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Front Cover. Par/M/# sp., an individual in a relic wild population discovered in 
September 2003. AH nine of the endemic partulid gastropod species that evolved on 
Moorea were thought to have been extinct in the wild by 1987, following the disastrous 
introduction of an invasive predatory gastropod, pMg/anJma royea. The partulid tree 
snails of Moorea are famous for their contributions to theories of how evolutionary 
radiations occur. Ongoing research on Moorea has shifted toward conservation and 
understanding the population dynamics and ecology of the precarious remnants of the 
indigenous terrestrial snail biota. Shell length of the figured adult = 15.5 mm. Photo by 
Carole Hickman.
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View southeast across Cook's Bay from the Gump Station with Mt. Mouaputa.
Photograph by Jere Lipps.

The Moorea Class 2003

Introduction

The Moorea Class is a very special experience for undergraduates. Officially 
known as "Biology and Geomorphology of Tropical Islands" (Environmental Sciences 
and Policy Management 107 and Integrative Biology 158), it is a single semester-long 
class spent on the Island of Moorea, just 11 kilometers 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 the course there, Moorea changed their lives. We intend 
that the 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 at Berkeley preparing and equipping ourselves 
to go into the field on Moorea. Once there a week or so is spent in exploring all the 
many environments and opportunities of the island and o f Tahiti nearby. Then comes 
research, and Moorea holds many unique research opportunities, from the tops o f the



spectacular mountains to the depths of the forereef. 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 or 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 land and 
facilities on Cook's Bay, Moorea, to UC Berkeley in the mid-1980s to build a research 
facility. UCB students and faculty 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, and to faculty researchers.

Faculty members and Graduate Student 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. Five faculty took part in the field instruction for several weeks 
each, and three GSIs lived and worked with the class for the entire nine weeks on 
Moorea.

The Moorea course was started in 1991, and has 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 2003, the course was immensely successful. Twenty-two students 
did research on plants, animals and physical processes on Moorea. It was a creative and 
stimulating experience, and it changed all of lives in many ways. This book presents the 
written research results produced by the class of Fall 2003.
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Feeding Bioiogy of the Cushion Sea Star, in
Moorea, French Poiynesia

Victoria Bertics
University of California - Berkeley

ABSTRACT. The cushion sea star Czz/cz;# Mov<32gMZMege is a corallivore that often exhibits preferential feeding 
patterns in reef communities. In this study, a general survey was done to determine the time of day for feeding, feeding 
patterns, and the prey choice of C. MovaegMzneae individuals found on the fringing reef located next to the University of 
California - Berkeley Gump Research Station in Moorea, French Polynesia. It was found that C. nowyegMzneae is 
typically a night feeder and has a feeding preference for coral rubble while significantly avoiding sediment (P < 
.00085) and //#/zwez%3 <7z.y?of7<2 (P < .03). In laboratory experiments, C. 7?ov#^gzzzfze#e shows a strong feeding 
preference for ,4cr(%7ora Dana over Mbn/zjporg Bernard, Porz/ay /o&z/a Dana, Fzzzzgza /zorrzJa
Dana, ylc/zMoJz.ycM.y ? ^ .,7 /a /zw aJa Jzlyfarfa, sediment, rocks covered with PaJzzia &*ryana, and coral rubble. In 
additional laboratory studies, C. MovaegMzneaa exhibits a preference for PoczY/qporg wegfz<7rzfzg Dana over PoczV/ooora 
<%3;MzcorMz.y (L.) and yfcropor# gzz^/arg Dana. Czz/cz?# zzov^agzzzzza^a was not found to eat either type of Pocz//o/?or# 
during the current field observations, but was found to eat both in previous studies. These findings suggest that there is 
another factor influencing C. MowzegMZMeae food choice in the wild other than individual preference. The small amount 
of^crqpon? present may have promoted C. MovgegMznege to find other sources of food. The selective feeding of C. 
fzovaegizzfzeae on young colonies of^croporg may affect the abundance of this coral in the reef system.

