5) Agricultural School (6) Three coconuts trail

m aternal care of the young (Rossa-Feres et a l. 
2000). I h yp oth esize th a t  T. gusi/cm fem ales 
would h ave a sm all territory  near th e ir  burrow 
and th a t  m ales would roam across these 
territories in search of fem ales. O bservations of 
T. ensi/era in the fie ld  suggested th a t the presence 
of s ilk  m ay p la y  a role in site  selection  and 
locating a m ate. Accordingly, experim ents were 
set up to test the role of s ilk  in the location  of 
h a b ita t  and m ates for these spiders.

METHODS

Diversify at elevations

To exam ine w h eth er species composition, 
distribution and d iversity  of jumping spiders 
v aried  w ith  e lev atio n , three study sites were 
chosen at sea lev e l, and three sites at 300 m eters. 
The sea level sites consisted of the h il l  lead ing to 
the Gump Statio n , th e  second mangrove site  south 
of H a 'a p iti , and Motu T iahu ra. T he three sites at 
300 m eters were the Three Coconuts tra il at th e  
Belved ere, th e  tra il from the agricultural school 
to the B elvedere, and the top of the pass on the 
V a ire -P a o  Pao tra il. (See Figure 1).

Sp iders w ere found and collected using v isual 
scan, sweep net, and beating  sheet m ethods. T h e 
beating sh eet m ethod consists of a m eter square 
sh eet, w h ich  w as h eld  under the bush or tree to 
be sam pled. T he p lant w as then h it  5 tim es w ith  
a large axe handle, and spiders th a t  fe ll were 
collected in p la stic  v ia ls , id entified , and
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Water bottle

re le a se d . E a ch  s ite  w a s surveyed  tw ice  for 
a p p ro x im a te ly  tw o hours a t  a tim e . A n im a ls  
w h ic h  could not be id e n tifie d  in th e  f ie ld  w ere 
brought to th e  la b o ra to ry  and id e n tif ie d  under 
th e  m icroscope. V ou cher specim ens o f e a c h  
sp ecies are  d ep o sited  in  th e  Essig  M useum a t U C , 
B e rk e le y .

MopeTwenf #nd fern'fon/ size

Focusing on th e  fern  An^iopfens erect#, four 
fronds w ere rand om ly se lec ted  a lo n g  th e  s ta r t  o f 
th e  th re e  coconuts t r a i l  in  th e  B e lv e d e re . A 
thorou gh  v isu a l scan  of e a c h  A. erect# w as done. 
A n im als  w ere cap tu red  in  a v ia l  and th e n  
tran sferred  to a sm a ll z ip lo c k  b ag . A  h o le  one to 
tw o m illim e te r s  in d ia m e te r  w as cut in th e  
m id d le  o f th e  bag . Four d iffe re n t colors o f S a n te e  
P lu s n a il  p o lis h  w ere assigned  numbers one 
th ro u g h  th re e  (e .g  s i lv e r = 0 , y e l lo w = l)  and used 
to assign  in d iv id u a ls  a tw o d ig it  id e n tif ic a tio n  
number. T h e  a n im a l's  abdom en w as th e n  
p o sitio n ed  under th e  h o le  and tw o colored dots o f 
n a il p o lis h  w ere a p p lie d . W h ile  in  th e  b ag  th e  
w id th  and len g th  o f th e  a n im a l's  c e p h a lo th o r a x  
w ere m easured  using ca lip e rs . T h e  sex and le v e l 
o f m a tu rity  o f th e  a n im a l w a s a lso  recorded. 
A n im a ls ' in i t ia l  p o sitio n s w ere m ark ed  on th e  A. 
cpccf# w ith  a dot o f b la c k  San fo rd  S h a r p ie . T h e  
four ferns w ere th e n  v is ite d  a to ta l o f  ten  tim es in 
th e  fo llo w in g  tw o w eeks. E a ch  v is i t  th e  number 
o f m ark ed  a n im a ls  found w as recorded and th e ir  
p o sitio n s w ere m ark ed  and m easured. A ll  new  
a n im a ls  w ere m ark ed  and m easured in th e  sam e 
fa sh io n .

Site scZccf M77I

Ten m atu re m a le s  and fe m a le s  w ere co llected  
from  A. epeef# in th e  B e lv e d e re . T h e y  w ere ea ch

FiG. 2. Schematic diagram of Angzopfcns epeef#, and 
a common location of a sleeping burrow.

z

Point of introduction
Removable cardboard edge

FiG. 3. Silk exposure behavior arena.

housed in  a c le a r , c y lin d r ic a l 1.5 l i te r  w a te r  
b o ttle , w ith  th e  top cut o ff  and rep la ced  w ith  
fin e  m esh . S e v e ra l cen tim eters o f p o ttin g  so il 
w ere p la ce d  on th e  floor, and th e  cage w as m isted  
to p ro v id e h u m id ity . A n arena w as constructed 
out o f an  c le a r , c y lin d r ic a l, 1.5 l i te r  w a te r  b o ttle . 
T h e  top and b ase  w ere cut o ff  using a razor b la d e , 
so th a t  th e  len g th  o f th e  aren a m easured  20 cm 
long. R em o vable card board  sid es w ere cut for th e  
ends o f th e  aren a , w ith  h o le s  to set v ia ls  into.

Tw o sets o f exp erim en ts w ere run, to observe how  
s i lk  from  an  unknown in d iv id u a l a ffe c ts  
b e h a v io r . A n im als  w ere m oved into  v ia ls  th e  
a ftern o o n  before th e  exp erim en ts w ere run. 
O v ern ig h t, th e y  constructed s leep in g  burrow s in 
th e  v ia ls .  If  an  in d iv id u a l d id  not m ak e a burrow  
it  w as throw n  out. T h e  f ir s t  exp erim en t one o f th e  
v ia ls  w as em p ty  and s te r ile  w h ile  th e  o th e r  
contained  s i lk  from  an unknown in d iv id u a l o f th e  
sam e sex. T h e  s id es o f th e  a re a  w h ere  th e y  w ere 
p la ce d  w ere random ly se le c te d . T h e  in d iv id u a l 
w hose s i lk  burrow  w as used, w as a lso  rand om ly 
se lec ted . T h e  t r ia l  w as run for 20  m inutes and 
notes w ere ta k e n  on th e  b e h a v io r  o f th e  a n im a l 
in clu d ing th e  am ount o f tim e sp ent on e i th e r  s id e  
o f th e  a re a , w h a t  tim e it  en tered  th e  v ia l  ( i f  a t  
a l l ) ,  and w h a t tim e and th e  d u ratio n  o f any 
m atin g  dance th a t  i t  began. T h e  second 
exp erim en t w as se t up in th e  sam e fa sh io n , excep t 
t h a t  th e  unknow n in d iv id u a l w as o f th e  o p p o site  
sex.

D#f# #M#h/sis

A  C h i Squ are w as done on th e  b io d iv e rs ity  
d a ta . T h e  h ig h  e le v a tio n  s ite s  w ere com pared to 
th e  low  e le v a tio n  s ite s  to see w h e th e r  th e re  w as 
a s ig n ific a n t d ifferen ce  in species d iv e rs ity  and 
com position  a t d iffe re n t e le v a tio n s .
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A one w ay A N O VA  w as also  completed to 
determ ine w h eth er anim als spent sign ifican tly  
longer on one side of the arena in the laboratory 
experim ent, and to compare d ata  from the fie ld  
observations.

RESU LTS

Diversity at dî erewi equations

wider base or "bu lb". I often observed spiders on 
or near these. Animals were not found in close 
proximity to one another, generally not closer than 
50 centimeters.

Once w hen placing a male back onto the fern, 
it encountered another male. It began performing 
a mating dance. The other male then chased it 
away.

Site Selection

A to ta l of 107 anim als were collected. T h is  
sam ple represented a to ta l of fiv e species (Bunin 
aeri'ceps, Tiiorellioin ensi/era, Piexippas payhdii, and 
two unknown species). Two unidentified species 
were found only a t Motu T iahu ra. A t th e  
mangrove site  only P. puy/ciiili w as found. A C h i 
Square w as done to see if  there w as a sign ificant 
difference in b iod iversity  among elevation s and 
sites. The B. nericeps d ata  as w ell as th e  
m iscellaneous data w ere le ft  out of the C h i-  
Square because th e  values were less than  fiv e . 
The C h i Square value w as 4.008 and the c r it ic a l 
valu e is 5.99, so we fa i l  to reject the null 
h yp othesis.

Diversity at Different Eievations

T. T. B. P. Misc.

Only one male and one female entered the vial 
that contained silk from an animal of the same sex. 
No animals entered vials which contained silk 
from an animal of the opposite sex. I excluded 
one of the male versus male trials from the 
ANOVA, because it never left the vial, and spent 
no time on either side of the arena. The time spent 
on the side of the empty vial was not significantly 
different between the groups (F=.9492, p>0.44). 
The spent on the side of the silk containing vial 
was not significant either (F=0.5704, p>0.64).

Average Time Spent on Each Side o f arena

700

— 600 1 
-o 500 i 
8  400 i 
^  300 j
E 200 i  
*" 100 ( 

0 -t-

FiG. 5 . S p e c ie s  s a m p le d  a t  lo w  a n d  h ig h  e le v a tio n .

D ISC U SSIO N

FlG. 4 . S p e c ie s  s a m p le d  a t  lo w  a n d  h ig h  e le v a tio n .

Monewienf nnd territory size

Sixteen animals were marked (5 males, 11 
females), from four A. euecta fronds. The males 
had a significantly wider cephalothorax than 
females F =  9.065 p<0.001, and they were almost 
significantly longer F==3.805, p>0.071. Only one 
male was recaptured. Out of the eleven females, 
seven were recaptured a total of 20 times. The 
average distance moved from the original location 
was 0.51 meters. While observing males in the 
field I saw several move from one frond to the 
next, a distance of several meters, in a matter of 
minutes. The four fronds from the study site were 
between two and two and a half meters long. 
Leaflets were 20 centimeters apart on each side. 
Where each leaflet connects to die frond there is a

Jum ping spiders on A. enecin may be spaced 
out in home ranges to allocate food resources 
(Brown 1964), provide themselves more protection 
(H om  1968), or to increase each individuals 
relative fitness (Kalela, 1954). The bulb where each 
leaflet attaches to the frond, may offer the spiders 
protection by helping them hide from  predators, 
or allow them to catch more food by hiding from 
their prey. F ie ld  observations show th a t  by 
building sleeping burrows near egg sacks, fem ale 
T. ensi/era ex h ib it p arental care of th e  offspring 
(Personal O bservation, Jackson 1978). It is 
necessary for fem ales to estab lish  a territory  in 
order to adequately protect th e ir  offspring, 
thereby enhancing th e ir  re la tiv e  fitness. M ales 
appear to move across such v ast spaces compared 
to th e ir  body size, th a t it would be d ifficu lt to 
defend the area as an exclusive territory .
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T h is  study h a s  not dem onstrated  th a t  jum ping 
sp id ers h a v e  te rr ito r ie s , but only  hom e ranges 
w h ic h  m ay  or m ay  not b e exclu sive . S in ce  o th e r  
a n im a ls  w ere not observed  in sid e th e se  hom e 
ranges, i t  is l ik e ly  t h a t  th e y  m ay  be d efended as 
te rr ito r ie s . E x p erim en ta tio n  needs to b e  done to 
te s t w h e th e r  T. a c tu a lly  d efen d s th e se
hom e ranges, such as th e  stu d ies done by  M oya- 
L ara n o  (2002). A  d isp la cem en t study could be 
conducted to see how  fe m a le s  e tch  out new  
te rr ito r ie s  or if  th e y  return  to th e ir  o ld  ones.

T h e  resu lts from  th e  d iv e rs ity  study show  
how  a few  sp ecies h a v e  becom e very  successful 
and are w id esp read  across a l l  e le v a tio n s  o f th e  
is la n d . I in i t ia l ly  h y p o th e s iz e d  t h a t  d iv e rs ity  
w ould be g re a te r  a t  h ig h e r  e le v a tio n s  due to 
hum an d istu rbance around th e  p er im e te r  o f th e  
is la n d . T h e  study show ed  th e re  is  no s ig n ifica n t 
d ifferen ce  in b io d iv e rs ity  b etw een  e le v a tio n s . 
T h is  m ay  be due to th e  fa c t  th a t  hum an 
d istu rbances h a v e  a llo w e d  th e se  n o n -n a tiv e  
sp id ers to colonize th e  w h o le  is la n d . T h e  a rea s  on 
th e  m ain  is la n d  ad jacen t to  M otu T ia h u ra  shou ld  
be fu rth er se a rch e d  to see i f  th e  tw o unknown 
sp ecies occur th e re  as w e ll.

T h e  resu lts from  th e  s ite  se le c tio n  t r ia ls  
show ed th a t  in m y exp erim en t, s i lk  d id  not e l i c i t  
n o ticea b le  b e h a v io r a l ch ang es. T h is  m ay  not be 
th e  case  in th e  f ie ld  as (R oberts and U etz , 2002) 
h a v e  sh ow n  pherom ones in s i lk  a l te r  w o lf sp id er 
b e h a v io r . Jum ping sp id ers are  v ery  v isu a l 
a n im a ls  so p e rh a p s , ch e m ica l cues are not as 
im p o rtan t as v isu a l ones. T h e  sp id ers I used m ay  
h a v e  b een  a t d iffe re n t rep rod uctive stag es , or 
m ay h a v e  a lre a d y  been  m a ted  w ith . T h is  could 
be con trolled  by  ra is in g  sp id ers in  th e  la b o ra to ry  
to use in th e  exp erim en t.
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APPENDIX A

CO M M O N  JU M PIN G SPIDERS O F MOOREA, FRENCH POLYNESIA

FIG. 6 Female TBoreHiola ensi/bra. Three 
white spots on lower abdomen. Bands of 
coloration make it look like a "bee".

6 f ' pP*
%

FIG. 7. Male TTiorenicIa ewsi/era
Much darker than female, legs same dark
b l a c k  a s  b o d y .  T h r e e  w h i t e  s p o t s  o n  lo w e r  

a b d o m e n . H a s  fu s e d  s e t a e  w h i c h  lo o k  l i k e  

a  h o m b e t w e e n  o e d i o a l D S .

FIG. 8 PiexippMS paŷ a/h'. Males have white 
"bars" on face. Both sexes have white stripe 
down back.

FIG 9. Bauia acn'ceps. Front legs are longer than 
other commonly found species. Elongated 
abdomen with lightly colored legs and body.
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INVESTIGATION OF FACTORS CONTRIBUTING TO THE 
DECLINE OF A NATIVE MEDICINAL PLANT, CORDM 

SUBCORDATA ON MOOREA, FRENCH POLYNESIA

IAN  SAN CH EZ

Department q/Tnfegrafwe Biology, Dm'uersify o/Caizlornia, Berkeley, Caii/brnia 94720 USA

Abstract. Populations often experience bottlenecks, or extended declinations, from 
which each may succumb to extinction, or possibly return to a sizable, flourishing state. 
The current condition of the Cordia sabcordafa population on Moorea, French Polynesia is 
a diminishing one. Existing on many Pacific islands, C. sabcordafa mostly grows around 
coastal environments, where it can easily drop its fruit into the ocean so it can float along 
and disperse elsewhere. Because this environment describes Moorea perfectly, it seems 
implausible that C. sabcordafa would not be able to maintain a thriving population on the 
island. This study sets out to test growing and dispersal abilities of this native tree in 
order to gain more of an idea of light amount and soil preference, how much floating in 
sea water affects potentially germinating fruits, how long fruits can last in flowing sea 
water, and how well they can distribute themselves around specific island habitats. 
What is found is that not only does C. sabcordafa not have a statistically significant soil 
preference and its fruits' germination abilities are not explicitly affected by extended 
periods in flowing sea water, but its sea water dispersal abilities seem good enough to 
have continued the once large Moorean population. Fruits are found to have the ability 
to float in flowing sea water for long periods of time without sinking, with most 
continuing to float for over a month. A statistically significantly result through one-way 
ANOVA analysis was that C. sabcordafa fruit prefer a higher amount of light during the 
germination process, but curiously only for a short period of time. Less light had a 
continually lessening affect on germinates as time progressed through the experiment. 
Each result has its own possible causal affect for the diminishment, and each is analyzed 
for possible contribution to the actual reason.

K ey w o rd s; c o a s ta l e n o iro n m e n f; sea  w a fer 
sh o re lin e  species

INTRODUCTION

During initial human colonization, and 
along the way of societal advancement, native 
floral species play a crucial part in society both 
agriculturally, and culturally, no matter what 
area of the world is being discussed. Among 
the plants with a variety of uses in the societal 
progression on Moorea, French Polynesia was 
the C o rd ia  SM&cordafa Lam. (Clark et al. 2005). 
Not only was it used as a food source (the 
seeds inside the fruit are still commonly eaten 
today), but also in the construction of boats 
and crafts with its sturdy wood (Kepler 1990), 
and in healing, as potencies became 
knowledge of healers around the island 
(Petard 1972). Illnesses such as minor coughs, 
as well as other breathing sicknesses, could be 
cured by ingesting a mixture of leaf abstracts 
mixed with hot water (Petard 1972). As 
society advancement increased, population 
density, along with agricultural practice

dispersal; germination; popaiafion declination;

potentially started to affect growth of C. 
sabcordafa.

A shoreline growing tree, C. sabcordafa is 
native to many Pacific islands due to its 
dispersal abilities. Fruiting practically year- 
round, C. sabcordafa drops the fruits to the sea 
it is usually found bending over. These fruits 
can then eventually reach back on shore after 
using their natural buoyancy to disperse out 
over the flowing ocean.

In the Hawaiian Islands, although once 
abundant along the coastlines, C. sabcordafa 
became a rarity for many years in the early 
and mid-20'  ̂ century (Kepler 1990). With its 
fate being analogous to the Dutch elm after 
the Dutch elm disease caused a bottleneck in 
its population, C. su&cordafa now grows 
abundantly there (Kepler 1990). Similarly, a 
decline in the local Moorean population 
appears to be in the process (H. Murphy pers. 
comm..).

Certain potential causes of the evident 
decrease in population (H. Murphy pers. 
comm..) led to a variety of experiments to test
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many of the potential reasons for the decline. 
Increasing urbanization around the coast of 
the island, the primary habitat of C. su&cordata, 
could cause barriers to its fruits' ability to 
return to shore and germinate, after they have 
dropped into the ocean. Many different wall 
types are being set up at different island sites 
which the fruit would not be able to climb 
over and reach soil.

Another impediment to the C. su ĉordafa 
maintaining its population would be the 
different sand and soil types along the shores 
of Moorea, of which some could possibly limit 
growth and reproduction due to its inabilities 
to contain a certain amount of nutrients and 
water. Increasing rubble build-up in the soil 
could be blocking the seeds from rooting 
underneath the rubble and germinating.

While each cause is potentially correct in 
its own right, the hypotheses to be tested in 
this study vary, and allow me to test the 
different growing and dispersal abilities of the 
C. SM&cor&:fH: 1) The C. SM&cordata fruit will 
show preference to a certain soil type and sun 
amount; 2) Longer amounts of time floating in 
flowing sea water will hinder the C. sM̂ cordata 
fruits' ability to germinate; 3) The C. SM&cordafa 
fruit are not reaching shore after dispersing 
via ocean.

Experiments were established to test each 
of these hypotheses. Germination tests were 
established to test growing abilities in specific 
light ranges and soil types, as well as how 
well C. SM&ordata grows after certain amounts 
of time in a flowing sea water tank.

To fully test the third hypothesis, not only 
was an average dispersal distance and 
dispersal ability test created, but also a test to 
show how long C. SH^cordata fruit can float in 
flowing sea water. Each experiment was 
established in order to completely test each 
hypothesis, and to potentially answer the 
question of why C. SM&cordafa populations 
around Moorea are vanishing.

MATERIALS AND METHODS 

Study Sites

Experiments for this study were
conducted at the Gump Station along the 
shoreline of Cook's Bay, and at a nearby 
plantation of C. SM&cordafa approximately 1 
kilometer away from the Gump Station 
(17°30'S, 149°50'W) on the island of Moorea in 
the Society Islands of the French Polynesia 
(Figure 1).

Fig. 1. Shown is a m ap of M oorea, French 
Polynesia (with permission, @  Pacific-Im age)

Flotation Ability Test

In order to determine amount of time fruit 
from the C. sa&cordata can Boat in Rowing sea 
water, a Rotation tank was set up in the wet 
lab at the Gump Station. This tank built of 
glass was filled with sea water and had a 
drain built into it where the sea water would 
be able to Row out of as water constanRy 
streamed in from a pipe connected direcRy to 
the ocean water in the bay. This created a 
stable Row that emulated an actual ocean 
environment. Approximately one-hundred 
seeds were placed in the water and monitored 
daily to note any ones that had sunk. Sample 
fruits were also taken from this experiment 
and used based on amount of Rme spent in 
the tank for the Germination Tests.

Germination Tests

To test optimal growth abilihes of C. 
SM^cordata, germination tests were established 
at three separate locations around the stahon, 
each of which would have its containing 
planted fruits rotated on a weekly basis 
among the other two sites. This was to try to 
lessen the affect any bias one parhcular site 
may have over the others. Fruits were first 
sampled from a local plantahon of C. 
su&cordafa located near the stahon in Cook's 
Bay. Fruits were planted in three different soil 
types from around the island: 1) plain dirt, 
which would potentially retain more nutrients 
and water for the plant 2) yellow-colored sand 
with rubble substrate mixed in - possibly 
affecting root growth of C. SM̂ cordafa - the
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main sand type around Cook's Bay and 3) 
"plain" gray sand without much extra 
substrate taken from a local beach. Samples 
were to be planted in each soil type and 
placed in three different light regimes: full 
sun, full shade, and partial sun, which was 
about half the light amount as the full sun 
examples. Mesh shade coverings were used to 
put over cages containing the full shade 
samples, while nothing was put over the cages 
housing the full sun sample. Partial shade 
samples were placed in the station's botanical 
garden under a shade covering that let in 
about half the amount of sun as the full sun 
samples got.