Introduction
Echinoderms are very distinctive 

organisms found throughout the world's ocean. 
This phylum includes feather stars, sea stars, 
brittle stars, urchins, sand dollars, and sea 
cucumbers. All echinoderms are exclusively 
marine and are identified as having pentamerous 
symmetry in adult form, developing an internal 
skeleton made of many dermal ossicles, and 
having a water vascular system (Brusca and 
Brusca, 2003). One subclass of the echinoderms 
is the asteroids, or sea stars. Asteroids are 
characterized as having a flattened central disc, 
typically five radial arms with open ambulacral 
grooves, and a highly adaptable stomach that is 
everted when feeding (Lutz, 1986). Because of 
their stomach, asteroids make unique and 
intriguing test subject for feeding studies.

Nearly all asteroids are carnivorous, 
feeding on many different types of organisms, 
from benthic invertebrates like molluscs, other 
echinoderms, and crustaceans, to pelagic 
vertebrates like fish (Lutz, 1986). Because not 
all areas of the world ocean contain the same 
organisms, asteroids can vary in food preference 
from one area to another. Several asteroids 
prefer particular food types, whereas others 
become scavengers and grazers (Gosliner ef #/., 
1996). For these reasons, it is impossible to 
extrapolate from one species of asteroid to

another, concerning individual feeding 
preferences.

One species o f asteroid, Czz/cz/g 
MovaegMZMeae Muller & Troschel, 1842, is a 
common coral predator found in reef 
communities from the Indian Ocean to the 
Central Pacific Ocean (Marsh and Marshall, 
1983). Glynn and Krupp (1986) conducted a 
study of this species of asteroid in Hawaii to 
determine if the sea stars had a feeding 
preference when consuming coral. They found 
that C. MovgegMzneae exhibits a stronger 
preference for (%3/MzcornZty (L.) and

Dana over other coral 
species including Porz/ay co/M/?ray.yg Dana, 

verrMco.?# (Lamarck), and Fz/ngz# 
.yczz/arz# (Lamarck). This selective feeding led to 
the conclusion that C. novgegzzzfzege could 
significantly affect the relative abundance of 
corals in Hawaiian reefs. Another study found 
C. MovaegMZMeae periodically feeds on corals and 
other types of organisms that it does not 
primarily prefer (Potts, 1982). Menge (1972) 
explained this behavior by saying that sea stars 
will often consume unwanted prey if it is always 
abundant and readily available.

Czz/cz?# is also found in
Moorea, French Polynesia along the fringing reef 
adjacent to the University of California - 
Berkeley (UCB) Gump Research Station.

1



However, unlike in Hawaii, the corai genus 
PocH /oporg is extremely rare in this area. 
Instead, the asteroids are usually observed eating 
other types of coral including Porftgy cf. /o&g?g 
Dana, A/ontiporg g^/7org^ggn^ Bernard, and 
/fcroporg <2M.sferg Dana. Moreover, the asteroids 
have also been found consuming larger 
quantities of sediment, algae and coral rubble 
than quantities of live coral. It is possible that 
the asteroids found in Moorea have a preference 
for these items over coral, differing from their 
relatives in Hawaii. It is also possible that these 
asteroids have the same preference as the C. 
novggggfnggg found in Hawaii but because 
PocP/oporg is found so rarely in their habitat, 
they eat whatever is more abundant. The 
objective was to determine what time of day the 
asteroids feed and what is their typical prey. The 
percent coverage of potential food source was 
assessed in the present study to see if there is a 
correlation between what the asteroids are 
feeding on and the abundance of the food item. 
This study was designed to test the hypothesis 
that C. MovgggzgMggg shows preference when 
eating corals that are found near the UCB Gump 
Station. Furthermore, this research evaluated the

concept that C. novgggMinggg has adapted to 
consuming coral types other than species of 
PocP/oporg because PogiPcporg is found in 
such small amounts.

Methods and materials

-Sifg
AH fieldwork was conducted at the UCB Gump 
Research Station, which is located on the 
western side of Cook's Bay in Moorea (17°30'S, 
149°50'W), French Polynesia (Figure 1). The 
oceanic area adjacent to the station is 
characterized by a fringing reef that extends 
roughly 60-70 meters offshore. The reef region 
is mostly composed of sediment interspersed 
with coral platforms and live coral heads. Those 
coral genera dominating the area include 
Mongporg, /fcroporg, Pung/g, and Pori/gs. The 
reef region ends in an abrupt slope that extends 
to the bottom of the bay. The study area ends at 
the beginning of this slope because very little 
live coral is found with increasing depth and 
those that are living are too difficult to access by 
free diving.

Figure 1. This figure is a map of Moorea, French Polynesia (Tahiti.org, 2003). The white star on the map 
of Moorea indicates the study site.
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Figure 2. Test subjects used for the controhed feeding trials. To represent scale, a 15-centimeter ruler is 
located in the bottom right hand comer.

Organ;.????
All asteroids studied were from the 

species MovnegMZMeae, which are often
found inhabiting barrier and fringing reefs in 
areas of the Indo-Pacific, including French 
Polynesia (Gosliner a/., 1996). This species is 
characterized as having five radial arms that are 
highly webbed, causing the asteroid to look more 
like a pillow with five rounded corners. 
Coloration of C. Movaeginnege is highly variable 
ranging in colors from purple to orange to green, 
with many organisms displaying several colors 
simultaneously.

For one week, fieldwork was conducted 
three times a day (5 a.m., 1 p.m., and 9 p.m.) to 
observe what times the asteroids were feeding 
and what they were feeding on. At each time 
indicated, snorkeling was done along the reef 
edge for a distance of approximately 80 meters. 
When an asteroid was spotted, the color of the 
individual was recorded. Then, the asteroid was 
flipped over to see if the stomach was everted, 
meaning that the asteroid was ingesting material. 
If the asteroid was eating, the type of food was 
also recorded. This snorkeling was repeated for 
one day at the end of the laboratory work to help 
insure that what was found was not a weekly 
variation or random finding.

Coverage o /FooJ 7/ew^
Percent coverage was determined for 

each type of food item (MpHfzpor# e^7oreyeen^ 
Bernard, ^crqpora aa^/era Dana, Porz/ay /oAafa 
Dana, /fe^oJz^ea^ ? gp., Pzaigia Aorrzah Dana,

Na/awedfa a?M7or?a, sediment, rocks covered with 
Pa6%Ma &ofya/?a, and coral rubble) on and along 
the edge of the reef, covering an area of 
approximately 882 m . Percent coverage was 
determined by swimming in a zigzag pattern 
over the study area. Over 250 two meter by two 
meter quadrants were used to cover the entire 
study area. In each quadrant, the estimated 
percent coverage of each item was recorded. 
After all transects had been performed, all 
percentages were summed together for each of 
the nine potential food sources. To determine 
the percent cover for each food type, these sums 
were divided by the total area studied.

L abora to ry  con tro lled  feeding  
experiments were conducted to determine the 
feeding preference for each asteroid collected. 
Ten different individuals (Figure 2) were 
collected from the study area and held in a flow­
through tank in the station's wet lab. After 
collection, each asteroid was left without for 24 
hours so as to purge their digestive system. Nine 
different food items were collected from the 
study site and offered to the specimens. These 
items were Dana, A/oM?7pon2

B ernard, Porf?ay D ana,
pMMgz# Aorrf&y Dana, ? ^p.,
Na/wMe&y <3%.yf3r?<3, sediment, rocks covered with

0̂7y<3??(2, and coral rubble. Each food 
item was placed equal distant from each other 
around the circumference of a circle that was 
placed within a 1.25 m. by 2.45 m. outdoor tank 
adjacent to the wet lab. The asteroid was placed 
in the center of the food circle and observed

3



P ercentage of sea  stars feed in g  at 
e igh t hour intervais
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Figure 3. The percentage of sea stars feeding at eight-hour intervais as found in six days of fieid
observations.

every haif hour from 6 pm to 6 am. At each time 
interval the iocation and feeding status of the 
asteroid was recorded. So as not to disturb the 
normal behavior of the cushion stars, all 
observations were made under a red light.