Amount of time floating in a flowing sea 
water tank was the final variable taken into 
account in this study. On a weekly basis new 
fruits were planted under specific light and 
soil treatments, with each weekly sample 
having one additional week of flowing sea 
water stress than the previous, starting with a 
control group having zero, the first week 
having one week, and so on. Fruits for these 
weeks' samples were taken from the flowing 
sea water tank used in the Flotation Ability 
Test. Seed pots were watered on a daily basis, 
unless the soil had retained enough water 
from the previous day's watering or from rain. 
For the combined four different weekly 
planted samples, a total of 99 pots contained 
fruits: 27 for each of the first three weekly sets, 
and another 18 for the sample that had been 
floating in the tank for 3 weeks.

Numbers of C. SM&cordafa sprouts each 
planting pot contained was monitored as 
germination began to occur. These final 
numbers of total germinates were later 
analyzed on four separate days of the 
experiment using single variable ANOVA 
statistical analysis to test for preference.

Seeds per Trait Data

To estimate the average number of seeds 
available to potentially germinate inside the 
walls of the fruits of C. sâ cordafa, twenty 
fruits were taken from one specific tree in the 
local plantation on two separate occasions. 
The fruits were then opened carefully and 
each fruit's seed count was listed from the two 
twenty fruit samples to give an estimate of the 
average number of seeds per fruit.

Marir and Recap fare o/* "Dispersed" Traits

To test dispersal abilities of the C. 
sabcordnfn fruit, a type of mark and recapture 
study was created in a different form than the 
typical test, primarily used for population size 
estimates. For this test fifty seeds were 
marked with a conspicuous color of paint. 
The fruits were then tossed into the ocean 
simultaneously in an area where a C. 
sa&cordafa tree already existed at the time, to 
imitate what actually happens when that 
particular C. sn&cordafa fruits and drops the 
fruit to the water. After about an hour had 
passed, dispersed "marked" fruits were then 
gathered with their respective distances 
traveled in the hour marked accordingly. 
Also noted was whether or not the fruit 
reached shore or was found still floating, as 
well as how many out of the total had been 
recaptured. This test was repeated in order to 
better the accuracy of the corresponding data.

"Gathering Area" Sample

To verify whether or not its fruits were 
dispersing in the area, C. sn&cordafa fruit was 
counted among the rest of the fruits and seeds 
gathered in a pile on the seashore right 
outside of the UC Berkeley Gump Station. A 
total amount of all types was taken, which 
was used to get an average number of C. 
sn̂ cordata found in the mix.

RESULTS

Flotation Ain'iiiy Test

While only twenty-eight of the original 
floating fruits remained in the flotation tank 
by the end of the experiment due to their use 
in the germination tests, a total of four C. 
sn̂ cordata fruits had sunk out of the possible 
one-hundred that spent time in the tank. The 
remaining twenty-four had been Boating the 
entire experiment - approximately forty-two 
days.

Germination Tests

Light Variable: Of four chosen days to 
apply one-way ANOVA statistical analysis, 
days 23 and 30 yielded significant p values for 
an alpha of 0.05 (p < 0.0002 and p < 0.05 
respectively), showing that the pots growing 
in full sunlight grew better than those in 
partial shade, which themselves grew better 
than those in full shade, rejecting the null
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hypothesis that each light source will have the 
same growing rates. Days 17 and 37 yielded 
insignificant p values (p < 0.32 and p < 
0.2175).

Soil Variable: One-way ANOVA tests for 
this variable were unable to reject the null 
hypothesis for any of the four days statistically 
tested (p < 0.8385, p < 0.2236, p < 0.2360, and 
p < 0.2851 respectively for days 17, 23, 30, and 
37). This shows that C. SM̂ cordafa grows 
similarly among each soil type tested.

Sea Water Variable: Also statistically 
analyzed with one-way ANOVA, results of 
the test yielded values of p < 0.5958, p < 
0.5756, p< 0.3021, and p < 0.7869 for days 17, 
23, 30, and 37 respectively, showing that sea 
water stress does not significantly affect 
growing rates of C. sn ĉordafa. See Appendix 
A for the mean number of seeds sprouted 
under each variable for each day analyzed, 
along with the error bars at each data point.

Seeds per Fraif Data

The average number of seeds per fruit 
from the first sample taken from the local 
plantation was 2.7, while the second sample 
average was a slightly higher 3.0.

Mar A: and Recapture of "Dispersed" Fruits

Figure 2 shows the graph of the 
distribution of the 100 dispersed fruits by 25 
meter segments. The average distance 
traveled from the original point, although 
slightly skewed by a few outliers, was about 
36 meters. Another result from this test is that 
out of the 100 dispersed fruits, 94 of them 
were recovered. Of those 94 recovered, 91 
reached the shore to a potential germination 
site.

Fig. 2. M ark-Recapture study distribution of 100 
fruits by increm ents o f 25 meters.

The lack of significance in the germination 
test results, minus the light variable data,

shows that C. su&cordata has no particular 
preference to soil type of the three tested, and 
that its fruits can also float through flowing 
sea water for a great amount of time to find 
germination areas, and still continue to 
germinate at its usual rate. Normal soil 
inclination of C. su&cordatu has been 
documented to be sandier and clay soils 
(Friday et al. 2005). Results of this study 
however show it grows just as well in darker, 
moist dirt found on the interior of Moorea, as 
well as in more rocky and coral rubble-filled 
sand, as it does in the fine gray sand it can 
sometimes been found growing in on local 
Moorean beaches and motus.

Although significant statistical results in 
the germination experiment could have shown 
a reason for the decrease in C. SM&cordafa 
around the island to be caused by a having 
preferred soil to grow in, inability for this 
experiment to falsify this null hypothesis that 
there is no preference among the 3 soil types is 
interesting enough. The same idea goes for 
the rejection of the hypothesis that C. 
SM̂ cordafa should show some sort of 
preference to more or less time soaking in 
Rowing sea water. In his Origin of the 
Species, Charles Darwin suggests that certain 
plants whose fruits or seeds have the ability to 
float can disperse by ocean up to vast 
distances, but this number he mentions is only 
about ten percent (1859). With the combined 
results of the similar growth rates of the 
sample C. sa & c o rd a fa  after all amounts of sea 
water flotation time, and those of the flotation 
buoyancy test (which shows over 90% of the 
fruits not sinking for up to 42 days), C. 
SM&con%ata is among that minority of plants 
that can disperse large distances in order to 
expand their populations elsewhere.

A study to show that C. SM&cordata can not 
only float in sea water, but disperse and return 
to land after floating away from its source, 
was the pseudo "Mark and Recapture" study. 
While mark-recapture studies usually estimate 
population size (Budnitz 1998), this study was 
used to measure dispersal distance of fruits 
from an actual C. sa^cordafa source tree. 
Results show that most fruits did return to 
shore, surpassing areas where any sort of 
blockade from the shore existed (none were 
recaptured while stuck in these make-shift 
blockades that include tall, thick roots and 
rock walls). A similar study has been done 
that suggests that barriers, such as piled rocks 
or high, long roots can be effective in fruits not 
returning to shore and germinating near them 
(Betz 2001). Many similar barriers exist in
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Cook's Bay, the site of the experiment, but the 
study shows that these did not explicitly affect 
the dispersed fruits ability to return to the 
shoreline, as it seems most were able to 
surpass them and return elsewhere. As seen 
in the exact dispersal distances of each fruit 
though (Appendix B), certain lengths of areas 
existed where no returned fruits were 
recaptured, more than likely because of a 
barrier at those particular distances.

Along the entire distance which was 
searched for the 100 marked C. subcordafa 
fruits were only two of these trees fully grown 
along with one younger tree estimated to be 
about 2 years old due to its size and 
documented C. SM&cordata growth rate (Friday 
et al. 2005). This, along with that fact that 
multiple unmarked C. SM&cordata fruit were 
also found along these shores, leads to the 
conclusion that it cannot be for lack of 
dispersal ability that it is not reproducing 
enough, but it is in fact not doing so.

A similar native tree on Moorea is the 
Tf;espesM popuNea (L.) Soland. Ex Correa; it is 
similar not only because of its apparent 
medicinal values (Petard 1972), but because it 
disperses its seeds by ocean as well 
(Nakanishi 1988). Although not counted 
individually, it was apparent that less T. 
popuiwea were accounted for in the pile of 
gathered fruit and seeds in the Gathering Area 
Sample than C. SM&cordafa. This should allow 
one to at least hypothesize that more C. 
SM&cordah? exist on Moorea than T. popuinea,. 
Unlike the C. suFcordafa though, T. popMinea 
maintains a stable population throughout the 
island (Betz 2001). Near the few C. SM&cordafa 
trees seen around the island growing in its 
natural habitat along the beaches, T. populnea 
seemed to flourish, growing not only older 
trees, but young ones as well. Only one young 
C. SMbcordafa was noted as a new generation 
tree growing near its probable mother. A

conclusion from this evidence is that while 
other trees may be growing new generations 
of their offspring near themselves without any 
secondary dispersal method such as ocean, C. 
SM&cordata seems to be doing both forms of 
dispersal, but neither form is working to 
continue its Moorean population, or at least 
not in large quantities.

Of the 3 variables tested in the 
Germination Experiment, C. SM̂cordafa only 
showed statistically significant preference 
among light amounts (See figure 3 for the day 
by day plot of number of sprouts for each light 
amount).
Its natural habitat is mostly in full sun, but can 
grow well enough in partial shade (Allen 
2002), so the significance was expected here. 
Unexpected was the outcome of the fruits 
planted under the fully shaded cages. That 
they grew was surprising enough, but results 
of the ANOVA test telling that there is no 
significant preference in light amount as time 
goes on is very interesting. These results 
show that C. SM̂cordafa can not only grow on 
the shores in a lighted area, but can eventually 
grow just as well on the interior of the island, 
in the densely planted, very shaded areas 
were it to disperse there. Because of its 
seemingly inability to reproduce well enough 
currently, this could be a new trait it possesses 
in order to re-establish itself interiorly around 
the island and elsewhere, though this idea 
cannot be fully legitimized by this result 
alone, but perhaps from future experiments on 
C. SM&cordafa and its growing capabilities.

When combining the two data sets in the 
Seeds per Fruit test, the average number of 
seeds in each of the 40 fruits sampled was 
2.85, obviously well below the maximum 
amount of four. While some of the 
germinated samples did contain 4 sprouts, 
most did not. This is more than likely 
partially due to the inability of the fruit to

Fig. 3. Day by day sprout numbers are plotted starting with day 12 (no germination before this day).
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fully open up and allow each seed to sprout, 
but the 2.85 average numbers of seeds in each 
fruit should also be considered because the 
fruits in both studies were taken from the 
same C. SM&cordHta plantation. Because each 
fruit should potentially house 4 seeds, but 
rarely does, this can also be attributed in the 
lack of reproduction around Moorea. These 
data show that not only do most C. SM&cordata 
fruit not get fully fertilized to 4 seeds, but 
many even have less than 3, thus driving the 
average to 2.85.

What was once a successfully reproducing 
population on Moorea (H. Murphy pers. 
comm..), C. sM&cordafa is now seemingly on an 
implausible decline among the naturally 
growing population. It is implausible because 
practically everything tested in this study 
shows that it should continue to thrive as it 
once did. Problems with pests exist on other 
island C. SM&cordata populations, but the pests 
tend to leave sort of trademarks, such as half- 
eaten leaves (Friday et al. 2005), none of which 
that have been studied and documented are 
seen on the Moorean trees. It could be argued 
that the tree's value as a wood source to 
natives causes the decline because all of the 
trees are being cut down. A problem with this 
theory is that C. SM&cordHfa has been used as a 
source of wood for such things as boats and 
crafts throughout the history of the local 
Polynesians (Rock 1974). This should mean 
that if the trees being cut down were a great 
problem to its reproduction, the population 
would have surely diminished a long time 
before now.

The question of why the population on 
Moorea is declining begs to be answered. An 
idea this study does not address is the affect of 
increasing urbanization around the island. 
This could definitely be a factor since it is an 
easy assumption that most of the population 
density will grow closely to the shore, in turn 
causing more settlements and housing set up 
closer to the ocean. Along with housing 
would come more industrial building, 
including hotels, grocery stores, churches, etc., 
each in turn affecting the natural habitat of C. 
SM&cordafa. Perhaps it is less adaptable to these 
changes than such plants as T. popMinea, whose 
population seems to be maintaining itself.

The future of C. SM &cordafa on Moorea is 
currently in a state of uncertainty. The 
Hawaiian population was once in a similar 
state of diminishment but has since worked its 
way back to prominence (Kepler 1990). A 
similar fate could be possible for the Moorean 
trees, since they seem to maintain dispersal

and growing abilities according to the 
multiple experiments in this study that tested 
the various traits of C. SM &cordafa.
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A PPE N D IX  A

MEAN NUMBER OF SPROUTS PER VARIABLE ON STATISTICALLY TESTED DAYS

Day 17

$ 1- 
gO.5'
g 0- f  - ..... 1...... t ... 1

one three two zero

Day 17 mean ptots. At this point the light variable does not show significance. Amount of sea water stress is in weeks. 

Day 23

Shade Amt. Dirt Type

Significance among light amounts is obvious from day 23's plot. 

Day 30

light amt. soil type

Significance is not as obvious on for light amount on day 30 as it is for day 23.

Day 37

light amt. soil type

C. stvbcorcfafa no longer shows significant preference for light amount by day 37.
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APPENDIX B

EXACT DISPERSAL DISTANCES OF EACH RECAPTURED C . SUBCORDATA FRUIT IN METERS

15 29.1 5.5 4.8 23.1
14 30.2 5.5 5.4 17
14 30.2 4.6 5.4 30.1

16.3 30.6 17.2 5.1 35 5
15.6 64.5 16.4 6.1 69.5
13.1 64.6 191 6.2 99.7
13.1 64.8 192 6.7 102.1
13.4 65.9 195 6.7 102.5
13.6 70.8 2 6.7 111
13.6 74.8 2.9 15.8 125.3

14 75.1 3.5 17.1 92
17 81.2 3.8 17.1 5.5
19 88 3.9 17.3 4.2

19.6 9 1 6 4 17.9 3.4
21.9 92 6 4 18.2
22.2 98 2 4.2 18.4
22.9 98.8 4.3 19.4
23.1 111.8 4.4 20

27 19 7 4.6 20.4
27 19.7 4.6 20 .5
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EFFECTS OF CURRENT AND PREY ODOR ON TWO NUDIBRANCH 

SPECIES, GLOSSODORIS CINCTA AND CHROMODORJS L OCHJ.

HAMPTON CHAWNER SMITH

Dcyarimeni o/Enuironmcniai Science Policy, and Management 
University q/Caii/brnia, Berkeley, Caii/ornia 94720 USA

Abstract. This study examines the effects of current and prey odors (Hyrtios erecta) on 
the navigation and orientation behavior of the nudibranchs Citrotnodors ioc/ti and 
Giossodoris cincta. These nudibranchs are common subtidal predators of sessile animals 
in the tropical southern Pacific Ocean. In the presence of prey odor and current, G. cincta 
orients upstream and over 80% of animals successfully locate prey with indications of 
chemotaxis. Behavior of C. iociii showed upstream orientation in current but not in the 
presence of prey. When conspecifics were included in the odor plume with prey, C. iocin 
did orient upstream. In all cases, the presence of flow is an essential condition for 
locating distant prey.

Key words.* nMd?&rancds; Glossodoris cincta; Chromodoris lochi; orientation betiavior; 
cftemodetection; Moorea, French Polynesia

INTRODUCTION

Gastropod molluscs have been used to the 
advantage of neurobiologists because of the 
relatively limited behavioral repertoires and 
accessible nervous systems of these animals. Both 
in terms of behavior and central nervous system, 
they are sufficiently complicated to be interesting 
but not so complex to be horribly complicated to 
describe. Important generalizations about the 
organization of small neural networks have 
emerged from such studies, including the idea 
that animal behaviors are organized in hierarchies 
of successively more dominant responses (Chase 
2002). Analysis of behavior provides the 
background necessary for studies underlying of 
the underlying neural circuitry and function.

All animals rely on environmental cues using 
olfactory, tactile and visual stimuli to determine 
their surroundings. In the case of gastropod 
molluscs, their world has no sounds and, in most 
cases, no sights. Thus, the distance perception of 
gastropods usually depends on olfaction to detect 
chemical cues from waterborne molecules for 
information on their milieu. Chemoreception

controls or influences numerous specific behaviors 
including feeding, homing, aggregation, mating, 
escape, and avoidance (Chase 2002). Also, marine 
animals can use cues provided by current, the 
structure of the odor plume itself, or a 
combination of both factors to locate odorous prey 
in the aquatic environment (Teyke et al. 1992).

Nudibranchia (Opisthobranchia) is an order 
of Gastropoda that have been the examined in 
numerous neuro-physiological studies but their 
chemosensory behavior has not been well 
reported. Nudibranchs are sensitive to molecules 
exuded by prey and have relatively specialized 
diets (Megina et al. 2002). Experiments have

Fig. 1. Nudibranchs C%ro?no&<n's loci::' (top) and 
Glossodoris cincta (bottom).
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demonstrated their ability to locate distant food 
sources and differentiate between preferred prey 
(Elvin 1976, Rogers and Paul 1991). 
Unfortunately, most researchers report only 
orientation success rates but not path or 
orientation strategies. In addition Y-maze 
experiments are unsuitable for studying path 
parameters because of wall encounters (Caldwell
2005). There is little experimental evidence to 
elucidate the mechanisms used by nudibranchs to 
orient themselves toward a prey which may 
ultimately provide for a better model for the 
nudibranch nervous system.

Two particular species of nudibranch 
(suborder Doridina) are found in abundance along 
the rich tropical reefs of the Society Archipelago in 
the Southeast Pacific, C&romodon's loci::, Rudman 
1982 and Glossodoris cmcta, (Bergh 1888) (Fig. 1). 
These species of the family Chromodorididae are 
sponge feeders and share sim ilar overlapping 
spatial niches. Chromodorids are characterized by 
their bright colors and elaborate patterns. Their 
colorful mantle is a form of aposomatic coloring; a 
warning sign to predators of their toxicity 
resulting from chemicals they have sequestered 
from the sponges of their diet (Cimino et al. 1983). 
They move by crawling from one subtrate to 
another secreting a mucous layer from their large 
foot, allowing the animal to glide (Lambert 1991). 
These nudibranchs have a prominent pair of 
lamellated rhinophores at the front end of their 
bodies which have special receptors to "sm ell" 
chemical dissolved in the water (Seavy and 
Muller-Parker 2002).

A  major problem in understanding prey 
detection for species in this family is that no study 
to date has made systematic comparisons of the 
behavior of nudibranchs in current and in still 
water w ith the appropriate control treatments. 
Therefore my research intends to establish a 
baseline for the navigation behavior of C. loci::' and 
G. dncta. This investigation will examine the 
differences in the effects of current and prey odor 
on these two species. Observing the effects of 
presence or absence of current and presence or 
absence of prey odor will provide a 
comprehensive comparison of movement 
behavior. The primary objective is to quantify

their orientation and displacement in order to 
determine the mechanism by which they find 
prey. To discover prey-searching mechanisms, 
changes in the precision of orientation, movement 
speed, and linearity of m ovem ent m ust be 
measured. The observation that orientation 
towards prey becom es more precise with 
proximity would support a mechanism of 
chemotaxis. In addition, I am interested in  the 
ability of these nudibranchs to locate prey in still 
water or whether current is an essential condition. 
Further, exam ination using two closely related 
species that share the same habitat m ay provide 
interesting clues as to differences in their behavior.

METHODS

Experiments were performed in an outdoor 
wet laboratory at the UC Berkeley Richard B. 
Gump South Pacific Research Station in Moorea, 
French Polynesia (S17° 29' 24.2", W 149° 49' 34.6") 
in the Society Archipelago. Nudibranchs 
(Gfossodon's c:Mcta and Ciuomo^on's loci::) and the 
preferred prey, the black sponge Hyrhos erecfa, 
were collected by snorkel at depths of 1-5 meters 
from a lagoon adjacent to the station in Cook's 
Bay. The study was carried out from October 3 to 
November 18, 2005. The mean water temperature 
was 28° Celsius.

SM&jects

Nudibranchs were exposed to the natural 
photo-period of the region and artificial low light 
intensity during some evenings. Specim ens were 
acclimated to laboratory conditions over 7 to 21 
days by sim ulating natural conditions in a large 
aquarium (140 liters) with continually Rowing sea
water pumped from a depth of 2 meters. During 
the study, nudibranchs w ere maintained on an 
excess of sponge but w ere starved at least 1 week 
before trials to motivate a feeding response. 
Before the experiments, behavior of each slug was 
monitored over one complete 24 hour period for 
baseline observations of temporal activity patterns 
and food preference under laboratory conditions.
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FlG. 2. Drawing of the experimental setup illustrating Row table and relative positions of 
nudibranchs and stimulus.