To determine if the Moorean cushion 
stars differed from their Hawaiian relatives in 
food preference, another feeding test was 
conducted using the same ten asteroids. Prior to 
the experiment, the asteroids were left without 
food for 48 hours to once again purge their 
system. Ten tanks were set up with 4. aaytera,
P. weaw^rma, and P. JanacofTHs placed in a 
triangle on the bottom of the tank. The asteroids 
were placed in the middle of the triangle and 
observed every half hour from 6 pm to 6 am. At 
each time interval the location and feeding status 
of each asteroid was recorded. Once again, a red 
light was used to make the visual observations.

Data Taa/gyA
To determine if a correlation between 

food abundance and types of food being 
consumed in the wild existed, a binomial test 
was used. Each time that the asteroid was found 
eating a given food item counted as a success. 
The number of successes for each food type was 
divided by the total number of successes for all 
food choices to determine the percentage 
observed. The percent cover of each food item 
was used as the probability that a success would 
occur. All of this information was entered into 
the binomial test to find the z value. Using the z 
value, the normal distribution for each item was 
determined and this number was subtracted from

one to get the P values (Table 1). The same 
statistics were also applied to the controlled 
feeding experiments (Tables 2 and 3).

Results

FieM (%yerva?io?M o/PeeJmg
As a first step in evaluating the feeding 

patterns of Ca/cita novaegMin^ae, sea stars were 
observed in the wild. Upon examining C. 
HovaegMiaeae in the field, it was found that a 
large percentage of sea stars were feeding 
primarily at night (Figure 3). Less than half 
(42%) of the cushion stars ate during the time 
period 5am to 6am. Only 10% of the animals 
were found consuming food from 1pm to 2pm 
while 77% were discovered eating from 9pm to 
10pm.

During field observations, the types of 
food that C. MovaegMmeae was found consuming 
were recorded. The types of food that C. 
HovaegHmeae was found ingesting included hard 
corals, algae, sediment, and soft coral (Figure 4). 
Coral rubble was the food type that the cushion 
stars were found eating most often (28 out of 85 
observations). Sediment and algae covered rocks 
were preferred 22 and 23 times out of 85, 
respectively. Forces was consumed six out of 
85 times and 4cropora was consumed only three 
out of 85 times. Those items being consumed 
only once consisted of Afontipora, Da/aweJa, 
and ,4c?M!oJfycM.s. Faagfa was spotted being 
consumed by the cushion stars during 
preliminary observations but was not observed to 
be eaten by the sea stars during this study period.

4
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Figure 4. Found eating distribution for the asteroids. This data was collected from Sept. 21, 2003 to Sept 
29, 2003 during 18 field observations.

PerceM? Coverage q/FooJ/?e?%y
To better understand the amount of food 

available to the cushion stars, the percent 
coverage of each food item was estimated. The 
study area was composed mostly of sediment 
(41.39%) and rock and coral platform (33.85%) 
with occasional colonies of coral and algae 
interspersed (Figure 5). Coral rumble was the

third most dominant feature at 10.12%. Porf?ay 
and were the two most dominant
corals present (8.97% and 1.06% respectively). 
AH other corals were present at less than 1% 
(Monff/yor# at 0.36%, at 0.19%, and

at 0.05%). The only type of algae 
measured in this study was and it
comprised 4% of the covered area.

Ftvng/a
0.19%  1 Monf/pora 

Ha/zmecfa 0.36%

Figure 5. The percent coverage of each of the nine food items along the edge of the reef next to the UCB 
Gump Station after evaluating over 250 different quadrants from the area.
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Tabte 1. Binomial test resuits for the correiation between food abundance and types of food being eaten in
thewiid.