Sea faMc experiments

The responses of 20 individuals each of G. 
cincfa and C. iocM nudibranchs to stimuli were 
examined in a 98 cm x 2.4 m water table (12 cm 
depth) constructed of wood and covered with 
fiberglass resin. A 3.3 cm diameter PVC pipe, 
pierced with holes at 3 cm intervals, supplied 
water at the head of the table. Zooplankton 
netting was stretched 10 cm from the source in 
order to create more uniform flow. A centrally 
located second PVC pipe (7 cm diameter) was 
placed on the downstream end of the table and 
evacuated water from the table maintaining the 
water level at about 6 cm. The rate of inflow and 
consequently the flow velocity was controlled by a 
valve in the tube supplying water at the head of 
the table (Fig. 2). During trials, the current 
velocity was nearly uniform across the table at a 
velocity of 3 cm/s (observed with florescent green 
dye). The current velocity selected was within the 
estimated range of flow at the habitat site. Trials 
in still water were conducted in a table of the same 
dimensions. Before each trial, the table was filled 
to a depth of 6 cm and left undisturbed for 30 
minutes. Both tables were cleaned and emptied 
after each trial.

Preliminary experiments

Light preferences were examined using a 60 
watt lamp suspended 40 cm above the center of 
the sea table containing 20 G. cincfa for 3 hours 
during an evening. Animal movements were 
recorded and the trial was repeated for C. iocfn. 
Next, aggregation behavior was quantified by 
placing 20 animals of each species in still water 
with observations made at the end of 12 hours. 
Lastly, trailing behavior of each nudibranch 
species was tested by first placing 4 animals at the 
center of a still water sea table to lay down trails 
for 30 minutes. After removal, a single individual 
from that group was placed in the table at a 
different starting point and left undisturbed for 30 
minutes. Mucous trails were observed for path 
following. This was repeated for each animal of 
the group and for a total of 12 animals of each 
species.

Responses to odor and cnrrewf

I evaluated the effects of current and prey 
odor on the behavior of C. focin and G. cincfa using 
combinations of presence and absence of current 
and presence and absence of sponge odor. 
Twenty replicates of each of the four treatments 
were performed for each of the two species using 
a new nudibranch for each trial. The trials were
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run in pairs simultaneously, one in the flow table 
and the other in the still water table. The prey 
odor consisted of approximately 20 g of chopped 
sponge wrapped in black plastic screening. In 
trials without odor, an equivalent volume of dead 
coral was wrapped in the same way. In the 
treatments with current, the stimulus was placed 
in the flow for 3 minutes before introducing the 
nudibranch to allow a stable current and odor 
plume to develop. For the treatment involving 
prey odor in the still water table, the stimulus was 
put in place 20 minutes before introducing the 
nudibranch for a suitable odor gradient to form. 
In all treatments the stimulus was placed 25 cm 
from the head of the tables and the nudibranch 30 
cm further down perpendicular to the stimuli, so 
as not to bias their orientation. One additional 
treatment was performed on C. loci:! identical to 
the treatment with How and prey odor with the 
addition of two conspecifics feeding on the prey. 
These results were analyzed separately.

In all trials for each treatment, photographs 
were made of the mucous trails with a digital 
camera after i) the odor source was reached, ii)the 
table wall was touched, or iii) after 10 minutes had 
elapsed.

For each nudibranch, orientation was 
evaluated by calculating the angle from which it 
left a 25 cm radius circle centered on the starting 
point, relative to a straight line toward the 
stimulus (Fig. 3). Individuals that did not exit the 
circle within 10 m in were excluded from this 
analysis. The Rayleigh test of uniform ity was 
performed to determine whether orientation was 
significant. Rayleigh testing determines if 
observed samples of angular data have a tendency 
to cluster around a given angle indicating a lack of 
randomness of the distribution. This circular 
statistic is based on the concept of the mean vector 
length, r, which is proportional to the strength of 
orientation on a scale of 0 to 1 (Batschelet 1981). 
To further analyze the orientation of nudibranchs 
that successfully located prey in the treatment 
involving both current and odour, and to 
determine whether orientation toward the prey 
improved as the nudibranch got closer to the 
odour source, I calculated mean vectors (r) as 
above for a series of concentric circles with radii of

5, 10, 15, 20, and 25 cm. I then applied a 
regression to the plot of mean vector length 
against distance from the starting point.

For each trial, the mean path length and travel 
time were measured beginning from a 5 cm radius 
concentric circle centered at the starting point to 
the 25 cm radius circle. I calculated the 
displacement speed using the path length divided 
by the time spent traveling. In addition, an index 
of linearity (R. Caldwell, personal communication) 
was created using the linear length from the 
starting circle at 5 cm to the 25 cm radius circle 
(i.e. 20 cm) divided by the actual path length of the 
animal. Values close to 1 indicate linear 
m ovem ent and small values im ply a convoluted 
path.

The responses of linearity and displacement 
speed on current and odor were compared using 
ANOVA. To analyze the effect of current and 
odor on the nudibranchs to move toward the 
stimuli (sponge or coral), I applied an ANOVA to 
the deviation from the position of the stimulus 
(when nudibranchs left the 25 cm radius circle 
centered on their starting points). Lastly to 
examine w hether current had an effect on success 
of the nudibranch in finding prey, I performed a 
binomial test on the proportion that reached the 
prey in current compared with still water.

Photographic data were analyzed for path 
length and displacement angle using the software 
ImageJ provided by the National Institute of 
Health. Statistical tests were performed using the 
software Jum p IN, except for the angular testing 
which utilized the software Oriana.

Stimulus ^  Angular deviation

FiG. 3. M easurem ents from table experiments.
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Ftc. 4. Orientation of G. cincfa in presence and absence of current and prey odor. Triangles represent the 
angles at which nudibranchs left a 25cm radius circle centered on their starting point and arrows represents 
the mean vector r, mean vector length. A significant orientation was only found in the treatment involving 
current and no prey odor (Rayleigh test).
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RESULTS

Animals were found to be most active during 
daylight hours for both species. The greatest 
numbers of individuals of both species were active 
between the hours of 5 AM and 3PM. The 
preliminary experiments revealed that neither 
species exhibits a relative preference for 
aggregation. Additionally, there was no indication 
of trail following behavior.

Giossodoris cincia

G. cincia exhibited strong upstream orientation 
in the treatment with both current and prey odor

Still water without odor

0

r = 0.202
T, P  1 0 . 0 5

N )=16

270-: ^

A
A

P y

180

and 14 of the 17 animals tested successfully found 
the prey within the 10 min period (Fig. 4). The 
other 3 nudibranchs in this treatment also oriented 
towards the odor initially but seemingly lost the 
odor plume along the way. In contrast, there was 
no significant orientation for the treatment with a 
prey in still water and not one of the 16 G. cinch! 
completing the trial located the prey. Also, there 
was no significant orientation in either treatment 
without prey odor whether in current or still 
water. Overall, the ability of G. cinch? to locate 
prey was much better in current than still water 
(binomial test, p < 0.001). The ANOVA applied to 
the four treatments indicate that only 
displacement speed was significantly influenced

^ '9 0
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Deviation from 0° Linearity index D isplacem ent Speed

factor df SS F P df SS F P df SS F P
Odor 1 48486.20 19.70 <0.01 1 0.01 2.797 <0.1 1 0.01 7.69 <0.01

Current 1 28399.50 10.12 <0.01 1 0.04 2.40 >0.1 1 0.00 0.04 >0.5

Current x odor 1 89894.78 51.45 <0.01 1 0.01 0.30 >0.5 1 0.01 8.93 <0.01

C. Total 59 191233.33 60 1.13 60 0.07
Table 1. Results of ANOVA applied to angular deviation from the position of stimulus, displacem ent speed (cm/s), 
and linearity index investigating the effects of presence of current and prey odor on the behavior of G. c:ncta.

by the presence of prey odor (Table 1) such that 
animals averaged fastest in the absence of odor 
(0.11 cm/s, SE = 0.0056) and slowest in the 
presence of both odor and current (0.075 cm/s, SE 
= .0074). Presence and absence of current or prey 
odor had no significant effect on movement 
linearity. The deviation from the position of the 
stimulus showed a strong effect from the presence 
of odor (p < 0.001) and current (p < 0.01) and a 
strong interaction between the two factors 
corresponding to the high success rate of G. cincfa 
in the precsence of odor with current (Table 1).

The orientation of the G. cmcfa subjects that 
reached the prey in the presence of current became 
more precise as the nudibranchs approached the 
sponge (Fig. 5). M ean vector length (r) increased 
w ith distance from the starting point (r =  0.69x°^).

CTtromodon's iocTn

Although food preference observations confirmed 
a diet of the black sponge H. erecfa for C. iocTn, only 
the treatment involving current in the absence of 
prey odor did nudibranchs exhibit a significant

0.96 i

0.84 - 

0.82 -

0.8 -)--------------1--------------.--------------.--------------1--------
5 10 15 20 25

Fig. 5. Relation betw een precision of orientataion and distance to prey for G. cincta that successfully reached 
prey. Left, sem icircular plot show ing angles at w hich individuals left concentric circles (radii 5 ,1 0 ,1 5 ,2 0 , 
and 25 cm. Right, plot of m ean vector length against distance from starting point.
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FlG. 6. Orientation of C. iocA: in presence and absence of current and prey odor. Triangies represent 
the angles at which nudibranchs left a 25cm radius circle centered on their starting point and arrows 
represents the mean vector r, mean vector length. A significant orientation was only found in the 
treatment involving current and no prey odor (Rayleigh test).

Deviation from 0° Linearity index Displacement Speed

factor df SS F P df SS F P df SS F P
Odor 1 36880.35 13.68 <0.01 1 0.00 0.03 0.87 1 0.00 0.03 >0.1

Current 1 808.44 0.25 >0.1 1 0.02 1.10 0.30 1 0.00 1.96 >0.1

Current x odor 1 19123.36 6.46 >0.1 1 0.00 0.16 0.69 1 0.00 1.93 >0.1

C. Total 68 217546.688 68 1.19 68 0.13
Table 2. Results of ANOVA applied to angular deviation from the position of stimulus, displacement speed (cm/s), and 
linearity index investigating the effects of presence of current and prey odor on the behavior of C. loci:;.

orientation (Fig. 6). In the treatment with prey 
odor and current only 3 of 20 animals successfully 
located the prey. The ANOVA applied to the four 
treatments indicates that neither the presence of 
prey odor or current had any significant effect on 
displacement speed or the index of linearity (Table

2). Deviation from the stimulus did show a strong 
effect from the presence of odor but not current 
with no interaction between the two factors. A 
follow up treatment with C. ioc/n using 2 
conspecifics on prey in the presence of current 
elicited a significant upstream orientation (Fig. 7)
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towards prey, but only 7 of 19 animals located the 
stimulus.

t* ." -

!
*1*

<
L________

r = 0.498
P<lo.oi
N ='18 ^

'

FlG. 7. Orientation of C. focM in presence of prey 
odor, current, and conspecifics.

DISCUSSION

This study demonstrates that both G. cuicfa 
and C. iocdi have the ability to navigate using 
chemodetection. However, this ability is entirely 
dependent upon hydrodynam ic conditions as the 
nudibranchs only found the prey in the presence 
of current. Thus neither species seem to have the 
capacity to follow an odor gradient in still water. 
Nonetheless, data from this study does reveal a 
surprisingly strong difference in the movement 
behavior of these two closely related species.

The results clearly show that G. ciucfa is highly 
sensitive to molecules released by prey and is 
efficient in localizing upstream prey in the 
presence of current. Orientation for the 
nudibranch toward the prey was precise and 
became more precise as the distance from the prey 
decreased (Fig. 5). In addition, the nudibranch 
only moved upstream (positive rheotaxis) when 
moving toward prey odor. Further, the significant 
decrease in displacement speed in the presence of 
food odor suggests a possible kinetic effect (Avila 
1998). This could indicate a model of search 
behavior typified by slower movement for more 
accurate chemodetection.

In contrast, C. iocfii demonstrated positive 
rheotaxis without prey odor but unexpectedly did 
not exhibit the same behavior in the presence of 
prey. The follow up treatment using a stimulus of

prey and conspecifics elicited a strong but 
imprecise upstream orientation with less than 40% 
of the nudibranchs actually navigating to the 
stimulus. These results suggest that C. locTn uses 
neither prey odor nor current exclusively to guide 
their movements.

W hen tested in current alone G. c:ncta 
wandered aimlessly but I found that current plays 
an im portant role in the m ovem ent behavior of C. 
IocM. Aside from displaying a significant 
orientation upstream, when I calculate the 
orientation relative to the Row direction 
(considering only a 180° plot by taking the 
absolute value of the angles for that treatment 
from  Figure 6), I obtain a value of 46°. This shows 
that not only to they detect current and use it to 
guide their movements but C. /ocTi; specifically 
moves diagonally upstream. This is considered to 
be a means of m aximizing the probability of 
finding an odor of interest by continuously 
sampling new areas rather than resampling the 
same area as when m oving directly upstream 
(Chase 2002). C. locM was observed in preliminary 
laboratory studies to eat other sponge species and 
likely has a more generalized diet relative to G. 
cincta. Also, C. ?oc?i: was observed in the field to 
aggregate at m uch higher frequencies and 
concentrations than G. ci?icta. It may be one or a 
combination of these factors that are responsible 
for the apparent lack of m otivation to feed in C. 
ioc/ii (Wi/edi and Widows 2001, 2003). For instance 
it is possible that distance chemodetection plays 
only a minor role in locating prey because of the 
greater abundance of prey items compared to G. 
cnicta. Alternatively, Rnding mates m ay be a 
dominant behavior of C. iocd: that inhibits the 
m otivation to feed or perhaps the precesence of 
conspecifics is a requisite for prey localization.
This study shows the differences in the m ovem ent 
and orientation behavior of two closely related 
nudibranch species that share a habitat and prey. 
The behavioral models developed here are the 
beginning of a good framework for the 
interpretation of physiological experiments. 
Future laboratory and Reid studies of G. cincfa and 
C. lodii would be useful to elucidate the chemo- 
orientation mechanisms and to exam ine their 
behavior in the presence of conspecifics.
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BIOLOGY OF EAGRAEA BERTEROANA: HABITAT 
SPECIALIZATION AND CONDITIONS FOR 

BIOLOGICAL SUCCESS OF AN ANOMALOUS 
POPULATION
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Inlegrallue Biology or Environment/ Science Policy and Management L/niversi/y o/ 
Cali/brnia, BerEe/ey, Ca/i/ornia 94720 L/SA

Abs/rac/: Habitat selection has normally been considered to be a term for only 
mobile organisms but has recently been applied to plants. Eagraea ber/eroana is an 
epiphytic plant that has demonstrated adaptive capabilities by establishing a 
population at a lower elevation. The indications as to why this may have 
occurred are found within the habitat at this particular location because they 
differ from where it is normally found in higher elevations. With the right 
dispersers this particular epiphyte has shown that it is capable of specializing in 
an environment that offers ideal neighbors, substrates and light exposure. Chi- 
square test's, ANOVA and t-test analysis on the population revealed that there 
were many links between all of these properties and not one factor could be 
attributed to the success of P. berferoana in this particular habitat.

key words; epiphytes; arboreal //ora; Paa; habitat choice; habitat selection; Moorea, 
French Polynesia

INTRODUCTION

For some plants, habitat selection is 
defined by evolutionary adjustments that have 
been made in response to changing 
environmental factors (Maina 2001). As this 
happens plants often become more flexible 
when living in various habitats (Bazzaz 1991). 
Habitats are chosen because of spatial and 
time reasons generally by those that have 
dispersal mechanisms. While habitat 
specialization is the result of a species 
functioning well in a given area. Certain 
plants can specialize in a habitat that has 
defined community dynamics in order to 
handle environmental changes.

The study of habitat selection in plants has 
become an area of interest more recently 
because of the human impacts on the 
environment. Humans have initiated a rapid 
change of global environments and which has 
led to many consequences within fragmented 
landscapes (Whitaker 1998). Researchers are 
now focusing on the stresses that effect 
populations under these changing conditions. 
Organisms with in different biotas often 
experience a variety of pressures such as 
limited available resources and spatial 
availability. On tropical islands, space is often 
an important factor that limits colonization 
creating more competition (Begon 1986).

Epiphytes should provide early 
indications of floristic response to changes 
throughout much of the tropics because of 
their influence on adjacent biotas and their 
sensitivity to global change. (Benzing 1998). 
As an integral part of tropical rainforest 
diversity, arboreal flora contribute to whole- 
system processes and play important roles in 
primary production, hydrology and nutrient 
production (Cushing 2002). Epiphytes are 
more responsive to surrounding ecosystem 
because they are dependent on what resources 
are available. Most will survive only under 
narrowly prescribed circumstances and 
therefore are co-dependent on each other 
(Benzig 1998).

Relationships often develop in order to 
better the living conditions and to help 
stabilize the habitat in response to 
environmental change. Epiphytic lichens and 
mosses have been shown to aid in establishing 
an ideal environment for other organisms 
(Raven, et. al 516). Lichens help to break 
down the substrate and make it more 
available for use while mosses help to 
maintain moisture and nutrient supplies. 
Vascular epiphytes can then colonize and 
establish relationships with the mosses and 
lichens, which can result in such ideal habitats 
that the biomass of epiphytes may exceed the 
foliage mass of the supporting trees (Benzig 
1983).
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The vascular epiphyte Fagraea herferoawa 
A. Gray ex Benth., in  the gentian family, is a 
native plant that has the capabilities of 
adjusting to environmental conditions in order 
to establish a viable population (W histler 
2005). More commonly known as Pua, is 
indigenous from New Guinea, Northern 
Australia to the Marianas, and eastward to the 
Marquesas. It occurs from sea level to as high 
as 1060 meters and in French Polynesia it is 
generally found from 300 to 600 m eters in 
elevation, and can be found near sea level as a 
result of cultivation (W histler 2004). Pua is 
known for its seasonal fragrant Rowers, 
durable wood and medicinal properties. The 
large tubular fragrant Rowers go from white 
to yellow and then fall off (M. Kellum, pers. 
com.). Bright orange fruits form a year aRer 
pollination and are eaten by birds (mynah's 
and ring eyed finches) and bats(W histler 
2005). The digested seeds are then deposited 
on the chance that they will land in a habitat 
that is ideal. Once the plant is in the adult 
stage it forms adventitious roots that find their 
way to soil to get more nutrients.

Pua has demonstrated the ability to 
specialize in a habitat that offers pollinators, 
dispersers, symbionts (or associates), and a 
supply of resources. By having the capability 
to spread seeds away from the parent tree into 
a suitable environment offers a much higher 
chance of seedling growth (Bazzaz 1991). 
Specializing in a habitat that contains 
symbionts or neighbors, while having the 
possibility of spatial selection also puts 
dispersers at a greater advantage.

Habitat choices for Pua plants are 
generally limited to higher elevahons for 
reasons that are not well understood. 
However: the result of cultivated plants near 
sea level at 0-52 meters in elevation can lead to 
the establishm ent of a larger population. This 
is the case on the property of Marimari 
Kellum  on Moorea, French Polynesia. One 
cultivated tree has lead to a population of over 
200 individuals.

In this study 1 set out to find what 
properties of this habitat contributed to the 
success of the F. &erferoa?ia in this particular 
region. Substrate characteristics, epiphyte 
community and canopy density are the three 
m ain components that I examined. I also ran a 
germination study to try and create the

"choice" habitat for Pua seeds. I hypothesized 
that the germination of Pua seeds would occur 
in coconut m ulch versus the m onocot tree 
mulch. I expected to find more moss, lichen, 
and fern epiphytes growing in close vicinity to 
Pua saplings and juveniles. I also expected 
canopy cover to be correlated to plant size and 
height.

METHODS

Gerwn'MHho?!

Pilot surveys were conducted on Moorea, 
French Polynesia (17°30'S, 149° 50'W ) on 
Septem ber 21 through 30, 2005. Sites of special 
interest that were known to contain Pua 
populations were M arimari Kellum 's 
property, 3 coconuts trail summit, 3 Firs trail 
summit and the Cross Island trail summit (B. 
M ishler pers. com.).

Coconut mulch, monocot tree mulch, and 
sifted compost soil were used as substrates. 
The Tree m ulch was sterilized at 16 P.S.I. for 
36mins, the Coconut m ulch was sterilized at 
20 P.S.I. for 43 minutes and the soil was 
sterilized at 17 P.S.I. for 40 minutes. Fruits for 
the experim ent were collected from a roadside 
tree (UTM 8061595), the seeds were removed 
and 142 groups of 20 were counted. In order to 
simulate bird scarification, 80 seeds were 
placed into a 5% HC1 w ash for lOmins and 
then were rinsed twice w ith water and 
another 80 seeds were filed. 108 pots consisted 
of 36 pots that were filled with each substrate. 
Substrates were assigned letters A (tree 
mulch), B(coconut mulch) and C(soil) .The 
seeds and fruits were placed on top of the 
substrate. Full shade, full sun, parhal shade 
and parhal water treatments set up at various 
locations throughout the Gump Station (Fig. 
1). Upon the exception of pots that were 
placed in area X5, all pots were watered 
enough to make the substrate moist. Area X5 
was on an automatic watering system in 
which the plants were watered twice a day. 
W atering was started at 200 mL but was soon 
decreased to lOOmL upon the discovery that 
the substrate was not drying. The pots that 
contained dirt w ere decreased to 80 mL in 
order to allow for the substrate to dry a little. 
Those pots in  full shade treatments were 
watered everyday w ith 60mL. The pots were

XI ]U tn ;u lM K )63936 F«H sun
Shade

X2 4m /UTM8063998
Sun Shade W ater W ater

SM /U1MSUM W 5 Fun b i t e r wS
X4

]5M ;t"M S 063994
Fun W itir wS

Figure 1. This is a depiction of the Gump Station and detailed location as to where the different pot 
placement sites were located. j 44



then rotated weekly. 20 Normal seeds, 20 acid 
washed seeds, 20 filed seeds and 1 whole fruit 
were placed onto moist filter paper in covered 
petri dishes.

Suhstrafe characteristics

At the same time the quadrat was used to 
sample the epiphyte community, the substrate 
of each epiphytic Pua plant was recorded. The 
data from substrate availability was used to 
compare the substrate preferences of the Pua. 
The height of the plant from the ground was 
measured if it was less then 2 meters in order 
to demonstrate the range of habitat preference 
within the under story. The height, number of 
leaves and age of each plant was recorded as 
well.

Epiphyte associations

The epiphyte community that was 
surrounding each Pua plant sampled was 
surveyed using a 1 meter by 1-meter quadrat 
made from a sheet of plastic. The quadrat was 
divided into 25, 10cm by 10cm squares. In 
order to examine the species richness, each 
square was examined in order to count the 
presence of the major groups of mosses, 
lichens, and vascular epiphytes. This helped to 
give an idea as to the nature of the conditions 
and what other epiphytes co-exists in the same 
habitat. The average total for each grouping 
was then divided by 25 and multiplied by 100 
in order to give a percent cover of the area. 
These were then plotted on a bar graph, 
average percent cover versus arboreal groups.

Canopy cover

Canopy cover was measured by using a 
1.75-inch densitometer (a girded convex 
mirror). This was done to provide a range of 
shade cover that Pua prefers. Average canopy 
cover for each age category was calculated 
and then graphed.

Data analysis

Chi-square tests were performed on the 
age category and substrate data as well as 
epiphyte presence on the different substrates. 
An ANOVA analysis of variance with factors 
of age, substrate and response variable height 
was performed. A t-test was used to 
determine whether canopy cover was 
significantly different between the two 
categories of substrate. Another a-nova test

with 2 factors for each epiphyte type, fern, 
moss lichens and vascular epiphyte was also 
performed.

RESULTS

Germination

During the 8 weeks of the germinating 
experiment many of the pots were observed to 
have ants crawling about the substrate. Final 
examination of the pots revealed that ants had 
colonized some pots. None of the seeds that 
were planted had germinated, 1 fruit was 
missing, and ants or other organisms had 
eaten 4 of the fruits out.

Substrate characteristics

Along with epiphyte coverage substrate 
was also recorded. Upon examination of the 
data collected 73% of the plants surveyed 
were found to be growing on coconut stands. 
While 26% of the time Pua was found to be 
growing on a variety of other substrates, such 
as Banyan trees, Brazilian plum trees and 
Avocado trees (Fig. 2).

Figure 2. The survey of the population showed 
that a larger amount of Pua plants 
were living on coconut stands.

Epiphyte associations

Pua was found to be located in areas 
where other epiphytes were growing. On 
average epiphyte coverage was found to be 
highest for mosses and lichens (Figure 3). A 
comparison of epiphytes on two types of 
substrates revealed that frequency of 
epiphytes found was lower on other 
substrates (Fig. 4). But, by charting the 
average % epiphyte cover on the different 
substrates, one can see that the values are 
nearly the same. The study of the population 
also revealed that 66% of the individuals were



Figure 3. Depicts the average 
percent cover of 
each category of 
epiphyte for all of 
the substrates.

Figure 4. Depicts the 
frequency of 
epiphytes found on 
the different types of 
substrate

Figure 5. This shows the 
average % 
epiphyte coverage 
for the different 
substrates.

juveniles while the 30% were saplings and 4% 
of the population contained the fruiting adults 
(Fig. 5). Further analysis of whether or not 
there is a correlation betw een the epiphyte 
community and Pua plant population is 
needed.

Canopy Coper

A study of the canopy cover is important 
because of the effects of sunlight on both 
plants and the habitat. Percent cover on 
coconut stands ended up being higher at 73% 
versus a 26% percent canopy cover for the 
plants that were on other substrates (Fig. 6). 
Percent canopy cover for coconut stand 
epiphytes w as on average 80. W hile those Pua 
plants that were found to be on other 
substrates had about 55 % canopy cover. 
Percent canopy cover also varies for juveniles 
versus saplings. Over all of the juveniles 
sampled the average percent canopy cover 
w as 79, while the saplings had about 74 % 
canopy cover (Fig. 7).

Data Analysis

The data that was collected from each 
plant community surveyed was to be 
analyzed using chi-square tests, ANOVA tests 
and t-tests. The chi-square that was performed 
on the age group and substrate type data 
yielded a value of 8.25(df =  2 , p <  .016). While 
the chi-square test for the epiphyte presence 
on the different substrates data resulted in 
2.1(df =  3 , p <  .6, not significant). The a-nova 
(output and data files attached.) tests resulted 
in an RSquare of 0.849 or a proportion of 85%. 
Of the factors, age was highly significant in 
explaining height (p<0.0001). However: 
interaction between age and substrate were 
not significant. The t-test performed on the 
canopy cover and substrate data yielded t- 
statistic of 35.3 (df =1, p <  .0001) and the mean

for coconut w as 78.6 while the m ean for the 
other substrate was 52.1. The t-test for 
epiphyte cover indicated that 3 of the epiphyte 
interactions (fern, lichen and moss) between 
substrate and age were significant (p<.05 or 
less). For vascular epiphytes, there was no 
interaction betw een substrate and age, but age 
alone was im portant in explaining the percent 
of the epiphyte.

DISCUSSION

GcnwinafioH

There are several factors that could have 
been the reason as to why the germination 
experim ent didn't work. Ants and other 
organisms changed the dynamics of seed 
germ ination by colonizing the substrates or by 
taking seeds. The seeds m ay have also needed 
proper scarification by being digested by a 
bird. Another factor could have been the fact 
that the non-vascular epiphyte community 
needed to be established in order for the Pua 
seeds to germinate. It is quite possible that the 
presence of arboreal flora is one of the 
properties that contribute to the selection of a 
habitat. Sun exposure could have been 
another elem ent that might have prevented 
the seeds from germinating. The amount of 
light available is important because it is a 
major com ponent of plant function is an 
im portant source of energy. There were may 
factors that could have been the reason as to 
why seeds did not germinate but there is not 
any data that can give a clear reason as to 
properties they m ay have been.

Sahsirafe characteristics

It is quite clear that the woody substrate of 
coconut stand bases provides an ideal location 
for epiphyte colonization. The results had 
shown that there is a higher percentage of Pua

Figure 6. Gives the % canopy 
cover for the plants 
that were found on 
the different 
substrates.

Figure 7. Shows the %canopy 
cover for the 
different age 
groups, juvenile 
and siting.

Figure 8. Depicts the mean 
canopy cover
calculated from the 
t-test analysis



and epiphytes on coconut then on other 
substrates (Figure 6). This lead to further 
discovery that the community found on 
coconut palms differed from the other types of 
substrates. W hile substrate was found to not 
be a contributing factor to Pua plant height, it 
was clear that the age of the plant explained 
the height (p<0.0001). The fact that the age of 
the plant and the height of the plant showed 
more of a relationship, as plants age they 
become larger and taller. Another conclusion 
that was made from the chi-square test was 
that the coconut and other substrate were 
clearly independent of each other (Chi-square 
8.25). There are more individuals in 
communities that have established on coconut 
stands, which indicate that the environment 
provides enough resources. Selecting the right 
habitat is very important to success when 
space and nutrients are vital commodities in 
an area where competition is at its highest.

Epiphyte associations

The community of local flora is also 
another important factor for the habitat choice 
exhibited by the Pua plant. The epiphyte cover 
on coconut versus other substrates was 
significantly different. Colonization will 
generally occur where resources are available 
and environmental conditions are ideal. This 
may explain why communities found on 
coconut stands had larger populations. Other 
test results do indicate that Pua plant age was 
dependent on the other factors of epiphytes 
and substrate type. W hile the Pua was always 
found to be in the same place as mosses and 
lichens, the age of the plant depended on both 
percent of the epiphyte and the substrate. It is 
clear that Pua seeds germinate best under 
conditions where both the substrate and the 
epiphyte cover contribute to plant 
establishment and growth.

Since epiphytes are known to play major 
roles in community health by contributing to 
whole ecosystems and environments they are 
important factors when it comes to being 
successful in a habitat. Another important 
factor for growth and development is that 
epiphytes also play huge roles in nutrient 
cycling because of their large storage capacity 
(Benzig, 1998). Non-vascular epiphytes
sometimes hold a key in making a habitat 
more hospitable to other flora and fauna, 
which seems to be an ideal situation for the 
Pua plant.

Canopy cooor

In conjunction with the epiphyte 
community and the coconut substrate, light 
plays a vital role in habitat functions. Light is 
the source of energy for photosynthesis and 
too much light can cause the photosynthetic 
processes to actually decrease (Cronquist 
1961). Light is the first vital component of 
photosynthesis and sugar production.

The canopy seemed to provide the Pua 
and other epiphytes with the right amount of 
shade and light. The canopy cover was 
significantly different between the two 
substrates and could possibly be the reason as 
to why there was a higher establishment of 
epiphytes on coconut stands. W ith mean 
canopy cover for coconut being 78 it is clear 
that this aspect of the habitat was more ideal 
and that a majority of the arboreal flora 
performed best under these conditions (Fig.8).

Pua plants also demonstrated flexibility in 
shade requirements because it was found to be 
growing in conditions where the canopy cover 
was nearly 50%. Since the mean canopy cover 
on other substrates was lower and Ptia was 
found to be growing in these conditions this 
particular epiphyte demonstrates its evolution 
and that it can specialize in a variable habitat.

C O N C L U S I O N

Habitat specialization in plants reveals a 
lot about the types of environments that form. 
Since epiphytes get their vital nutrients from 
their environment and not their host (or 
substrate) it is important to be successful in a 
habitat that provides enough resources for 
seed germination and growth. E. Ferferoana 
demonstrated that it has the capabilities to 
specialize a habitat that provides enough 
resources for its needs. It spreads quite easily 
because of the presence of proper disperser's, 
which allow for the plant to colonize areas 
where space is available. It grows 
epiphytically along with other epiphytes such 
as moss and lichens, which are known to 
contribute to local nutrient stores. Pua also has 
great flexibility when selecting a substrate to 
utilize because it was found to be growing on 
lava rock at higher elevations to dead Banyan 
trees and coconut stands at lower elevations. 
The amount of moisture, substrate availability 
and light are important properties that have 
allowed for the Pua plant to establish itself on 
Marimari Kellum 's property.

However, there are certain factors that 
limit this plant from establishing large 
invasive populations. Is it the fact that when it
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comes to spatial competition it can't establish 
itself? Is it a possibility that there is too much 
competition for vital nutrients and therefore it 
can't survive? W hat about epiphyte associates, 
are they really necessary to establish a 
population? These are just some of the vital 
questions that could be potentially explored.
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PATTERNS OF COMMUNITY COMPOSITION: A PHYLOGENY OF THE
HOLOTHURIANS OF MOOREA

Kristin M. Tremain
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Abstract: Community species composition usually depends on the array of 
exploitable niches available. Holothurians are a large and diverse group of echinoderms 
that inhabit many different ocean environments of the world. The large diversity of sea 
cucumbers (Holothuria) and their species co-occurrence in multiple habitat types, 
presents them as ideal organisms to study the patterns of community species 
composition. In this study, a morphological phylogeny of sea cucumbers (Holothuria) 
was created using 27 characters and 11 species to help understand the evolutionary 
relationships between members of the Holothurian order Aspidochirotida. This 
phylogeny was used to observe patterns of species composition at two levels of 
community composition: island community and habitat. This study was conducted on 
the island of Moorea, French Polynesia. Given the apparent isolation of the Society 
Islands, I predicted that the sea cucumber species of Moorea would be phylogenetically 
clumped. After mapping ecological data onto the phylogeny, I observed patterns of 
phylogenetic clustering, overdispersion, evolutionary polarity and phylogenetic 
conservatism. Phylogenetic clustering appears to be the primary pattern of species 
composition on Moorea, however more evidence is required to support this. Until further 
phylogenetic and statistical analyses are conducted, this topic remains unresolved.

K e y  w o rd s : sea  c u c u m b e r ; m o rp h o lo g y ; p h y lo g e n y ; c o lo n iz a tio n ; o o e rd is p e rs io n ; p h y lo g e n e tic  
c lu s te r in g ; cv o tM tion ary  p o la r ity ; p h y lo g e n e tic  c o n s e rv a tis m ; n ic h e ; h a b ita t ;  M o o re a , F r e n c h  
P o ly n e s ia

INTRODUCTION

Species composition of a community usually 
depends on the array of exploitable niches 
available. Currently there are two accepted 
patterns of community composition: 
environmental filtering and overdispersion 
(Cavender-Bares et. al, 2004). First, if closely 
related species share similar environmental 
constraints, such as isolation, then environmental 
filtering may occur. Only a select number of 
species will colonize and be successful; these 
species are closely related, as species which are 
not closely related are unsuccessful and 'filtered 
out'. This mechanism is referred to as 
'phylogenetic clustering'. Second, limited 
resources could prevent the ability of closely 
related species to co-occur, due to competitive 
exclusion. This second pattern is termed 
'overdispersion' and predicts that character 
similarities are a result of evolutionary 
convergence.

W ithin a community, patterns of species 
composition can be observed at many different 
levels. The co-occurrence of a particular group of 
individuals or species within a given habitat is 
often the result of multiple patterns of species 
composition being displayed concurrently. In this 
study the species composition of a given habitat is

explained through the ecological patterns of 
evolutionary polarity, phylogenetic conservatism, 
overdispersion, and phylogenetic clustering.

In this study, an ecological niche is defined as 
the set of conditions and resources that a species 
population requires an d /o r tolerates (Futuymna, 
1998). A community is defined an assembly of 
species co-inhabiting the same geographical area 
under similar environmental conditions. A habitat 
is the place where an organism lives (Futuyma, 
1998).

Holothurians or sea cucumbers are a large and 
diverse group of echinoderms that inhabit the 
oceans of the world. More than 1400 described, 
extant species, assigned to more than 140 genera 
in 5 orders, occur in the w orld's oceans today 
(Smiley, 1994). This class of marine invertebrates 
has undergone a significant evolutionary radiation 
into different marine habitats, ranging from 
tropical inter-tidal pools to deep ocean and cold 
polar waters. M any Holothurians are sediment 
feeders that remove the organic coating from 
sediment grains and excrete this nutrient-depleted 
sand as fecal pellets on the ocean floor (Tran, 
2003).

Ranging in length from less than a centimeter 
long to 5 meters (Mortenson, 1938), A recent 
estimate suggests that only 50% of sea cucumbers 
in the w orld's oceans are described and known (A.
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Kerr, personal communication). The large amount 
of variability in Holothurians raises multiple 
questions about holothurian evolution.

Sea cucumbers are typically recognized by 
non-rigid, elongated bodies, with variation on a 
cylindrical body plan. Holothurians are unique in 
that, unlike other echinoderms, their external 
skeleton has been greatly reduced into 
microscopic ossicles that are embedded in the soft- 
tissue body wall. These ossicles serve as an 
excellent tool in phylogenetic analysis, because 
they are evolutionary baggage with a signal that 
has been preserved in their fossil record.

The island of M oorea is a member of the 
Society Island Archipelago, a remote volcanic 
island chain located in the South Pacific Ocean. It 
is a true oceanic island in that is has never been 
connected to the mainland (D'Artenay, 2004). Due 
to its location and short history, few species of 
Holothurians have colonized the waters 
surrounding island of Moorea.

Sea cucumbers are most diverse in the tropics 
(Kerr, 2001), cohabiting areas where coral gardens 
are found. In Moorea, French Polynesia, sea 
cucumbers are a conspicuous faunal element 
along the shore and on lagoonal reef flats. The 
diversity of morphology in these areas is large, 
and in some places more than 55 individuals have 
been recorded from a .25-meter area of sediment 
(Strong, 2003). Comparatively little is known 
about the distribution and full range of species of 
sea cucumbers on M oorea, and past studies 
(Filliatrault, 1996; Brusch, 1999; Strong, 2003; Tran, 
2003) have concentrated on single or few species at 
few localities. This paper provides a catalogue and 
distribution map of the 11 species located and 
identified in this study.

Morphology-based phylogenies have been 
constructed in the past (e.g. Clark, 1907; Gilliland, 
1993; Kerr, 2001; Samyn 2005), with a large focus 
on the variation of microscopic ossicles embedded 
in the body wall. Here, I present a morphology- 
based phylogeny based on 26 characters that I 
establish and define. Characters are based on 
external and internal morphology differences 
among species, as well as variation in ossicle type.

The primary objective of this study was to 
generate a m orphological phylogeny to help 
understand the evolutionary relationships 
between members of the Holothurian order 
Aspidochirotida. The phylogeny was used to 
determine whether the diversity of Holothurians 
on M oorea is best explained by phylogenetic 
clumping, or overdispersion. Given the apparent 
isolation of the Society Islands, I predicted that the 
sea cucumber species of M oorea would be 
phylogenetically clumped.

I showed the evolutionary relationships 
between the m embers of the Holothurian order 
Aspidochirotida. The maximum parsimony 
phylogeny that I created revealed four patterns of 
species composition on Moorea. Patterns observed 
include phylogenetic clustering, overdispersion, 
evolutionary polarity and phylogenetic 
conservatism. Phylogenetic clustering appeared to 
be the primary pattern of species composition on 
M oorea, however more evidence is required to 
support this.

MATERIALS AND METHODS

All w ork was conducted on the island of 
Moorea, French Polynesia (17°30' S, 149°50" W) in 
the South Pacific, during October and November 
of 2005. Holothurian individuals were collected 
from five habitat types in multiple locations on the 
northern portion of the island (see figure 1). 
Animals were collected from multiple shallow sub 
tidal localities ranging from shore to 5 meters deep 
in the lagoon.

IndlvldMcl Collections

Individuals were collected from  the northern 
portion of the island, from Haapiti in the west to 
Temae in the east (see figure 1). All observed 
individuals were identified and counted. A 
m inimum of two representatives from  each 
species w ere collected and held in the lab for 
observation and dissection.

Individuals w ere collected using Z ip -L o ck ^  
freezer bags, a dive bag, and bucket. Gloves were 
used in collecting to prevent skin burns. In case of

t

FiG. 1. Moorea, French Polynesia. Dots represent study 
sites. See figure 6 for number descriptions of habitat 
types.
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cuvierian tubule expulsion by a Bo&tsc/na species, 
a wooden stick was carried and used to remove 
tubules from skin and gloves. Individuals were 
maintained in tanks in an open seawater system.

Taxon Selection and Rooting

Representatives from a total of 11 species were 
included in this study and 9 are in the order 
Aspidochirotida. The two outgroup species, 
Synapfa macu/afa and Ctn'rotida iinwniiensis, are in 
the order Apodida. A representative of each of the 
eleven species was dissected. A minimum of two 
individuals from each of the eleven species were 
collected and scored for a total of 31 characters (27 
were used in the phylogeny). W ithin the order 
Aspidochirotida, there are currently three families: 
Holothuriidae, Stichopodidae, and Synallactidae. 
This study focuses on the relationships within and 
among Holothuriidae and Stichopodidae. Of these 
eleven species, eight are within Holothuriidae and 
one is in Stichopodidae.

Character De/bnhon and Scoring

A total of 31 post-larval morphological and 
ecological characters were defined and scored in 
adults of 11 holothurian species. Characters were 
based on external morphology, internal anatomy, 
and ossicle type. Characters designated in this 
phylogenetic study are adapted from those used 
in previous phylogeny studies (e.g. Clark, 1907; 
Gilliland, 1993; Kerr, 2001; Samyn 2005), but are 
defined from personal experience of variation in 
features that differ among species.

After analyses of independence, inheritability, 
and discreteness, four characters were discarded 
for not satisfying all three requirements. All 
characters used in this phylogeny were 
independent, inheritable, and discrete. 
Independence defines a character state as being 
unique and unlinked to any other character states 
used in the study. Inheritability requires that all 
characters are evolutionarily heritable to the 
offspring of the taxa studied. All characters in this 
study were discrete, signifying that the character 
states were distinguishable and finite.

Externa/ MorpEo/ogi/

Nine external characters were defined and 
scored on a total of 30 individuals. Individuals 
were removed from free flow tanks ad placed in a 
shallow bucket for scoring. Animals were 
observed in bucket and closely examined to 
observe differences in external morphology. 
Characters, character states, and illustrations are 
detailed in the following section.

Interna/ Morp/io/ogy

One representative from each taxon was 
dissected and examined for internal characters. 
Five internal anatomical characters were defined 
based on comparison among species. Ho/of/mria 
/eMcosn//ofa, Ho/of/mr/a /n'//a, Ho/of/mr/a 
(Eessonof/mr/a) pardaZ/s, and C/t/r/dofa /lawa/iensts 
were dissected using a dissecting microscope 
magnified at 30x and 60x. Organisms were 
irrigated with 90% ethanol during dissection. 
Internal structures were identified using Lutz, 
1986, and photographed with a digital camera. 
Characters, character states, and illustrations are 
detailed in the following section.

Ossic/es

Ossicles were obtained from mid-dorsal and 
mid-ventral body wall regions. Seven ossicle 
characters were defined and scored. In order to 
isolate ossicles, a portion of body wall 
approximately 1-2 cm^ was dissolved in a closed 
container of 100% household bleach at 7 degrees 
Celsius for 48 hours. The solution was then rinsed 
in tap water ad the top layer of liquid was poured 
off, leaving the ossicles at the bottom  of the 
container. Using a pipette, the ossicle-liquid 
solution was then placed on a slide and viewed 
under a compound microscope at a high light 
aperture. Ossicles were magnified to lOOx and 
420x, and photographed with a digital camera.

P/ty/ogewef/c Ana/ys/s

Heuristic search analysis of the data was 
performed using PAUP* for Macintosh.