Mbnhpora Porifa! 4cropora Cora! Rubbie Rock Sediment ^cZmo^MCM Tfa/zwzeJa pMaM

number eating in fieid 
expected number eating 
P value

1 6 3 28 23 22 1 1

0.306 7.6245 0.901 8.602 28.7725 35.1815 0.0425 3.4

0.422637252 0.31696972! 0.173629568 6.47172E-06 0.099001898 0.000843372 0.322680912 0.027984489

Tabte 2. Controlled feeding trial results for ten different asteroids.

Rock Sediment yfcropora AtoaZzpora Pzzagza 77a/zzzzc<7a Coral Rubble ĉZzzzozVzyczẑ Porz'Zfj

Total number eating 0 0 48 0 3 2 0 18

Expected Number Eating 8 8 8 8 8 8 8 8

P value 1.7733E-68 1.7733E-68 < IE-68 1.7733E-68 0.004809736 5.54858E-05 1.7733E-68 0.004371127 1.7733EJ

Corrg/atroK Pe.sa/Z.s'
To determine if a correlation existed 

between the abundance of individual food 
choices and the number of times Czz/czta 
HovaegHtaeae was found consuming the item, a 
binomial statistics test was run. For most of the 
food choices, the experimental data did not 
significantly deviate from expected values (Table 
1). This finding indicates that C. Movaegzaaeae 
did not prefer nor avoid eating these prey items. 
There were three food items that C. 
aovaggzzzacag did show preferential feeding 
patterns for. CzJczta aovaegzaaeae showed a 
feeding preference for coral rubble (P < 
.000007). However, C. aovaegazaeae 
significantly avoided sediment (P < .00085) and 
7/a/rzngJa (P < .03).

Poor? Prg/ereace
To better understand individual feeding 

preferences, controlled laboratory feeding trials 
were run. During these feeding experiments, C. 
aovaegaiaeae showed a significantly stronger 
preference for ^cropora over all other food 
options (Table 2), eating it 48 times out of 71 (P 
< lxlO*^). Ca/cz'ta aovaegzztagae showed a 
slight preference for 4ct;ao<7Mca^, eating it 18 
times out of 71 (P < 0.0044). Pazzgza, eaten 3 
out of 71 times, and T/a/zzagJa, eaten 2 out of 71 
times were both significantly avoided by C. 
aovaggzzzagag (P < 0.0049 and P < 5.6x10^, 
respectively). AH other food choices were not 
eaten and therefore were strongly significantly 
avoided by C. aovaggzzzagag (all with P <
1.8x10*^).

Figure 6. The results from the /fcropora versus Pocz/Jopora controlled feeding test.
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Table 3. P vatues for the results from the versus Pocz//opor# controlled feeding test.

A  P. P. &zz7?zcorzzẑ
P vatues 0.0t7836987 7.68082E-07 0.000272961

In the second controlled feeding 
experiment, it was found that C. MPvaegMZMege 
significantly exhibited a high food source 
preference for P. w^nJrzH# (Figure 6 and Table 
3). Of the total 183 times the cushions stars 
were found eating, they were consuming P  
zMeanJrzM# 94 times, 33 more times than the 
expected value of 61 (P < 7.7x10* ). Czz/cz?# 

was found to significant avoid 
both A <3M.y?er# (P < 0.018) and P. &z/7zzcorz?M (P 
< .0003), eating them only 48 and 41 times 
respectively.

Discussion
Previous studies have shown that C. 

is a coral predator in many reef 
communities, showing preference for certain 
corals over others (Goreau a/., 1972; Glynn 
and Krupp, 1986). Those preferred by the 
cushion stars include PpczPopor#, /fcrcpora, and 
Porzfeg. The objective of this study was to 
determine if these preferences were also valid for 
the Moorean cushion stars located on the 
fringing reef adjacent to the UCB Gump 
Research Station by testing the hypothesis that 
Czz/czfa MOvaegMwieae prefers to eat ^cropora to 
other food types available in the reef system.

Initial field observations indicated that 
C. MovaegMfMeae is primarily a night feeder, 
eating only occasionally during the day. Day 
feeding most likely occurs when the cushion star 
does not obtain enough food during the night. 
Field results also indicated that C. MovgegMzneore 
prefers to eat coral rubble to all other available 
food options. However, laboratory studies found 
that C. M#v#egMM?e<3e does show the strongest 
preference for yfcropor# when presented with an 
equal opportunity to all nine food choices tested. 
These findings suggest that there is another 
factor, other than individual preference, that is 
influencing prey choice in the wild. Czz/cz?# 
MovaegMzneae has rather short arms, making it 
difficult for the star to climb up large pieces of 
coral and causing it to preferentially eat smaller 
colonies of coral (Goreau ef <3/., 1972). Coral 
rubble was typically found on the bottom in easy 
reach of the cushion stars while most of the 

colonies found within the study site 
were growing on top of large colonies of Porz/as. 
By growing on top of other corals, yfaropor#

may escape being eaten by the cushion stars 
simply because they cannot reach them. Those 

colonies that were found growing on 
the bottom were usually dead and often with a 
sea star next to them indicating that the star may 
have eaten the colony. Therefore, it is possible 
that C. Mov#agMz??e#a is hindering the growth of 

colonies on the bottom substrate and 
influencing them to grow on top of other large 
coral colonies.

In the second laboratory study, C. 
Movaegzzzfzeaa was found to prefer Poc/Popon? 
z7ie#MprzM(3 to both y4cr#jPor(3 #zz.y?ar(3 and 
PocP/qpor# P(?/7izc#f73z.y. The reasons why the 
cushion stars were never found eating these 
corals in the wild were simply because only one 
colony of P. zzzâ zzJrzzẑ z and no colonies of P. 
P<37Mzcornz.y found within the study area. 
However, because the cushion stars still show 
the highest preference for P. zMeafzJrzfz#, the 
Moorean cushion stars are no different in feeding 
preference from their Hawaiian relatives, 
suggesting that perhaps P. /TzaanJrzM# was once 
more abundant in the area than at present. It is 
possible, however, that Czz/cz?# MovaagMznaaa ate 
the PoczPojPor# simply because it was something 
new or possibly in better health than the 
yfcrojpor# it was offered. In the future, longer 
term studies would need to be performed to 
insure these trends continue over a longer period 
of time.

Conclusions
Czz/cz?# novaagMZMeaa is an important 

predator in reef communities. By focusing its 
feeding on only certain types of corals, C. 
MOv#egMZMe#e holds the ability to influence both 
the abundance and locality of corals within the 
reef system. In the reef community located next 
to the UCB Gump Research Station in Moorea, 
French Polynesia, C. M0v<2egzvzMa<3a appears to be 
influencing yfcropora to grow on top of other 
coral types while killing off those that begin 
growing on the bottom substrate. Furthermore, it 
is possible that C. Hovgagzzzzzeaa has had a 
similar influence on other corals in the past and 
may continue to affect the composition and 
location of coral within the reef community in 
the future. In the future, work needs to be done 
at other sites around the island and throughout
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French Polynesia to see if this trend continues. 
The impact of Cn/c/ta MovaegM/Heae in the coral 
reefs of French Polynesia needs to be understood 
before the possible loss of coral species richness 
becomes a reality.
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ABSTRACT. The distribution of a holothurian species 77o/o?/zM7i# is limited to only two populations
found in a shallow channel and lagoon at Point Aroa reef on Moorea, French Polynesia. As a deposit feeder, this 
holothurian species ingests sediment for food resources. This study examined whether sediment grain sizes and 
organic matter content affect their habitat selection. Feeding experiments compared sediment samples from the 
channel and lagoon to those in designated reef zones, where 77. /eMco-spu/of# is absent. This study also compared the 
organic matter absorption rates and sediment turnover rates between the two populations. Grain sizes did not affect 
preferences for sediment from any location, as this species selected for large-sized (1.8-2.0 mm) particles in a randomly 
given sample. However, 77. showed some preference for sediment with higher organic matter, as in both
the channel and lagoon. The mean organic matter absorption rate for the lagoon population was 4.20 g/day and for the 
channel population 4.06 g/day. The annual sediment turnover rates were similar between these two populations, which 
averaged 5974 g/nr/year for the lagoon and 5128 g/nr/year for the channel. Both the organic matter absorption rate 
and sediment turnover rate were proportional to holothurian mass. The large uptake of organic matter and the rapid 
turnover of sediment indicate that 77. /eMcaspf/ofa play a vital role in biologically changing the substratum composition 
o f their habitat.