F[G. 2. M icroscopic ossicles examples from dissected sea 

cucumbers. Clockwise from upper left comer: rosette, web, 

barbed rod, cloud, table, wheel, rosette, anchor, cloud, and 

button. All ossicles were obtained by dissolving a piece o f  

tissue in household bleach. Ossicles are magnified at 450x .
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Phylogenies were created using maximum 
parsimony analyses, as the principle of parsimony 
in phylogenetic study proposes that we tentatively 
accept the sim plest hypothesis that accounts for 
the data (Futuyma, 1998).

A significant amount of character data for 
individuals in the matrix was incomplete because 
dissections were performed on only one 
representative of each taxa. A strict consensus tree 
and maximum value consensus tree were inferred 
from characters scored on all individuals. If an 
individual was not used in dissection, it was 
scored with a '? ' for those 11 characters. An 
exemplar tree was created from  the consensus 
tree, using one representative from each taxa to 
represent the species.

Ecological Analysis

Changes of individual characters along 
branches and habitat ecology were examined 
using MacCladc.

RESULTS

Character Analysis

24 morphological characters and 7 ecological 
characters were defined and scored. 
Morphological characters were divided into 
external morphology, internal morphology, and 
ossicle morphology. An example of an external 
morphology character used in  this study was the 
Overall body shape. Three character states were 
observed: ver7ni/br?n and egg-shaped =  0; verm dorm 
and elongated =  1; thin and rope-lihe =  2. Veriform 
body shape is defined as having an uncontracted 
body diameter that is circular in cross-section, 
with the diameter either constant along the length 
of the body or slightly decreasing posteriorly. 
Overall body shape is described as being 
vermiform and egg-shaped, vermiform and 
elongated, or super-elongated, thin, and rope-like 
(Kerr and Kim, 2001). Members of the genus 
Bodaschia and T. ananas were observed to have 
vermiform and egg-shaped bodies. M em bers of 
the Holothuria genus and Chin'dofa hawah'ensts had 
vermiform and elongated bodies. Synapfa macnlata 
had an elongated, thin and rope-like body shape.

A total of 6 Internal Morphology characters 
were described and scored. An example character 
is the Appearance of CMutenan fab ales: long, finch and 
white =  0; short, thin and translncenf hlne =  1. Due to 
the large variation in cuvierian tubule 
morphology, a second cuvierian tubule character 
observed. Members of the genus Bodaschia have 
long, large, white cuvierian tubules that are 
expelled from the anus. Holothuria iencosphofa was

observed to have very thin, iridescent blue 
cuvierian tubules. Both forms of cuvierian tubules 
are very adhesive and can cause skin burns 
(Samyn, 2005).

Observations of microscopic ossicles revealed 
9 ossicle characters that were defined and scored. 
An example is the Web ossicle.* absent =  0; present =
1. Web ossicles consist of a central bar with 
usually four curved arms rising out from the two 
ends of the central bar. The terminal end of each 
curved arm splits into two or three smaller branch 
ends, similar to the end of a tree branch. This 
character is probably the same as the Psychropofid 
rods described by Kerr and Kim. Kerr and Kim 
scored presence and absence of Psycbropofid rods, 
and described them as possessing a unique ossicle 
type, a cross of usually four curved arms, each 
with a centrally arising branch (Kerr and Kim,
2001). Web ossicles were observed in Synapfa 
fnacniafa (an outgroup species) and Thelenofa 
ananas.

Ecological traits were observed and 7 
characters were defined and scored. An example 
of an ecology character is the Period of aefioify; 
diurnal =  0; nocturnal =  1; both =  2. M ost observed 
individuals had a distinct period of activity during 
the day where found actively moving around 
(both in the tanks and in the ocean) and feeding or 
releasing a cloudy liquid into the water. 
Individuals of Bodaschia argus and Theienofa ananas 
were observed active during both the day and 
night.

Phylogenetic Analysis

The heuristic search identified over 500,000 
most parsimonious trees (stopped randomly at 
503,133), with a shortest length of 69 steps. The 
consistency index, or measure of the average fit of 
all the characters to the tree, was 0.58 (perfect fit =  
1, worst fit=  0) (see Figures 3A and 3B). Although 
both outgroup species are members of the order 
Apodida, the strict consensus of these trees (Fig. 5) 
distinguished only the outgroup Synapta maculata 
from the order Aspidochirotida. A maximum 
parsimony 50% majority rule tree was also created 
(see Figure 4). The other outgroup species, 
Chirodota hawaiiensis, was not distinguished 
from members of the order Aspidochirotida. The 
four species in the genus Bodaschia were 
distinguished as a separate clade on the 
phylogeny. The strict consensus tree also 
separated out species HoiofbMna afra and the 
unknown Holothuria (Actinopyga) species.

Due to the result of over 500,000 equally 
parsimonious trees, a maximum parsimony 50% 
majority rule consensus tree was created, and 
produced a more resolved tree (Fig. 3A). Only one
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polytomy between members of the genus 
Bodaschia is visible.

Ecological data in characters has been 
included as an additional line of evidence. 
Removing ecological data decreases the resolution 
of the tree.

Ecological Analysis

Hain'fai -  Individuals from the 11 species were 
observed in five habitat types on Moorea. Habitat 
types observed on Moorea were located on the 
northern and western regions of the island. Seven 
different areas were visited. On the motu Tiahuru, 
three distinct habitat types were observed (See 
Figure 6).

DISCUSSION 

PEyiogcneiic Discussion 

Bodascliia spy.
A polytomy existed beetween species A and B 

(BodnscEin argns), J (Bodascln'a marmorafa), and 
species K (Bodascina nnlcnozon), within the family 
Holothuriidae. This polytomy reinforced the idea 
that A and B are morphotypes of the same species, 
BodascEia argns. Species J has been named 
BodascEia marmorafa, a closely related species 
(personal communication, A. Kerr).

FIG. 3A. M axim um Parsimony tree generated 
from 21 m orphological characters and 7 ecological 
characters. This is tree #1 generated by PAUP and 
represents over 500,000 equally parsimonious 
trees with a tree length of 69.

Key to Species Names:
A 1 -2 Bodasc/zz'a argzz.s (black color morph)
B 1 -2 Bodasc/zza argzzs (white color morph)
CI -3 fdo/odzzzrza atra
D 1 -3 Bvnapfa nzaczz/ata
E l -2 T/ze/enota ananas
G l-3 //o/odzzzrza /ezzcospz/oZa
H I-3 Tdo/odzzzrz'a (i4c?z'nopygai spp.
11-3 /7o/odzMr;a in'i/a
JI -3 Bodasc/zz'a argzzs
KI Boda.se/zza unknown spp.
L I-3 C/zz'rzdota /zawaz'z'en.sz'.s
M l-2 7do/ot/zMrza (Eessonot/zzzrz'a) .spp.

(possibly id. parda/z's)

FlG. 3B. Maximum parsimony exemplar tree of eleven species, including both morphotypes o f Bodaschia argus. 
Phylogeny was created using 27 morphological and ecological characters.
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FtG. 4. Maximum Parsimony 50% majority consensus 
tree displays evolutionary relationships between 
individuals. Outgroups are distinguished as Synayta 
ynactdafa (D) and Cin'rodofa hawan'enszs (L).

FiG. 5. Maximum Parsimony Strict Consensus Tree. The 
genus Bodaschia is distinguished from the other members 
of the Aspidochirotida family. Tree is highly unresolved

t

Figure 6. Habitat Types on Moorea: 0 =  Water less than 2 
meters deep, gradual slope, coral bottom; 1 =  Water less 
than 2 meters deep, coral bottom, gradual slope, current; 2 =  
Water depth quickly varies from 0 to 4+  meters deep, rocky 
area, coral bottom; 3 =  Strong current, greater than 2 metres 
deep, coral bottom; 4 =  Water depth less than 1 meter deep, 
high sun exposure, little -  no coral, sandy bottom

Bodaschia marmorata, as they display very 
similar m orphological and ecological character 
states. All individuals had a thick cylindrical 
body shape and spots were present. Long, thick, 
white cuvierian tubules were present in all 
individuals of Bodaschia marmorata and species
K. Equivalent m icroscopic ossicles were present 
in the form  of clouds and smooth rods. Oral 
tentacles were of a 'plunger' shape. Further 
m olecular analyses may further reveal the 
relationship between these individuals.
Bodaschia argus (both color morphs) w as active 
during the day and night, whereas individuals 
of groups Bodaschia marmorata and unknown 
Bodaschia species K burrow ed underneath the 
sand during the day and actively fed on top of 
the sand at night. The close similarity of life 
history traits in the individuals of these taxa 
suggest that these individuals are morphotypes 
of the same species. This pattern is also
observed in the two color m orphs of Bodaschia 
argus, and support that they too, are 
morphotypes of the same species.

Hoiof^Mrfa spp.
All members of the genus Holothuria were 
grouped together on the phylogeny generated in 
this study (see Figure 3A). The clustering of this 
group of individuals supports the species 
identification of these animals and that they are 
closely related individuals of the genus 
Holothuria. Species HoiotMna afra, Holothuria 
(Acffnopyga) spy., LMofMn'a (Lessonoflmna) spp., 
HoIofMna icMcospfiofa, and HolotMn'a M ia, are 
classified within the family Holothuriidae. These 
five species are m embers of the genus 
Holothuria (Kerr, personal communication). The 
genus Holothuria appears to be basal to the 
genus Bodaschia in this phylogeny. This result 
supports a recently published molecular 
phylogeny (Kerr, 2005).

Previous morphology-based phylogenetic 
studies, using different members of the genus 
Bodaschia, display the genus Bodaschia as basal 
to the genus Aspidochirotida (Samyn, 2005). This 
discrepancy is possibly due to fewer, and new 
m orphological characters that have not been used 
before. Past character descriptions are brief and 
in some instances poorly explained, thus 
although the characters appear similar, they may 
have been recorded and scored very differently.

TMenofa ananas
In this analysis, species E, T^eienoia ananas, a 

member of the Stichopodidae family, is an 
intermediate between the genus Bodaschia and 
Holothuriidae. These results are inconsistent with 
previous Holothuridae systematic studies.

f
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Previous studies place the family Stichopodidae 
basal to the family Holothuriidae. Members of the 
Stichopodidae family are often used as an 
outgroup in phylogenetic studies of members of 
the Holothuriidae family (Kerr, 2001; Kerr, 2005; 
Samyn, 2005).

Tf:efenofa ananas is the only member of the 
family Stichopodidae I found on Moorea. A 
previous study (Filiatrault, 1996) on Moorea 
observed members of the genus Stichopus on the 
reef flat. Species composition of a habitat changes 
over time and individuals of this species may no 
longer exist in the shallow sub-tidal waters 
surrounding Moorea. The family that is 
evolutionary basal to the family Aspidochirotida 
according to Kerr (2005).

The evolutionary position of species E in this 
study may be due to a significantly larger amount 
of more defined morphological characters used in 
previous studies, particularly pertaining to the 
microscopic ossicles (101 ossicle characters used in 
Kerr, (2005) versus 11 ossicle characters in this 
study). Further analyses including molecular data 
would affect the results, and most likely modify 
the tree presented in this study, to more closely 
resemble current accepted Holothurian 
phylogenies.

OMfgroMping

CEiridota Earuaiiensis and Synapfa macufafa are 
basal to the family Aspidochirotida, and lie within 
the family Apodida. These two species were 
chosen as outgroups to root the tree, and they are 
commonly found on the island of Moorea.

EroZahonan/ Polarity and Pfn/iogenefic Conseruafisw

Community assembly of a particular habitat is 
the combination of multiple ecological patterns 
displayed concurrently. In this study the co
occurrence of multiple species found in the five 
habitat types is related to the ecological patterns of 
evolutionary polarity, phylogenetic conservatism, 
overdispersion, and phylogenetic clustering. To 
infer if these patterns were present in sea 
cucumbers on Moorea, ecology data was mapped 
onto the maximum parsimony phylogeny.

One goal of this study was to try and 
determine if closely related species occupy the 
same habitats and whether the ability to inhabit a 
specific environment is derived or ancestral. The 
direction of evolutionary polarity was inferred in 
character states of closely related individuals in 
relation to their ability to occupy a specific habitat.

. Evolutionary polarity is an inference about 
the directionality of evolutionary change. To infer 
which character state is plesiomorphic (ancestral)

and which state is apomorphic (derived) is to infer 
evolutionary polarity (Futuyma, 1998).

Phylogenetic conservatism is a term used to 
describe evolutionary characters that have a very 
low rate of evolutionary change (Futuyma, 1998). 
The traits required for a sea cucumber on Moorea 
to inhabit a specific environment appear to be 
phylogenetically conserved. Evidence supports 
that the degree of phylogenetic conservatism may 
be related to the ease of inhabiting a specific 
environment.

In my analysis of habitat types, I found that 
habitat type 1 is characterized by water less than 2 
meters deep, a gradual slope, and a sand and coral 
bottom (Figure 7A - see appendix). In this habitat 
type, eight of the eleven species can be found. 
According to the tree, the ability to inhabit this 
environment is ancestral and was lost within the 
Holothuriidae family. The tree suggests that this 
trait was lost twice: once prior to H. feacospffofa 
and H. Mila, and once before H. (Acfinopyga) spp. 
However since three of the four members of this 
family lack the ability to live in this environment, 
the trait may have been lost in the ancestor to the 
Holothuriidae family and regained in HolofEarfa 
a fra .

Habitat type 2 (figure 7b) is very similar to 
type 1, however it also contains a forcible current. 
The ability to inhabit this environment evolved 
independently three times: in HofoffzMrfa a fra, 
Hoioffmn'a Mia, and in BodascMa argas (both 
morphotypes) and only occurs in these three 
species.

In habitat type 3 (figure 7c), a steep slope 
quickly varies the water depth from 0 to 4+ meters 
deep. The area is rocky, and has a sand and coral 
bottom. This character appears to be ancestral, and 
was lost fa C. Eawaiicasis, H (Lessoaotfmria) spp., H. 
falia, B. ?aarmorafa, and B. aafraowa species K. Three 
of the five members of the Holothuriidae family 
coexist on the rocky coral habitat (3). Over half of 
the holothurian species found on Moorea occupy 
this habitat type.

Habitat type 4 (figure 7d) has a strong current, 
and has a sand and coral bottom. The ability to 
inhabit this environment appears recent, and only 
B. argMS, H. afra, and H. (LessoHoEmna) spp. are 
found here.

In habitat type 5 (figure 7e), the water depth is 
less than 1 meter deep. There is high sun 
exposure, little to no coral, and a sandy bottom. 
Only species H. afra, B. argMS, are found here.

High sun exposure (Habitat 5) and the 
presence of a forcible current (Habitats 2 and 4) 
are ecological components that appear to be 
difficult for Holothurians to adapt to. This 
explains the presence of over 54% and 72% of 
observed species on Moorea in Habitats 1 and 3
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respectively, while the remaining habitats with 
high sunlight and a forcible current contained less 
than 28% of observed species on Moorea.

In future studies or if more time were allotted, 
community assembly of the Holothurians of 
Moorea would be statistically analyzed. Ecology 
data of the five habitat types observed on Moorea 
would be mapped onto the maximum parsimony 
phylogeny generated in this study in order to 
determine if closely related species are found 
more or less ecologically grouped than expected 
by random on Moorea.

In order to test this, a null hypothesis would 
be created which uses MacClade to randomly 
assign the character state (presence or absence to 
occupy a certain habitat) to the taxa in the 
phylogeny. This null model would state that there 
was no association between the character and the 
phylogeny; the distribution appears random. 
Character state (presence or absence of individual 
in a given habitat) of a specific habitat would then 
be mapped on the tree for each individual. The 
consistency indexes among the five habitat types 
would then be compared across the trees (one tree 
per habitat type). If the consistency index were 
greater that the null value, then evidence would 
support that the organisms are phylogenetically 
clustered in their habitats. If the consistency index 
were less than the null value, then evidence would 
support that the organisms are ecologically 
overdispersed across habitats. This data would 
reveal useful and interesting information about 
the community assembly of the Holothurians of 
Moorea.

P fiy /o g e n e h c  C lu s te r in g  a n d  O u e rd isp e rs io n

If closely related species share similar 
physiological limitations and exhibit evolutionary 
niche conservatism, then environmental filtering 
will tend to cause closely related species to co
occur. This pattern can be termed "phylogenetic 
clustering" (Cavender-Bares, 2004).

The contrary to phylogenetic clustering is the 
pattern of overdispersion. The competitive 
exclusion principle states that if two species 
occupy the same niche, and coexist in the same 
ecosystem, then one of these species will be 
excluded from the community due to intense 
competition (Gauss, 1934).

The pattern of overdispersion reveals that 
species occupying the same niche are not 
evolutionary closely related. Instead, species 
appear similar visually due to trait convergence.

I predicted that pattern of phylogenetic 
clustering would be apparent in the species 
composition of sea cucumbers on Moorea. Moorea 
is an isolated volcanic hot-spot island, that was

never connected to a continent. Due to this 
extreme isolation and process of formation, I 
predicted that species of sea cucumber present on 
Moorea would appear similar and would be 
evolutionary closely related.

Analysis of the relationships among taxa at 
the family level revealed that the families used in 
this study are closely related (see Figure 8). The in
group families Stichopodidae and 
Aspidochirotididae are sister species on this 
morphological phylogeny (modified from Kerr, 
2000). Of the 11 species used in this study, 7 are 
within the family Aspidochirotidae and 1 is in the 
family Stichopodidae. The two outgroup families 
are found within the family Synaptidae and the 
family Chiridotidae. These two families appear as 
sister taxa on this phylogeny as well. This data 
supports phylogenetic clustering as the pattern of 
species composition on Moorea. Due to the lack of 
phylogenetic data of the Holothurians at the 
species level, this issue remains unresolved.

Future phylogenetic study is required to 
determine if phylogenetic clustering is the pattern 
of species composition on the island of Moorea. 
With the organization of a super-tree, the location 
of Holothurian species found on Moorea within

Holothuriidac

Stichopodidae

Synaptidae

Chiridotidae

Ftc. 8. Phylogeny of H olothurian families. Reveals 
the close evolutionary relationship betw een ingroup 
fam ilies H olothuriidae and Stichopodidae. The 
ougroup families Synaptidae and Chirodotidae also 
are evolutionarily closely related. This phylogeny 
supports possibly of Phylogenetic Clustering being an 
observable pattern of species composition on 
M oorea.
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the larger phytogeny of sea cucumbers could be 
resolved. From this, the pattern of species 
composition on Moorea could be resolved. If the 
species found on Moorea appeared clustered on 
this super-tree, then phylogenetic clustering 
would be the pattern. If the species found on 
Moorea appeared very distantly related on the 
super-tree, then overdispersion would be the 
pattern of species composition.

Statistical analyses similar to those explained 
in the previous section on EuoiMtionary Polarity and 
PEyiogewch'c Conseruah's??! could also help to 
resolve this issue. Establishment of a null 
hypothesis that stated that species composition 
was completely random could be compared to the 
actual species composition of the Holothurians of 
Moorea using the consistency index. If the results 
were greater than the random number generated 
by the null hypothesis, then phylogenetic 
clustering would be the pattern. If the results were 
less, then overdisperion would be the pattern of 
species composition of the Holothurians of 
Moorea.

The presence of phylogenetic clustering does 
not reject the possibility of phylogenetic 
overdispersion, for the lack of Holothuria 
(LessoHOfhMna) in this habitat may be explained by 
competitive exclusion. Phylogenetic Clustering 
appears to be the pattern of species composition 
on Moorea, however future phylogenetic and 
statistical studies are necessary.

C o n c lu s io n

Multiple patterns of community composition 
are contributing to the species composition of sea 
cucumbers on Moorea. These patterns can be 
observed at both the island community, and 
habitat levels. These patterns include phylogenetic 
clustering, overdispersion, evolutionary polarity 
and phylogenetic conservatism.

Phylogenetic clustering appears to be the 
primary pattern of species composition on 
Moorea, but more evidence is required to support 
this. Until further phylogenetic and statistical 
analyses are conducted, this topic remains 
unresolved.
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A PPEN DIX A : C H A RA CTERS

EXTERNAL MORPHOLOGY

1. Overall body shape; oermi/orm cud egg-shaped = 0; oerdbrm and elongated = 1; thin and rope-lihe = 2. 
Verform body shape is defined as having an uncontracted body diameter that is circular in cross-section, 
with the diameter either constant along the length of the body or slightly decreasing posteriorly. Overall 
body shape is described as being vermiform and egg-shaped, vermiform and elongated, or super- 
elongated, thin, and rope-like. Characters were taken primarily from Holothuriidae are usually ventrally 
flattened and (Kerr and Kim, 2001)

2. Firmness ô body rood (in response to touch); collapsed/Zat when ionched = 0;yirm lo loach =1. When the 
individual sea cucumber is held out of water, the body collapses and is no longer circular in cross section, 
but instead flat and 2-dimensional, collapsed ̂ lat when ionched, or the body remains 3-dimensional, and the 
body diameter remains circular in cross-section, yirm io ionch. Apodans usually have a very thin layer of 
connective tissue that causes them to easily collapse and appear transparent. This may facilitate gas 
exchange in the absence of respiratory trees. Most Holothurians posses well developed circular muscles 
and a relatively thick connective tissue layer (Kerr and Kim, 2005).

3. Body segmentation; no! ribbed = 0; rihhed and eoen = 1; rihhed and uneoen = 2. When the animal was 
touched and observed in the wet lab aquaria, differences were observed in body segmentation. Overall 
body segmentation varied greatly. A plain body that was not segmented visually or by touch, was 
considered not rihhed. A body type that had perfectly symmetrical, evenly spaced body segmentation that 
appeared like rings and caused the body to look ribbed, was rihhed and eoen. A body that was segmented 
irregularly and appeared to random folds and ribbing was rihhed and uneoen.