Introduction
Holothurians (Echinodermata:

Holothuroidea), commonly known as "sea 
cucumbers," are marine invertebrates that have a 
cylindrical and elongate body form. Tube feet 
on the ventral side allow them to move and 
attach to substrate. 77o/o?/?M77<3 /eMcasp?//#?# 
(Brandt, 1835) is a deposit feeder most 
commonly found curled under coral or rocks, 
with anterior ends stretched out to feed on 
nearby sediment. This species has irregular 
periods of feeding, with no consistent times of 
the day. Its feeding tentacles are elaborately 
branched, and are extended when feeding to 
grasp particles and deliver them into the mouth. 
While the holothurian feeds, it removes organic 
matter from the sediment and excretes nutrient- 
depleted sediment from its anus in the form of 
fecal pellets. This continual process significantly 
alters the sediment quality of the ocean floor, 
thereby impacting the ecosystem and the other 
fauna that live within it.

77o/o?/zMf7<3 is a localized
holothurian in Moorea, as I found only two 
distinct populations in a shallow channel and 
lagoon at Point Aroa. This species is absent in 
the lagoonal environment leading up to the reef 
edge, though oddly, other holothurian species 
dominated this area. There are many factors that 
may explain why they prefer the channel and 
lagoon. The purposes of this study are (a) to

determine whether food selection influences 
habitat selection and (b) to observe the role of 
holothurians in bioturbation, the process of 
turning over sediment.

Sediment is consistently altered by both 
physical and biological processes in the ocean. 
Biological processes seem to dominate most 
coral reefs, as calcium carbonate deposits from 
corals and other organisms contribute loose 
sediment to the seafloor (Scoffln 1992). 
According to Scoffin's review of taphonomy, the 
study of the processes of dead organisms in 
sedimentation, the greatest amounts of loose 
sediment are most prevalent in channels—where 
sediment is transported by tidal currents—and 
lagoons, where sediment is shifted by burrowers. 
These are the types of environments where 77.

are found at Point Aroa. Sediment 
generally contains inorganic elements (such as 
silica), organic detritus, the fecal matter of 
organisms, and microorganisms (diatoms, 
foraminifera, and bacteria) (Massin 1982b). 
Holothurians, among many deposit feeders, 
ingest all this matter when sediment passes 
through their digestive tract. Muscles in the 
pharyngeal bulb, stomach, and posterior intestine 
mechanically grind sediment and absorb the 
organic matter from particles. The stomach 
maintains a nearly neutral pH of 5-7 and 
seawater also serves as a buffer in the digestion 
process (Massin 1982a).
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Previous research has shown a positive 
correction between hoiothurian densities and the 
amount of organic carbon availabte in their 
environment (Sibuet 1984). A specific study on 
the distribution of another species, TTo/of/zMrMf 
sca/ra, indicated that grain size and organic 
matter of sediment affected its distribution 
(Mercier et al 2000). No similar studies have 
been done on /7o/o?/?MUa /eaco.spi/ofa to 
understand its feeding ecology and how that 
influences its habitat selection and the role in 
changing its habitat through bioturbation. Three 
hoiothurian studies have been conducted on 
Moorea within the last 15 years. Dr. John Pearse 
of the University of California, Santa Cruz, in a 
1989 survey discovered 19 distinct hoiothurian 
species on the island. In 1996, Filiatrault 
conducted a survey on the distribution of 15 
hoiothurian species, including 77. /eacospi/ata, to 
find that sediment grain size did not affect 
distribution and concluded that Z?oAaa!sc/H'a 
argas* and Ro/ot/mria a?ra were generalists in 
terms of feeding, but no statements were made 
regarding the feeding mechanism of 7/. 
/eacoypf/ota. The most recent hoiothurian study 
in Moorea was completed in 1999, when Brusch 
observed the sediment turnover rate of 77. a?ra.