4. Rugosity o/* body wall: smooth = 0; rough textured =1. The texture of the body wall when observed in 
water can either be smooth to the touch and not course, smooth, or abrasive, bumpy, and course to the 
touch, rough textured (Kerr, 2005).

5. Arrangement o/Ventral Tuhe/eet; entire uentral su7̂ ace = 0; two places on central su?4ace = 1; three places 
on central surface = 2. Arrangement of tube feet on ventral surface varies among species. In some 
organisms tube feet were arranged along the entire ventral surface of the body, entire central suf̂ ace. In 
some animals tube feet were excluded from the central ventral section, two places on central sur/ace, and in 
other sea cucumbers tube feet were absent from two portions of the ventral surface, three places on central 
su?̂ ace. Based off of character used in Samyn 2005, however description of character states is unclear. 
EXCLUDED: character state is not discrete. The quantification was difficult and continuous, results vary 
by day.

6. Position o/ Anus; terminal = 0; super terminal-dorsal = 1. Although three character states were 
defined for this character in a previous study (Kerr, Kim 2001), in this study only two character states 
existed. The anus located was located posteriorly at the end of the body and not visible from above, 
terminal, or the anus was located super-terminal on the dorsal side of the body easily visible from above, 
super terminal-dorsal (Kerr, 2000).

7. Enlarged dorsal papillae; none =0; moderately enlarged =1; greatly enlarged = 2. Papillae are bumps 
located on dorsal side of body. Papillae size in some individuals were not seen with the naked eye, none, 
papillae were clearly visible but under 0.25 cm in length, moderately enlarged, or were larger than 0.5 cm
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in length, greatly enlarged. Most members of Stichopodidae have greatly enlarged, thickened dorsal 
papillae (Kerr and Kim, 2001).

8. Wafer exits anas when held: wafer does not exit = 0; wafer exits = 1. When certain sea cucumbers were 
held out of water, a water-like liquid would spray forcefully from the anus. Local Tahitians informed me 
that if this liquid got in a person's eye, blindness is a possibility.

9. Papillae Shape (as seen under dissecting microscope at 60x): simple peak = 0; sfrefcded peak = 1; peak and 
cylinder = 2. Simple peak is defined as a simple upside-down 'v' of skin. Stretched peak is a simple peak 
shape but the skin appears greatly stretched at base. Peak and rod describes species that display noth 
peaks, and cylindrical shaped papillae on the body wall surface. EXCLUDED: based on non-discreetness 
of character states. The states were too similar to tell apart for certain individuals.

INTERNAL MORPHOLOGY

10. Shape of oral fen facies: digitate = 0; peltate, indentations deep = 1; peltate, indentations skoiiow =2; 
pinnate, indentations shallow = 3; pinnate, indentations deep = 4. Digitate is defined as finger-like projections 
connected to the tentacle stalk at the base of the projections. Peltate is defined as leaf-like projections 
where the tentacle stalk is attached at the center of the leaf rather than at the base of the stalk. Shallow 
versus deep indentations refer to the profile image of the tentacle. In shallow, the tip of the tentacle is 
more separated than in deep indentations. Pinnate describes the tentacles as feather-like (Kerr and Kim, 
2001; Kerr, 2001)

11. Number of oral few facies: 10 -  15 = 0; 16 -1 9  = 1; 20 -  21 = 2. Oral tentacle number varied in number 
from 10 to 21 Oral tentacle number was graphed and distinct character states were classified based on 
breaks in the graph at 15 and 20 oral tentacles. Although this character appears to be independent, 
inheritable, and discrete, I am unsure of the validity of oral tentacles as a good character. Inheritability 
appears to be operating, however no other morphological phytogenies use this character.

K E Y  to Oral Tentacle Graph
A Bodaschia argus (black color morph)
B Bodaschia argus (white color morph)

D Synapta maculata
20

E G K

E Thelenota ananas *5 j  *
G Holothuria leucospilota c

18 \ *

H Holothuria (Actinopyga) spp. 1- 16 C D !
1 Holothuria hilla o * * *

J Bodaschia argus .0
E

K Bodaschia unknown spp. z
12

L Chiridota hawaiiensis 10 &
M Holothuria (Lessonothuria) spp. Species

12. Prescwcc/Absewcc of cuuien'HW tubules: absent = 0; present = 1. Cuvierian tubules are very adhesive, 
thread-like tubes that are expelled from the anus as a form of defense. They are created adjacent to the 
respiratory tree near the anus and are quickly regenerated after expulsion. Only certain members of 
Holothuria possess cuvierian tubules (Kerr and Kim, 2001).

13. Appearance of cuoierian tubules: long, thick and white = 0; short, thin and translucent blue = 1. Due to 
the large variation in cuvierian tubule morphology, a second cuvierian tubule character observed. 
Members of the genus Bodaschia have long, large, white cuvierian tubules that are expelled from the 
anus. Holothuria ieucospilofa was observed to have very thin, iridescent blue cuvierian tubules. Both forms 
of cuvierian tubules are very adhesive and can cause skin burns (Samyn, 2005).
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14. Ana/ appendages; absent = 0; present =2. Anal appendages exist in the form of anal teeth and anal 
papillae. An anal appendage was observed in the unknown Bodaschia species X, are were believed to be 
anal papillae. No explanation of these character states could be found. No definition of anal teeth could 
be found, thus their shape and location are unknown, thus discreteness of character states could not be 
distinguished. Anal appendages are EXCLUDED: Identification of teeth was very difficult; not a discrete 
character (Samyn, 2005).

15. Gonad color; white or near-white = 0; bright pinh or purple = 1. Different coloration of the gonads 
were observed in Holothurians during dissections performed at the Gump Station. Gonads are large, 
mop-like organs that are connected to the body by a single long tissue. In Holothnria aira, the gonads were 
bright pink in the two dissections performed on this species. The gonad color and overall internal body 
color of Theienota ananas, was purple. This was interesting as all other Holothurians dissected had a clear 
or pink internal body color.

OSSICLE CHARACTERS

16. Tables; absent = 0; present = 1. This ossicle consists of a basal plate of few and often regularly 
arranged holes from which centrally arises a spire of two to four pillars linked by crossbeams. All table 
ossicles observed in this study contain four pillars (Kerr and Kim, 2001; Samyn, 2005).

17. Webs; absent = 0; present = 1. Consist of a central bar with usually four curved arms rising out 
from the two ends of the central bar. Terminal end of each curved arm splits into two or three smaller 
branch ends, similar to the end of a tree branch. This character is probably the same as the Psyc?:ropof:d 
rods described by Kerr and Kim. Kerr and Kim scored presence and absence of Psychropotid rods, and 
described them as possessing a unique ossicle type, a cross of usually four curved arms, each with a 
centrally arising branch (Kerr and Kim, 2001).

Id. Wheels; absent = 0; present = 1. Wheel ossicles are shaped like circular wagon wheels with spokes 
connecting them together at a central point. Wheel ossicles observed in Chiridota hazoan'ensts had 6 spokes 
and teeth that line the inner rim of the wheel. They are present in adults of the Chirodotidae family and 
thus were only present in Chirodota hawanensz's. This character was EXCLUDED, because it was only 
present in one species and thus could not be used to explain evolutionary relationships between 
organisms in this study (Kerr and Kim, 2001; Kerr, 2001).

19. Smooth rods; absent = 0; present = 1. Smooth rods with no knobs or barbs were observed in all 
members of the genus Bodaschia and in Ho/ofhMnn lencospilota. Terminal ends of smooth rods were 
characterized as having branching ends that were not knobbed or rounded (Samyn, 2005).

20. Knobbed or barbed rods; absent = 0; present = 1. Rods that were not uniformly smooth contained 
knobs or barbs. Knobbed robs consisted of a rod that was knobbed at both terminal ends and contained 
one or more knobs in the center of the rod. Barbed rods were observed in Thetenota ananas. The rods of 
Holothnria (Actinopyga) spp. were not smooth, however the distinction between knobs and barbs in this 
species was unclear (Kerr, 2001, Samyn, 2005).

21. Buttons (six-holed); absent = 0; present = 1. Buttons contain two parallel rows of holes. Perimeter of 
button is oval shaped. Presence of these buttons is common in members of the family Holothuriidae (Kerr 
and Kim, 2001).

22. Rosettes; absent = 0; present = 1. Rosettes were observed as large rounded ossicles containing lots of 
perforations. Regularity of perforations appears waffle-like (Samyn, 2005).

23. Anchors; absent = 0; present = 1. Large, anchor-shaped ossicles were only found present in the 
outgroup Synapta macnlata. EXCLUDED: was only observed in one species and thus is an uninformative 
character.

24. Clouds; absent = 0; present = 1. Cloud-like ossicles occurred in members of the genus Bodaschia 
and in the outgroup Synapta maculata. Clouds are described as having a central axis with numerous 
bubble-like rounded projections splaying off of central axis to give the appearance of a cloud. Central axis
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is often curved. No description of this ossicle type was observed in previous studies. This character may 
have been recorded under a different name in the past. Some characters are not explained in previous 
papers and only listed under a name that the author decided on (may be included under other ossicles, in 
Samyn, 2005). This may be a result of that, as cloud ossicles are an excellent morphological character.

ECOLOGY CHARACTERS

25. Body color; biach = 0; very darA Proton -- 1; gray = 2; fan = 3; brown = 4; maroon =  5; white = 6; bronze 
and gold = 7; green-brown = 3; pinA = 9. Body color varied greatly among individuals used in this study. 
Body colors observed ranged from white to black, with many variations in between.

26. Body spots; present = 0; absent = 1. Body spots were present in all members of the genus Bodaschia, 
as well as in certain members of the genus Holothuria. Body spots were present in both outgroup species, 
Synapta macnlafa and Cbirodota bawaiiensis. Presence of body spots may be related to dorsal papillae and 
ossicle location.

27. Adhesiveness to fanA; easy to remove, does not sficA = 0; diĵ icuif to removê rom fanA wall, sticks = t; eery 
di()icuif to remove /rom fanA wall, tube Jeef fear o^ body when pulled /fom fanA wall = 2. Individuals scored in 
this study had different levels of adhesiveness to the aquarium walls. Individuals of Holothuria 
(Acfinopyga) spp. always held very strongly to the tank walls and were very difficult to remove from the 
tank. When removed, tube feet were always torn from the body and remained stuck to the tank wall. 
Members of the genus Bodaschia held tightly to the walls of the tank, but were much easier to remove 
and tube feet were not usually torn off from the body in the process. Cbirodota hawaiiensis, Holothuria 
leucospilofa, and Holofburia (Lessonofhuria) were never observed stuck to the tank wall and were easily 
removed from the tank.

23. Burrows under sand; no = 0; yes = 1. Burrowing under the sand was observed in multiple 
individuals in this study. After sifting through the top 5 centimeters of sand, certain individuals would be 
found. Two members of the genus Bodaschia were found burrowed in the sand daily. Cbiridofa 
hawaiiensis is an infaunal sea cucumber, and was never observed on or above the surface of the sand.

29. Daily behavior pattern;/ally submerged under sand during day,/uiiy exposed on fop o/'sand during night; 
does not display behavior pattern = 0; displays behavior pattern = 1. Bodaschia marmorafa and Bodaschia unAnown 
species X were observed to be fully submerged under the sand during the day light hours. During the 
night, they emerge from underneath onto the surface of the sand and actively feed.

30. Found under roc As; no = 0; yes = 1. Individuals of species Holothuria hiila and Holothuria 
(Lessonofhuria) were usually found hidden between the bottom of a coral rubble piece and the sand, or 
found hidden inside the coral rubble.

31. Period ô  activity; diurnal = 0; nocturnal = 1; both = 2. Most observed individuals had a distinct 
period of activity during the day where found actively moving around (both in the tanks and in the 
ocean) and feeding or releasing a cloudy liquid into the water. Individuals of Bodaschia argus and 
Theienofa ananas were observed active during both the day and night.
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Species is present 
Species is absent

7A .) Habitat 1: Water less than 2 meters deep, 
gradual slope, coral bottom

FlG. 7A-D. Habitat Preference. The five habitat types 

observed on Moorea have been mapped onto the 

phytogenies beiow. These are maximum parsimony trees o f 

treeiength 69, generated by PAUP in this study.

7B.) Habitat 2: Water less than 2 meters deep, 
coral bottom, gradual slope, current

7c.) Habitat 3: Water depth quicldy varies from 0 
to 4+ meters deep, rocky area, coral bottom

7D.) Habitat 4: Strong current, coral bottom

7E .) Habitat 5: High sun exposure, water less than 
1 meter deep, no coral, sand bottom
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THE ETHNOBOTANY AND ECOLOGY OF GEOPHIEA REPENS 
AND CENTEEEA ASZATICA ON MOOREA, FRENCH POLYNESIA

ALANNA R. TROTTER

DeparfmeMf q/lnfegmh'ne Biology, Unioorsify q/*Coii/br!!M, Berkley 94720

Abstract. Two plants used in traditional Polynesian medicine, Geoyinia royens and 
Centeiia asiah'ca were selected for a study of their ethnobotany and ecology. 
Ethnobotanical data was collected via interviews with healers or other 
knowledgeable persons on the island of Moorea. Bioactivity was assessed using Arfowia 
saline for cytotoxicity assays and Sacĉ arowycgs cereuiac for antifungal assays. 
Cytotoxicity tests showed that an aqueous extract of Cenieiia asiafica significantly 
enhanced shrimp survivorship; an ethanol extract of positive control CanffiaranBiMS 
roseas resulted in the lowest survivorship. The antifungal assay design was inadequate 
to produce significant results because the positive control failed. Transects of the forest 
environment in which Geoyin'ia repens grows were conducted and those species that were 
part of its community were documented and analyzed for community associations. A 
small germination study was performed but no seeds germinated. Ordination showed a 
distinct community assemblage at one of the three main ecological study sites. This 
study suggests that Cenieiia asiatica is a positive factor in brine shrimp longevity 
although the reason for this remains to be determined.

Key words.* Geophila repens; Centella asiatica; eBiMO&oiany; com inanity ecology; inoassays; 
Erenc?! Polynesia

INTRODUCTION

The range in which a plant species occurs 
depends upon a variety of factors, including 
how that plant disperses or is dispersed. On 
islands, plants arrive by means of wind or 
water, or they are brought, intentionally or 
unintentionally by humans. Once they 
arrive, the success of the plant depends on the 
conditions of the new habitat, niche 
availability, the presence or absence of other 
organisms, and the adaptability of the plant. 
Some of the most widespread plants are 
generalists which can live in a wide range of 
environments under varied conditions.

Over 25% of prescription medicines 
contain ingredients from plant sources 
(Farnsworth 1985). Medical ethnobotany is 
the study of how different cultures use plants 
medicinally. Even with the advent of 
modem medicines and synthesized drugs, 
ethnobotany can be extremely important as a 
way of maximizing the efficiency with 
which new plants are chosen for bioactivity 
screenings. The likelihood of finding useful 
plants from among those that traditional 
healers have used for generations is much

higher than the likelihood of finding useful 
plants in a random screening. Unfortunately, 
much traditional knowledge has been lost 
over time and with the "development" of 
undeveloped areas.

In French Polynesia, speaking the Maohi 
language and practicing traditional medicine 
were forbidden until the 1980s. Healers, 
always protective of the knowledge passed 
down to them through the generations or 
gained though their own experimentation, 
grew even more secretive. Even today, 
healers do not typically share knowledge 
outside of the family. Nevertheless, even 
basic ethnobotanical data combined with 
screening for bioactivity can be enormously 
effective in identifying new plants that are 
useful to humans (Trotter 1983, Farnsworth 
1985).

There are sufficient bioassay techniques 
available that prescreening for almost any 
type of biological activity can be done 
without using intact animals (Farnsworth 
1985). Trotter (1983) asserted that a simple 
bioassay for pharmacological activity using 
Arfemia saiina (brine shrimp) is not only
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inexpensive and possible to do in the field but 
actually makes obsolete the former method of 
ethnopharmacological research which 
entailed simply documenting the uses of the 
remedy and collecting voucher specimens. 
Trotter (1983) conjectured that data from 
basic bioassays can prove or disprove 
traditional knowledge and "rapidly provide 
a source of alternate pharmaceutical 
resources for physicians and other health 
officials in areas where economic conditions 
and/or the cultural environment make the use 
of manufactured pharmaceuticals more 
difficult."

Bioassays serve as preliminary screens 
for more extensive bioactivity testing. Of 119 
plant-derived drugs, 74% were discovered 
because of further research being done on 
plants used in traditional medicine 
(Farnsworth 1985). CafiMraMdms roseas (L.) G. 
Don (1837), the source of antineoplastics 
vinblastine and vincristine, was screened only 
because it was used as a hypoglycemic in 
traditional Asian medicine (Mann 2002). The

FIG. 1. M orphology of Geopfu/a repews.

antineoplastic activities of Taxol, a 
compound from the bark of Taxas &repf/bha, 
were found during the National Cancer 
Institute's 1962 screening for antitumor agents.

GeopMa repens (L.) I.M. Johnson (1949), in 
the family Rubiaceae, occurs throughout the 
tropics (Verdcourt 1989) but is restricted to 
moist, shady valleys (Verdcourt 1989). It is a 
prostrate creeper with rounded reniform 
leaves, solitary or rarely clustered five or 
rarely six-petalled white flowers and 
globose bright orange or red glossy berries

that retain the floral lobes and contain two 
tan-colored pyrenes.

In the Maohi language of French 
Polynesia, GeopMa repens is called
'tohetupou' and is used medicinally. CenfeNa 
asiah'ca (L.) Urban (1879), family Apiaceae, 
has the same Maohi name of 'tohetupou' due 
to similar gross morphology (see Fig. 1,2) and 
is sometimes used interchangeably as GeopMa 
in traditional Tahitian medicine (Whistler 
1992).

Generally, bioactive compounds run in 
genealogical families. As plants evolve, the 
manufacture of certain secondary compounds 
might be selected for in order to deal with 
the stresses of the environment. These 
compounds may be conserved throughout 
speciation and consequently the presence of 
bioactive compounds would tend to parallel 
evolutionary plant families. Given this, we 
would not predict Geopiala and CewfeNa to 
have similar properties, so it would be 
interesting to see if the same name was given 
to the two plants because they have similar

FIG. 2. M orphology of Cewfeila asMhca.

medicinal properties as well as similar gross 
morphologies.

Screening Paraguayan plants for 
antifungal properties indicated that GeopMa 
repeas displays broad-spectrum antifungal 
activity (Portillo 2001). A leaf 
dichloromethane extract of G. ripens showed 
activity against six strains of fungi: 
Ciadospon'M??! ciadzosporioides, Microsporaa! 
gypseaa!, Nearospora crassa, Sacc^arowyces 
cereuisiae and particularly Crypiococcas 
aeo/orwaas and Tn'ĉ op̂ yfoa weafayrop^yfes; a 
methanol extract was active against C.
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Meo/ormans and N. crassa, and aqueous extract 
exhibited activity against N. crassa (Portillo

I 2001).
CcnfcBa asiahca is commonly used 

medicinally in Asian and African cultures 
and is generally quite well known under the 
names gotu kola or Asiatic pennywort 
(Brinkhaus 2000, Oyedeji 2005, GRIN 
Taxonomy). Both crude extracts and partially 
purified fractions of CenfeBa asiah'ca have 
retarded the development of tumors and 
increased the lifespans of tumor bearing mice 
(Babu 1995). Ethanolic extracts of CcKfeBa 
asiahca have been found to elicit an increase in 
nerve regeneration with oral administration 
(Soumyanath 2005). Significant increases in 
the phagocytic index and total white blood 
cell count were observed in laboratory mice 
treated with CenieBa asiahca extract 
(Jayathitha 2004). Oyedeji (2005) found that 
an essential oil extract exhibited a broad 
spectrum of antibacterial activities against 
gram-positive (BaciBas saMih's, Sfapln/iococcMS 
aareas) and gram-negative (Escherichia coii, 
Pseadomoaas aerayiaosa, Shiyciia soaaci)

I organisms.
In this study, I investigate the ethbotany 

of Geophiia repcns and Ceaielia asiaiica by 
conducting interviews with knowledgeable 
persons on Moorea. I perform bioactivity 
assays for both cytotoxic and antifungal 
properties. While the ethnobotany and 
bioactivity of medicinal plants are of obvious 
significance to humans, the importance of 
understanding plant ecology may be less so. 
Understanding ecology is important because it 
helps with conservation efforts. If a plant is 
found to be useful, it faces the danger of over 
harvesting. If we understand the plant's 
habitat requirements and how it acts as part 
of a community, we can protect it from this 
danger. Additionally, ecological knowledge 
is beneficial for purposes of cultivation. In 
this study, I examine the forest understory 
community in which GcopEBa repens lives and 
conduct a germination study. I exclude 
CenicBa asiahca from these parts of my study 
because it is a weedy plant with a large range 
from Ohio to Malawi (Verdcourt 1989).

I
METHODS

CoBcchoM o/ EBmoEofarn'cai in/ormahoM

Ethnobotanical information was collected 
by interviewing knowledgeable persons on 
the island of Moorea. Interviewees were 
asked whether they knew GcopBBa and 
CcwfcBa and whether they used them 
medicinally. If they did use the plants, they 
were asked what the plants were used for, 
and how they were prepared. Two 
interviews were conducted with the aid of a 
translator, Valentine Brotherson, who is 
fluent in Maohi (Tahitian), French and 
English. Two interviews were conducted at 
the Gump station and two were conducted at 
the homes of the interviewees.

Bioassays.* Preparation o/ Extracts

Plant extracts were made using a kitchen 
blender and scissors to chop up plant stems, 
leaves and runners into pieces l/4cnV or less in 
area. 3.0g of each plant, GeopEiia repens, 
Centeiia asiaticn, and CafEnrantEns rosens, were 
combined with lOmL of filtered tap water or 
lOmL of 95% EtOH in a capped plastic tube. 
The tubes were left at room temperature 
(-80°F) for 24 hours and then refrigerated at 
-10°C for 48 hours. Then the extracts were 
filtered through filter paper using a syringe 
to press extra liquid from macerated plant 
material. The filtered extracts were stored in 
capped tubes in the refrigerator until use. 
Voucher specimens of GoopEiia repens and 
Centeiia asiah'ca were deposited at the Jepson 
Herbarium of the University of California, 
Berkeley.

Bioassays.* Cytotoxicity test

A cytotoxicity test was selected because it 
is a simple test that often generates 
provocative results (Trotter 1983). Brine 
shrimp were hatched using a bubbler in sea 
water that had been run through the wet lab 
filter system. A pilot study was conducted in 
which fifty shrimp were transferred by 
dropper to each of 8 capped vials with 
tapered tips. Five drops of extract or filtered 
tap water (for the positive control) were 
added to each vial. In addition to GcopEBa 
and CenfeNa, both water and 95% ethanol 
extracts of CanfEaraMfEMS roscns, a plant with 
known cytotoxicity (Mann 2002, Raskin 2002), 
were tested for a negative control. Shrimp
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THE CHARACTERISTICS OF HERMIT CRAB POPULATIONS AND 
SHELL AVAILABILITY ON MOOREA, FRENCH POLYNESIA

JU L IA  V O

Integrative Biology, University o/Uaii/brnia, Berkeley, Caii/ornia 94720 USA

Abstract. Resource availability is the driving force behind many ecological 
phenomena. I examined the relationship between shell availability and the 
population characteristics of three Coenobita rngosns populations on Moore a, French 
Polynesia. The results indicate that shell availability can influence the crab mass 
distribution and crab-mass-to-shell-volume variance within a population. The data 
also suggests that factors other than shell availability play a role in the population 
characteristics of C. rngosns.

Key words.* Coenobita rngosns, resource availability, Meal Free Distribution, population structure

INTRODUCTION

The effect of resource availability on 
organisms, communities, and ecosystems is a 
primary topic in the study of biology. Resource 
availability has been shown to influence growth 
and development, spatial distribution, 
community composition, and many other aspects 
of ecology (e.g. Allombert et al. 2005, Anderson 
and Sabado 1995, Winsome et al. 2005). It is also 
the primary factor in many broad, well-used 
theories, such as Tilman's Resource Ratio 
Hypothesis (1986).

The Ideal Free Distribution theory predicts 
that at equilibrium, all occupied habitats are 
equally suitable for an outside individual. 
Assuming that 'suitability' decreases with 
increased density, the distribution of a species, at 
equilibrium, will reflect the distribution of 
resources between habitats (Fretwell 1972). The 
distributions of different resources that may be 
essential to the same organisms, however, are not 
necessarily related. A habitat abundant in one 
resource isn't necessarily abundant in others. 
What are the specific population characteristics 
that are affected by the accessibility of a single 
resource and bow are these characteristics 
affected?

Hermit crabs are unique for their obligate 
existence in empty gastropod shells. Empty 
shells are an important resource for hermit crabs 
because they are used to protect the hermit crabs' 
soft, vulnerable abdomens. Such dependence on a 
resource has the potential to be a major constraint 
on hermit crab populations. Shells that are too 
small can inhibit an individual's growth even

though other resources may be plentiful 
(Fotheringham 2003) and 'improper' shells have 
been shown to limit reproductive success (Hazlett 
1989).

Coenobita rngosns is a terrestrial hermit crab 
species that occurs on the shores of many Pacific 
islands, including the tropical Moorea, French 
Polynesia. By comparing three C. rngosns 
populations on Moorea, this study aims to test 
three hypotheses regarding the relationship 
between population structure and shell 
availability: populations with access to fewer 
empty shells will exhibit...

1. a larger variance in crab-mass-to- 
shell-volume ratios.
2. an increase in the diversity of shells 
that are used.
3. a different crab-mass distribution from 
populations with access to many shells.

METHODS AND MATERIALS 

Study sites

Three sites on the coast of Moorea were 
selected for hermit crab population comparisons. 
A public beach in Papetoai, Temae Public Beach, 
and a shore adjacent to the University of 
California, Berkeley's Gump Research Station 
were chosen based on a visual assessment of their 
shell availabilities (Figure 1).

The Papetoai site is a sandy beach scattered 
with coconut trees growing approximately 3m 
apart. A C. rngosns population is found at the 
southern end of the beach, spanning about 50 
meters (0197250, 8063785utm). The crabs are
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mainly found beneath the roots of coconut trees 
where the ocean waves have eroded the sand and 
exposed the roots. Papetoai Public Beach is 
regularly raked for large debris and the number of 
empty shells that are found there is relatively 
low.

The Temae Public Beach site and the shore 
south of the Gump Station are both coral rubble 
beaches with high numbers of unoccupied shells. 
The area studied at Temae is limited to the coral 
rubble section north of the sandy beach (020785, 
8063268utm). This beach is commercially 
developed and has few trees. The coral rubble at 
the Gump Station site extends a meter into land 
before being replaced by a lawn of foreign grasses. 
Several tree species, including coconut palms, are 
distributed about 5m apart on the beach and 
grass.

All three sites have an intertidal range of 
about one meter and are exposed to weak to 
medium wave action.

Data coi/echon

In order to assess shell availability, two 50m 
transects, one starting at low tide and the other 
at high tide, were run at the water's edge at each 
site. Tide times were determined using the 
University of South Carolina's Tide Predictor 
website. Empty shells were collected within a 1- 
meter square at every other meter. Bivalve and 
significantly damaged gastropod shells were not 
collected. The gastropod families of the shells 
were identified by comparing the shells to 
photographs in Salvat and Rives's Shells o/'Tain'h 
(1984). Shell volumes were measured by 
weighing the empty shells, filling them with

water, and weighing them again. All shells were 
measured to the nearest 0.01ml.

Hermit crabs were collected at all sites 
between October and mid-November of 2005. C. 
rMgosMS was primarily found in the exposed roots 
of coconut trees (Papetoai) or under large, fallen 
foliage (Temae and Gump). All crabs were kept 
in shaded, flow-through aquaria, each with 
rocks above the water level.

In order to remove the hermit crabs from their 
shells, heat was applied to the shell using a 60- 
watt light bulb. Naked crabs were then weighed 
to the nearest O.Olg and their shell volumes were 
measured with the same technique used on the 
shells that were collected from the transects. 
Crabs were held in captivity for no more than 3 
days before they were weighed. The families of 
the hermit crab shells were also identified using 
S&eHs (Salvat and Rives 1984).

Sfahsh'cH? analyses

Significant differences in the shell 
abundances between sites were determined using 
t-tests. The number of shells in each quadrat was 
treated as an individual sample.

In order to examine the diversity levels of 
the occupied and unoccupied shells, Shannon- 
Weiner diversity indices were calculated for the 
shells that were collected from the transects and 
those that were found on crabs. Several shell 
families with similar shapes and aperture 
structures were merged for the statistical 
analyses: bursid shells were placed into the
cymatiid group, colubrariidae and cerithiidae 
shells were combined in the 'cerithiidae' group, 
littorinidae and vanikoridae were included in 
the 'turbinidae' group, and costellaridae shells 
were included in the 'mitridae' group. In 
addition, conidae and cypraeidae shells were 
combined into the 'cypraeidae' group because none 
of the sampled crabs were found in these two 
shell types.

The "Unequal Variance" test in JMP was 
performed on the crab-mass-to-shell-volume 
ratios to discover significant differences between 
the variances of the mass-to-volume ratios (JMP). 
This test was also executed exclusively on the 
three most abundant shell groups. In order to 
account for the 'smallness' of the data values, 
mass-to-volume ratios were divided by the 
average mass for each population. This 
adjustment adds weight to deviations in the data 
that are perceived as 'small' simply because the
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data values are small. Crabs whose shells had a 
volume of less than 0.01ml were not included in 
these tests.

Crab mass distributions were compared using 
JMP. An ANOVA was used to find significant 
differences in the average crab masses between 
sites. A test for unequal variance was used to find 
differences in the weight distributions between 
sites (JMP). Because the crab mass distributions 
were skewed at every site, the ANOVA was run 
on log-normalized data.

Crab masses that were less than O.Olg and 
shell volumes that were less than 0.01ml were 
recorded as 0's for the statistical analyses. The 
mass and shell volume of egg-carrying females 
were not included in the statistical analyses.

RESULTS

T-tests run on the transect data showed that 
the shell abundance at the Papetoai site was 
significantly lower than that of the Gump and 
Temae sites (p <.001 for both comparisons), but no 
significant difference was found between Gump 
and Temae (p = 0.303). The available shells 
collected from the Papetoai site also showed a 
very low level of diversity. Empty shells from 
the Temae and Gump sites had Shannon-Weiner 
diversity indices of about 0.63 while the 
Papetoai site's diversity index was 0 -  cone shells

TABLE 1. Shannon-Weiner diversity indices calcuiated 
from the shed families o f inhabited shells and empty shells.

Site________ Occupied______Available

Temae 0.8323 0.6375

Gump 0.9560 0.6291

Papefoa/ 0.7160 0.0000

TABLE 2; p-values from the "Unequal Variance" tests for 
mass-to-volume ratios in JMP (JMP). Insignificant p- 
values (p >  0.05) are shown in bold.

Comparison all shells cerithiidae neritidae muricidae

Al) <0.0001 <0.0001 0.0109 <0.0001

T-G 0.1054 0.2287 0.7069 0.8816
G-P <0.0001 <0.0001 0.0182 <0.0001

T-P <0.0001 <0.0001 0.019 <0.0001

TABLE 3. Results o f the ANOVA on the log-normalized 
crab masses.

Source DF
Sum o f 

Squares
Mean

Square
F

Ratio Prob > F

Location 2 60.29 30.14 17.69 7.36E-08

Error 223 379.90 1.70

C. Total 225 440.19

and cowry shells were the only ones that were 
present in the quadrats. The diversity level of 
used shells at Papetoai was the lowest of the 3 
while the Gump site had the highest diversity 
index for occupied shells (Table 1).

The "unequal variance" test in JMP showed 
that there was some significant difference in the 
variances of the mass-to-volume ratios between 
the Temae, Gump, and Papetoai sites (Table 2). 
Pair-wise comparisons revealed that this 
difference occurred between Papetoai and the 
other two sites. The tests that were performed on 
the individual shell groups produced the same 
results (Table 2). Scatter plots of the crab masses 
and shell volumes are shown in Figure 2 (JMP).

Log-normalizing the crab mass data enabled 
it to 'pass' all tests for normality in JMP (JMP). 
The results of the ANOVA indicate that the 
average crab masses between the three sites are 
significantly different (Table 3). A Tukey- 
Kramer "Honestly Significantly Different" test
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FiG. 3. M ass distributions o f  C. rugosus at the three study sites (JM P ).

showed th a t  th e  mean crab m ass a t the Gump site  
w as sign ifican tly  h ig h er than  those at th e  
P apetoai or Tem ae sites. The test for equal 
variances indicates th a t the w eight distributions 
of the crabs at the three sites are not th e  same. 
P air-w ise comparisons of the variances rev ealed  
th a t  th e  crab m ass variance at P ap etoai w as 
sign ificantly  sm aller th an  the variances at 
Temae or the Gump Statio n  (JMP) (Figure 3).

DISCUSSION

The measured differences between 
populations demonstrate a re la tio n sh ip  between 
resources and population attributes. T he results 
indicate th a t  some factors between the P ap etoai 
and Gump or Temae site  are influencing the 
qu alities of the local C. rMgosMS populations.

The re la tiv e ly  sm all crab-m ass variance and 
large m ass-to-volum e v ariance th a t the P ap etoai 
population exh ib its  can be explained by its low 
lev e l of sh e ll a v a ila b il ity . Because large sh e lls  
require more energy to carry and sm all sh e lls  can 
in h ib it  growth (Fotheringham  2003), there is an 
optim al sh e ll size for any given crab size. W hen 
th e  selection  of sh e lls  th a t  a crab can choose from 
is more lim ited , the chance th a t he w ill come 
across h is  'o p tim al s h e ll' is reduced. T herefore, 
many of the crabs at P ap etoai m ay not h ave h ad  
the opportunity to in h ab it a sh e ll of the op tim al 
size. T h is  in h ab ita tio n  of sub-optim al sh e lls  
increases the variance of the m ass-to-volum e 
ratios.

The sm aller mass variance a t P ap etoai is 
re la ted  to the volume distribution of sh e lls . 
Sm all sh e lls  are much more common than  large

sh e lls . Assuming th a t th e  shell-volu m e 
distribution is uniform across a ll sites, a site  w ith  
few er sh e lls  w ill  inherently  h a v e  few er large 
sh e lls , w h ich  are required for large h erm it crabs. 
T h is exp lanation  is confirmed by the observation 
th a t  th e  m ain d ifference betw een the three mass 
distributions lies in the lengths of th e  ta i ls  
located  a t th e  h ig h er ends of th e  graphs (Figure 
3).

The calcu lated  d iv ersity  indices for occupied 
sh e lls  did not follow  the expected trend. The 
h y p o th esis  th a t  sta ted  th a t  occupied sh e ll 
d iv ersities would increase w ith  decreased sh e ll 
a v a ila b il ity  w as m ade under the assumption 
th a t  th e  o v era ll sh e ll d iv ersity  a t each  site  w as 
re la tiv e ly  equal. One exp lanation  for w hy th e  
d iv ersity  indices were unexpected could be th a t  
th is  assumption was untrue. T he d iv ersity  of 
sh e lls  used by herm it crabs is lim ited  by th e  
ov erall sh e ll d iv ersity  at th a t  site . If th e  
ov erall sh e ll d iv ersity  at P ap etoai w as 
sign ifican tly  low, then  the d iv ersity  of sh e lls  
used by the P ap etoai crabs must also be low.

Out of 261 herm it crabs, not a single one w as 
found in a cowry or cone sh ell, even though both 
types m ade up a large portion of the em pty sh e lls  
collected from the three study sites. T he 
observation th a t a ll  of th e  sh e lls  collected  from 
P ap etoai w ere e ith e r  cone or cowry sh e lls  m ay 
in d icate  the presence of a nearby n iche boundary 
for C. rugosus. T h is observation also im plies th a t 
th e  number of su itable sh e lls  at the P ap etoai s ite  
is th e  prim ary lim itin g  factor for the size of th e  
P ap etoai population.

B ased  on the Id ea l Free D istribution theory, 
th e  sign ificant d ifference in the sh e ll selections
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and a v a ila b il it ie s  betw een the three sites 
im plies the existence of other essential resources 
for C. rMgosMs (Fretw ell 1972). The sign ificantly  
large average crab mass at the Gump site  but not 
th e  Temae site  shows th a t these other resources 
are also capable affecting  the ch aracteristics of 
th e  C. ragosns populations.

The population is a useful unit. It focuses on a 
target species but includes m ultip le individuals 
th a t  sh are a common environment. These tra its  
m ake it inherently useful for conservation groups, 
who are usually required to id entify  and work on 
improving sp ecifica lly  defined groups of 
organisms. It is no surprise th a t resource 
a v a ila b il ity  can influence population 
ch aracteristics w hen research has a lread y  shown 
th a t  it  h as a great effect on individuals and 
ecosystems (e.g. Anderson and Sabado 1995). T he 
a ffect of a resource on a population, how ever, is 
much more specific and lik e ly  less d ifficu lt to 
predict through logic than  the affect of th a t  
resource on an ecosystem. If general trends 
between population ch aracteristics and the 
lim ita tio n  of specific resources can be uncovered 
through further research, these trends could be 
used to e ffic ien tly  id entify  the problems th a t  
encumber a dying population. The study of 
resources and populations, a unit th a t  is sm all 
enough to comprehend but large enough to 
sign ificantly  affect an ecosystem, is a topic th a t  
h a s tremendous potential for providing 
inform ation th a t would be invaluable to 
b iological andconservational research.
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FACTORS INFLUENCING THE ECOLOGICAL DISTRIBUTION OF 
TWO SEA URCHINS, DMDEMA SAWGNYI AND ECHINOMETRA 

MATHAEI TYPE A, IN MOOREA, FRENCH POLYNESIA

Abstract. Niche separation is the concept that two species are abie to coexist in the same 
community if they fulfill different ecological roles. To test this concept, I examined the 
distribution of two distinct sea urchins, Diadema savignyi and Echinometra mathaei 
Type A, in M oorea, French Polynesia. In addition to assessing their distribution, I 
analyzed their association to different substrate materials and varying How rates. Results 
showed that the distribution of E. mathaei and D. savignyi were different. Interestingly, 
both species had the highest density in the lagoon. Upon further investigations, both 
species were associated to the presence of coral substrate and the lack of sandy substrate. 
They were also correlated to high flow. Despite these similarities, their use of coral as a 
source of protection differed, their feeding habits, and their methods of dealing with 
wave activity differed. These findings suggest that the two urchin specie, D. savignyi 
and E. mathaei, occupy ecologically distinct niches, allowing them to both coexist in the 
lagoon.

Key words; zzz'cEe separation, reef complex, dzstribatzoa, saFstrafe^ow, sea M rĉ z'ns, Diadema 
savignyi, Echinometra mathaei Type A, Moorea, French Polynesia

CARMEN YEUNG

Department of integrative Pioiogy, University of Caii/ornia, 
Perheiey, Ca/i/brnia 94720 USA

INTRODUCTION A niche refers to the role an organism 
plays in the ecosystem (Elton 1927). If their 
niches are identical, two species cannot 
coexist in the same community. Flowever if 
there are one or more significant differences 
in their niches, ecologically similar species 
can coexist in a community (Elton, 1927). 
The separation of niches can depend on the 
utilization of different microhabitats within 
the community, feeding methods, and an 
organism 's level of activity.

Echinoderms are hemispherical in shape 
and encircled by a solid casing composed of 
calcareous plates that are armed with 
num erous sharp spines (Bagnis 1985). 
Despite these basic physical similarities, 
echinoids, one of the five major classes of 
living echinoderms which includes sea 
urchins, possess diverse morphological 
features and behaviors (McClanahan 1998). 
The variation in morphologies implies 
variation in the organism s' defensive 
capabilities from predation, interaction with 
substrate materials, and robustness from 
wave action (Coppard and Campbell 2005). 
This enables different echinoid species to 
exploit the reef while partitioning resources 
(Coppard and Campbell 2005). The concept 
of niche separation is illustrated by 
echinoids.

To test this idea of sea urchin 
morphology influencing niche separation on 
the M oorean reef complex, I examined the 
distribution of two morphologically distinct 
sea urchins, EcEz'aozactra matEaez Type A and 
Diadema savz'gay; (Michelin), and compared 
their responses to various substrates, flow 
rates, and predation. E. zaatEaez (Blainville), 
encompassing four discrete morphotypes, is 
widely distributed in shallow reef
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environments throughout the tropical 
Pacific and Indian oceans, including French 
Polynesia (Gosliner 1996). On the tropical 
island Moorea, French Polynesia, two types 
of E. zzzafEzzez appear. E. zzzzzfEaez Type A 
inhabits the reef complex while E. zzzatEaez 
Type B is found within the fore reef 
(Stephen R. Palumbi, personal 
communication). Due to the inaccessibility 
of the fore reef, E. zzzzzfEzzez Type B was not 
included within this study. An adult E. 
zzzafEacz Type A has a body size (includes test 
and spines) of eight centimeters with short, 
sturdy sharp white-tipped spines, a definite 
bright milled ring, and dark skin on the 
peristome (Arakaki et al. 1998). This specific 
species used various m icro-habitats such as 
crevices, burrows, undersurface of corals, 
and bare smooth rock surface (Tsuchiya and 
Nishihira 1984). Burrows, w hich act as 
home cavities, were eroded by using both 
their spines and m outh containing five teeth 
(Bagnis 1985). Burrows and even crevices 
collect drift algae, and provide protection 
from predation and intense waves. E. 
zzzafEaez is dependent on drift algae for their 
food supply (Khamala 1971, Ogden et al. 
1989) and occasionally forages at night 
(Coppard and Campbell 2005). According 
to Tsuchiya and Nishihira, E. zzzafEaez was 
seen m ainly in the back reef but not on the 
seaward side of the algal ridge.

D. sapzgzzyz possesses a body size of 20 
cm with m any elongated, delicate black 
venomous spines protruding from its test 
and is also found within French Polynesia 
(Gosliner 1996). Also, a bright blue web-like 
pigm ent and a dark anal sac defines the 
aboral surface. D. savzgzzyz exerts some 
bioerosion effects, but do not excavate 
burrows as extensively as E. zzzafEaez (Lessios 
et al. 2001). D. sauzgzzyz seeks protection 
from predators and wave action by 
occupying large crevices under coral heads 
or aggregating in large groups in open 
water over sandy and rubble substrate 
(Pearse 1998). They actively forage at night 
for food and can cover distances of 40

m eters in one night (Gosliner 1996). They 
typically reside in locations marked by calm 
water such as lagoons (Pearse 1998).

I analyzed the distribution of E. zzzafEaez 
and D. sauz'gzzyz on the reef complex, which 
is composed of an algal ridge, back reef, 
lagoon, inner lagoon, and fringing reef. 
From Tsuchiya and Nishihira, it was 
suggested that D. scpz'gzzyz occupies the 
lagoon and E. zzzafEacz tend to dwell in  the 
back reef. M y objective was to test the 
hypothesis that E. wzafEae: is found more 
abundantly within the back reef and the 
fringing reef while D. szzpzgzzyz 
predom inantly inhabits the lagoon on the 
M oorean reef. This would m ean that these 
two echinoid species possess different 
niches within the reef complex. Substrate 
types and relative Row were possible 
ecological factors inRuencing the 
distribution of these two urchin species and 
therefore their niche separation. Since E. 
zzzafEzzez erodes coral to build burrows and 
lives in coral crevices, I hypothesized that E. 
zzzafEaez is associated w ith coral. I expect D. 
stzpzgzzyz to display no substrate preference, 
because of their wide range of living 
habitats. I hypothesize that E. zzzafEaez will 
live in areas with higher Row rates in 
com parison to D. szzpzgzzyz since they have 
short sturdy spines. I also anticipate D. 
sarz'gzzyz to be in areas w ith low Row rates 
because of their delicate spines. Therefore, 
the possible presence of D. szzpzgzzyz in the 
lagoon could be due to a slow Row rate in 
this portion of the reef. The hypothesized 
presence of E. zzzafEaez at the back reef and 
the fringing reef could be linked to the high 
availability of coral. Also, I anticipate that 
fish will feed upon both E. zzzzzfEzzez and D. 
sauz'gzzyz, which could be another factor 
inRuencing their distribution in the reef 
(M cClanahan et al. 1994).
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MATERIALS AND METHODS 

Study sites

The three study sites in Moorea, French 
Polynesia were Temae Airport, located 
between Pointe Aroa and Pointe Faaupo (S 
17° 28' 24.1" W  149° 46' 30.2"), Maharepa (S 
17° 28' 82.2" W  149° 47' 64.2"), and Temae 
Public Beach (S 17° 29' 56.4" W  149° 45' 
51.6") (Fig. 1). These sites were 
characterized by having a shallow reef 
complex, where the maximum depth was no 
greater than three meters. The reef complex 
encompassed five different zones: algal 
ridge, which is farthest from shore, back 
reef, lagoon, inner lagoon, and fringing reef, 
which is nearest to shore (Fig. 2). A mixture 
of sandy sediment, large living and dead 
coral heads, and coral rubble characterizes 
the reef complex. The dominant corals 
included species of Acropora, Montipora, 
Pontes, and PocdE'pora. Each study site 
extended from the algal ridge to shore. This 
distance varied betw een each study site: 
Temae Airport (110 meters), Maharepa (725 
meters), and Temae Public Beach (370 
meters). The fore reef was not included in 
the study.

FiG. 1. M ap of Moorea, French Polynesia 
(goaway.com, 2005).

To determine whether D. sautgnyf lived 
predom inantly in the lagoon and E. matEae;

at the back reef and fringing reef, two 
transect studies were conducted at each of 
the three sites. Data was collected from 6 
October to 27 October 2005. Transects began 
at the algal ridge and ended at shore. For 
each transect, the data was divided into the 
five zones: algal ridge, back reef, lagoon, 
inner lagoon, and fringing reef (See Fig. 2). 
The location of each transect was chosen 
randomly. A 1 nrP quadrat was placed 
multiple times along the transect. In each 
quadrat, the number of urchins species, the 
zone of the reef complex, algal species, 
depth, distance between quadrats, and the 
substrate types were recorded. The distance 
between quadrats varied among different 
transects. This depended on whether the 
features of the surrounding environment 
was constantly changing or remaining 
consistent. If the environment was 
constantly changing from one quadrat to the 
next, the distance between quadrats was 
shorter. If the features were consistent for 
three quadrats in a row, then the distance 
between the quadrats increased. Due to 
strong wave action, a few transects were not 
started precisely at the formation of the algal 
ridge.

To reject the null hypothesis that the 
distribution of D. sauigny:' and E. matEaei in 
the reef complex are the same, the chi- 
squared test of independence between two 
or more samples was applied to the total 
number of urchin species in each zone, 
using the data from the study sites, Temae 
Airport and Maharepa, which resulted in a 
total of 10 data entries.

FiG. 2. The 5 zones of the reef complex.
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SM&sfrafe types

In each quadrat, I recorded the substrate 
types as the percentage of coral, included 
both dead and alive, sand, and rubble. Data 
was collected from 6 October to 27 October 
2005.

To test the hypothesis that E. WHlEaei is 
linked to the presence of coral, the coral data 
from Maharepa and Temae airport were 
combined. This data, containing the 
num ber of E. mafEaei and coral percentages 
per quadrat, were divided into two 
categories: quadrats containing at least one
E. mafEaei and quadrats containing zero E. 
mafEae;'. From each of the two categories, 15 
quadrats were random ly selected. The t-test 
was conducted using the percentage of coral 
from the randomly selected quadrats. To 
see if E. mafEaei was linked to rubble or 
sand, the same process and statistical test 
were used. The hypothesis that D. sav:'gnyi 
displays no substrate preference was tested 
using the above process. A total of six t- 
tests were conducted.

For the substrates w ith a rejected null 
using the t-tests, a regression analysis was 
conducted betw een the percentage of one 
substrate (x-axis) and the num ber of a 
specific urchin species (y-axis). This tested 
if a substrate percentage could predict the 
num ber of sea urchins in a quadrat. For 
example, is a high coral percentage 
correlated to a high number of E. matEaei in 
a quadrat?

Re/atwe yZow

To document rates of relative water flow 
in each zone, clod cards were employed. A 
clod card is a circular plaster of Paris, four 
centimeters in diameter and three 
centimeters thick circular, that was attached 
to a nine centimeters in diameter plastic cup 
lid. The plaster was glued to the cup lid 
using silicone adhesive. A  hole was made in 
the lid where rope was placed through and 
later used to anchor the card to a substrate

material. W hen comparing different zones 
of the reef complex, the zone w ith the most 
dissolved plaster has the highest flow rate. 
Two clod cards were placed into each of the 
five reef zones at each study site. A total of 
30 clod cards w ere made. Large plastic 
bottles acted as buoys to mark the location 
of the clod card. The cards were left at each 
site for 24 hours. The test of relative flow 
was conducted from 8 November to 16 
Novem ber 2005. The weight of the plaster 
before and after its placem ent into the site 
yielded the amount of dissolved plaster on 
each reef zone. Therefore, this indicated the 
relative How levels for each zone.

To observe if flow levels are linked to 
the num ber of D. savigny: or E. mafEaei, a 
regression was conducted betw een the 
amount of dissolved plaster in a 24 hour 
period on the x-axis and the num ber of 
urchin species on the y-axis.

Predation

Cages were used to test predation as a 
factor influencing the distribution of D. 
saoignyi and E. wafEaei. The treatments 
comprised of a 5 sided 35 cm by 35 cm metal 
wire cage w ith an inwardly curved barrier 
and a fishing line perimeter, w hich was 
placed approximately half an inch from the 
barrier. The urchins in the treatm ent were 
tethered to the cage with a 30 cm long 
fishing line. The metal wire used the 
construct all the cages had a .65 cm square 
grind. The controls consisted of an urchin 
within a com pletely enclosed 30 cm by 30 
cm metal wire cage with a chicken wire and 
green plastic squared bottom. The cage 
sizes for the control and treatment differed 
due to the cost of the materials. For each 
urchin species, there are 3 replicates of the 
control and treatment, leading to a total of 
12 cages in this study. To prevent the cages 
from moving, a 10 cm by 10 cm brick was 
zip tied to the bottom  of each cage.
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RESULTS

Dz'sfnEzzfzozz

The data from Temae Public Beach was 
excluded from all my analysis due to the 
absence of a fringing reef and the 
abnormally high density of D. szzuz'vnyz.

W hen the distribution of D. szzuzgziyz was 
compared to the distribution of E. zzzzzfEzzez in 
the reef complex (Fig. 3), a significant 
difference was detected using the chi- 
squared test of independence between two 
or more samples. The null stating that the 
distribution of E. zzzatEacz and D. sauz'gzzyz are

equal in the reef complex was rejected. Both 
D. szzuzgzzyz and E. mafEae: were observed to 
have the highest densities on the lagoon. 
However, the lowest density for D. sauz'gzzyz 
was at the fringing reef. The lowest density 
for E. zzzafEzzez was at the inner lagoon. This 
illustrates that the densities between the two 
urchin species varied a great deal 
throughout the reef complex (See Fig. 3).

FIG. 3. The num ber of sea urchins in the reef complex. The calculated P-value is 0.032, which means I was able 
to reject the null stating the distribution of D. szzu:'gnyz is equal to the distribution of E. wafEae:'.

1 oo

A l g a l  B a c k  L a g o o n  I n n e r  F r i n g i n g
R i d g e  R e e f  L a g o o n  R e e f

Z o n e s  in t h e  R e e f  C o m  p i e x

SaEshafe types

The amounts of substrate varied 
throughout the reef complex. At the algal 
ridge, I observed the highest percentage of 
coral coverage (60.5%). The lagoon was the 
second location with the highest percentage 
of coral (46.2%). The back reef contained the 
m ost rubble (61.27%). Sand (54.4%) is the 
m ost dominant feature in the inner lagoon 
(Fig. 4).

A t-test comparing the m ean percentage 
of coral from two categories, quadrats 
containing one or more E. zzzzzfEzzcz and 
quadrats with zero E. znafEaez, showed a 
significant difference. Another t-test 
displayed a significant difference between

the mean percentages of sand from the same 
two categories (Table 1). This suggested 
that presence of E. zzzafEaez was associated 
with the availability of coral and the lack of 
sand in a quadrat (Fig. 5). In a regression 
analysis, the percentage of coral present 
could not predict the number of E. zzMtEzzez 
(Fig. 6). For instance, a high percentage of 
coral did not indicate a large number of E. 
zzzzzfEzzez. The percentage of sand in a quadrat 
could not be used to predict the number of
E. zzzzzfEzzez (Fig. 7). This meant that a low 
sand percentage in a quadrat did not 
correlate to a large quantity of E. zzzzzfEzzez. 
Although the amount of coral and sand 
could not predict the number of E. zzzafEzzez, 
the availability of coral and the lack of sand
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were associated to E. zzzatEaez. The t-test 
comparing the mean percentage of rubble 
from quadrats containing one or more E. 
zzzafEaez and quadrats with zero E. zzzafEagz 
yielded insignificant results (See Table 1).

This suggests that E. mathaei lacks an 
association to rubble (See Fig. 5).

FlG. 4. Average percentage of substrate types in the reef complex. The percentage of each substrate type 
from the total number of qudrats within each zone was averaged. Error bars are standard.

Coral (%) Rubble (%) S a n d (%)
Algal Ridge 60.5 27.1 4.1
Back Reef 33.2 61.3 5.5
Lagoon 46.2 17.8 36.0
Inner Lagoon 29.1 16.5 54.4
Fringing Reef 44.1 10.1 45.8

TABLE 1. Results from t-tests comparing the mean percentages of different substrate types. The mean percentages 
came from 30 randomly selected quadrats. 15 selected quadrats came from quadrats with one or more E. zzzafEaez 
and the other 15 came from quadrats with zero E. mafEae:'.

M ean Variance df P-value
Percentage of Coral In quadrats one or more E. zzzafEaez 51.1 1316 28 0.0002

In quadrats zero E. zzzafEaez 4.9 112.1

Percentage of Rubble In quadrats one or m ore E. zzzafEaez 33.4 1426 28 0.532
In quadrats zero E. zzzafEaez 25.5 886

Percentage of Sand In quadrats one or more E. zzzafEaez 28.1 1094 28 0.022
In quadrats zero E. zzzafEaez 58.4 1236
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FlG. 5. Com paring the presence and absence of E. 
walEae: to the availability of substrate m aterials 
in a quadrat. The data from Tem ae Airport and 
M aharepa w ere divided into two categories: 
quadrats m arked by the presence of E. mafEaei 
and quadrats marked by the absence of E. 
rnafEae:'. From these two categories, the 
percentages of each substrate were averaged. 
Error bars are standard. Stars indicate that the P- 
values from the t-tests were significant.

Similar to the results for E. matEaei, a t- between the mean percentages of sand from
test of the mean percentage of coral from the the two categories (Table 2). D. saut'gfiyi is
quadrats containing at least one D. sauigny: also linked to the presence of coral and the
and the quadrats with zero D. sauigny: absence of sand (Fig. 8). A regression
yielded significant results. A significant demonstrated that there was no
difference was also recorded from the t-test predictability between the percentage of

FlG. 6. A regression illustrating the relationship 
betw een the percentage of coral substrate in a 
quadrat and num ber of E. wafEaei. Data from 
Tem ae Airport and M aharepa were used here. 
The line represents the best fit-line. (1P=0.1978, 
y= 0.0558x + 1.0853)

FlG. 7. A regression betw een the percentage of 
sand and the num ber of E. mafEae:'. (RM 11424, y= 
-0.0513x + 5.1046)

TABLE 2. Results from t-tests com paring the random ly selected quadrats containing and
percentages of different substrate types from 15 lacking D. sap:gny;

Mean Variance df P-vaiue
Percentage of Coral In quadrats with D. sav/gny/ 60.9 1160 28 0 .0 1 0

In quadrats without D. say/gny/ 26.0 1237

Percentage of Rubble In quadrats with D. say/gny/ 17.5 460 28 0.394
In quadrats without D. say/gny/ 18.7 823

Percentage of Sand In quadrats with D. say/gny/ 10.5 376 28 0 .0 3 7
In quadrats without D. say/gny/ 36.8 1702
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FiG. 8. Comparing the presence and absence of D. 
savigny: to the availability of substrate materials. 
These percentages are derived from the total data 
from Temae Airport and Maharepa. Error bars are 
standard. The star indicates that the t-tests yield 
significant results.

FiG. 10. A regression showing the relationship between the 
percentage of sand and the number of D. sau:gny:*. The data 
from Temae Airport and Maharepa was used here. The line 
represents the best fit line. (R̂ =0.0494, y= -0.008x + 0.8218)

coral or sand to the num ber of D. savigny; 
w ithin a quadrat (Fig. 9 and Fig. 10). 
Although the regression was not significant 
for coral and sand, the t-tests showed that 
there was a significant association between 
D. savigny:, the presence of coral, and the 
absence of sand. The t-test betw een the 
mean percentages of rubble from the two 
quadrat categories offered no significant 
difference (See Table 2).

FiG. 9. A regression analysis displays the lack of 
correlation between the percentage of coral and 
the number of D. savigny:'. (R̂ =0.1345, y= 0.012x + 
0.044)

Relative flow

Due to the length of the reef complex 
and the strong wave action at M aharepa, the 
clod cards were not retrieved. As a result, 
only the averaged amounts of dissolved 
plaster from Temae Airport were used. The 
clod cards in the lagoon were subjected to 
the highest currents as evident by significant 
loss of plaster mass (F ig .ll) . The amount of 
dissolved plaster was well correlated with 
both the num ber of D. savignyi and E. 
rnafEaei (Fig. 12).

Predation

I attempted to test whether the 
distribution of two urchin species was 
influenced by the threat of predation. The 
use of aluminum foil, duct tape, a simple 
five sided cage, tethering w ith fishing line, 
rubber bands as leashes, and various 
combinations of a curved barrier and a 
fishing line perimeter failed to contain D. 
savignyi within the treatment. To better 
understand the m ovem ent of D. savignyi, 
laboratory observations w ere conducted at 
night. However, D. saoignyi continued to
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escape the treatment. As a result, this 
portion of my experim ent was halted.

FlG. 11. Am ount of dissolved plaster in 24 hours 
(grams) at different zones of the Tem ae Airport 
reef complex. This is total plaster dissolved for 
10 samples.

Reef

FlG. 12. A regression show ing the relationship 
betw een the am ount of dissolved plaster (grams) 
in 24 hours at Tem ae A irport and the num ber of 
each species of sea urchins. Each point 
represents one of the five zones of the reef 
complex. (D. sapzgnyz: R^=0.5065, y= 0.6233x -  
5.051; E. wzafEaez: RM 13977, y= 2.8461x -1 6 .9 4 6 )

Amount of Dissoived Piaster in 24 
Hours (grams) at Temae Airport

DISCUSSION

Dz'stn'&Mfzon

The high abundance o/* D. sauzgziyz in the 
lagoon suggested that to be the preferred 
living habitat, supporting my hypothesis. 
However, the abundance of E. znafEaez 
within the lagoon was a surprising result. I

expected large numbers of individuals to be 
at the extremities of the reef complex: the 
algal ridge and the fringing reef. This could 
potentially be explained by the prevalence 
of algal vegetation and thus food supply on 
the lagoon (Perez-Castaneda and Defeo 
2001), but further observations of algal 
distribution would be required to test this 
hypothesis. Upon further examination of 
substrate associations and relative flow, E. 
zzzafEaez and D. sauzgzzyz occupied 
ecologically separate niches despite having 
the highest densities in the lagoon.

SM&sbafe Types

The association of E. zzzafEaez and coral 
supported m y hypothesis. Sea urchins, 
especially E. wiafEaez, grind coral to create 
elaborate home cavities. Overtime, this 
significantly alters the reef morphology by 
transforming coral into large amounts of 
sandy sediment (Khamala 1971). Other 
urchins, such as D. sauzgzzyz, occupy crevices 
under large coral heads. Both home cavities 
and coral heads offer protection from 
predators and intense wave action, which 
explains E. zzzafEaez's and D. sauzgzzyz's 
association with coral. Since D. sapzgnyz and
E. zzzafEacz use the coral in two distinct 
manners, they possess different ecological 
niches. Initial field observations suggested 
that when both species inhabited the same 
coral head, they would partition this 
resource, allowing for niche separation to 
occur. D. sapzgzzyz would often be found at 
the bottom  of the coral and E. zzzafEaez would 
be occupying the top to mid-portion of the 
coral. Further studies are required to 
confirm these observations. Although there 
is a lack of correlation between the number 
of urchin species and the percentage of 
coral, an interesting future study would be 
examining the possible association of E. 
zzzatEaez to a specific coral species. For 
example, E. zzzatEaez and Acropora species 
could be linked together.
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Previous studies have shown that areas 
with a higher amount of coral often contain 
a low percentage of sand (Alldredge and 
King 1977). As a result, both urchin species 
are unexpectedly linked to the lack of sand.

The insignificant result between rubble 
and E. znafEaez m ight be explained by the 
lack of surface area on rubble. This might 
hinder the creation of sufficient burrows but 
future studies concerning w hether there is 
an optimal burrow that E. zzzafEaez Type A 
prefers and the types of substrate that E. 
zzzafEaez prefers to use to make burrows are 
needed.

Relatz'pe Flora

The highest rate of water flow and the 
largest number of both urchin species were 
observed in the lagoon. This did not 
support my hypothesis that D. sauzgzzyz 
would prefer to live in the lagoon due to the 
low flow rates. However, large 
aggregations of D. sauzgzzyz could balance the 
threat of strong wave action breaking their 
spines. The lagoon was also found to have 
the second highest percentage of coral 
substrate. The coral could potentially offer a 
sufficient amount of protection from the 
waves. This would explain why both urchin 
species have the highest densities in this 
zone.

To live in a lagoon with strong flow, D. 
sarz'gzzyz could be smaller than the average 
urchin of the same species, w hich would act 
as a measure of protecting their delicate 
spines. This future study would require the 
accurate m easurem ent of D. sauzgzzyz spines 
and test size. Due to the small size and the 
sturdy spines of E. zzzafEaez, coping with 
increased wave action does not appear to be 
as much of a threat. This result supported 
m y expectation of E. zzzaiEaez inhabiting areas 
with strong water flow.

If the vegetation in this area was 
abundant, then the urchin species would not 
have to venture far in search of a food 
source. This short forging distance would

also minimize the threat of the intense 
waves.

Conclusions

In conclusion, D. sazzz'gzryz and E. zzzafEaez 
are both found more frequently in the 
lagoon portion of the reef complex. Both 
species are associated w ith the presence of 
coral, the absence of sand, and correlated 
with high flow. Despite these similarities, 
their partitioning of coral heads allows these 
two species to coexist within the lagoon. E. 
zzzafEaez is usually found near the top portion 
of a large coral head while D. savzgzzyz is 
found at the bottom  of the same coral.

Also their forging habits differ, further 
allowing the co-inhabitance of these two 
urchins. Since E. zzzafEaez exerts a great deal 
of time effort to build these homes, they are 
unwilling to leave it in order to actively 
forge. This would risk losing their 
protection (Nishihira et al. 1991). As a 
result, they use their spines in order to catch 
free floating pieces of algae (Ogden et al. 
1989). In contrast, D. sapzgzzyz actively forges 
at night since they don't typically create 
extensive home cavities (Ogden et al. 1989). 
They seek protection under corals or in 
groups.

E. zzzafEaez and D. sauz'gzzyz are important 
organisms in the reef communities. These 
sea urchins particularly E. zzzafEaez affect the 
bioerosion of the reef. Over time, the 
gradual grinding of coral alters the entire 
reef complex, w hich in turn causes the 
population of other marine organisms to 
change (Carreiro-Silva and M cClanahan 
2001). Since fish such as parrotfish and 
triggers are urchin predators, urchin 
populations indicate when fish groups are 
endangered (Peyrot-Clausade et al. 2000). 
Over fishing is signaled by increased 
numbers in the sea urchin population. 
Furthermore, sea urchins possess a 
commercial value. Their gonads are sought 
after for Japanese cuisines. By studying the 
distribution and niche separation of sea
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urchins, their effect on the bioerosion of the 
reef, role as population indicators and 
conservation efforts to prevent over 
harvesting of urchins can be better 
understood.
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