The present study contains four parts in 
analyzing the feeding ecology of 77. /caco^pi/ota:
(1) Feeding experiments tested whether this 
species preferred one zone's sediment to another 
based on grain size and/or organic matter content 
of each sample.
(2) If there is no preference, whether this species 
has the ability to select for a certain grain size 
from any random sample.
(3) Organic matter absorption rates were 
determined to predict amounts of organic matter 
removed from the environment.
(4) Sediment turnover rates suggested how this 
species affected its habitat by moving sediment 
around.

Materials and Methods 

o/'
This research was conducted from 

October to November of 2003 on the island of 
Moorea, French Polynesia (17°30'S, 149°50'W), 
located in the South Pacific (Fig. 1). The island 
is 1.2 million years old, covering 125 knr of 
area. Field studies were made at Point Aroa 
(!7°28.402'S, 149°46.419' W), a barrier reef 
located on the northeast side of the island. The 
reef contains a variety of corals and a rich 
diversity of flora and fauna. On land, a rocky

carbonate platform constructed from ancient 
eroded coral meets the shore. Sections of the 
platform isolate a narrow channel and back 
lagoon from the reef. 77. /eMccMpi/o?a is limited 
to only these two areas and is absent in the 
lagoonal environment leading to the reef edge. 
Interestingly, this lagoonal environment 
contained other hoiothurian species. The 
lagoonal environment was divided into four 
different zones (Fig. 2) for sediment collection. 
Laboratory experiments were performed at the 
University of California, Berkeley's Richard B. 
Gump South Pacific Research Station 
(17°24.4'S, 149°33.0'W) at the edge of Cook's 
Bay.

Figure 1. Map of Moorea, French Polynesia.

Point Aroa

7Ve/a?ia?ary oZn'ervan'OTM
Preliminary studies were conducted on 

the sediment grain size distribution and 77. 
/gMco.sp;7ot<2'.y feeding behavior. In the wet lab, 
by sieving sediment samples collected from the 
lagoon, channel, and various zones leading up to 
the reef edge, the percentage weight of different 
grain sizes showed some degree of difference 
among the samples. Sediment was also observed 
under a dissecting microscope to determine 
shapes of grains and presence of algae covering 
the outside of grains. In the field, four 
individuals of this species were removed from 
the lagoon and placed in the various zones, 
where none was previously found, to observe 
whether they would feed on this new sediment. 
Each extended its tentacles to sample the new 
sediment around them, and retracted them 
immediately without feeding. Observations to 
determine whether feeding occurred were made 
every 15 minutes. After 45 minutes, only one of 
the four started ingesting this new sediment.
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Figure 2. Reef zonation at Point Aroa. Sediment samples collected from the lagoon, channel, and four 
designated zones.

Coral platform

Lagoon Channel Lagoonal environment Reef crest

Four other individuals were also used as controls 
to test whether stress from an unfamiliar 
environment was the cause of the previous four 
not feeding. These four controls were lifted from 
their feeding area in the lagoon to another 
location in the lagoon a few meters away. 
Immediately they all began feeding. All eight 
holothurians were removed from their original 
area while in the process of feeding. These 
preliminary observations suggested that sediment 
preference may play a role in habitat selection.

The densities of both populations were 
mapped in the channel and lagoon. Using 50 m- 
transect tape, the length and width of the channel 
and lagoon were measured. One-meter lanes 
were established along the length of each area 
with colored flags as lane markers. By 
snorkeling and wading through each lane, the 
number of holothurians found was counted 
separately for each population. The density was 
obtained by dividing the number of individuals 
by each area.

q / <???J  -scJzTTic???
Twelve individuals were collected from 

the channel and twelve individuals were 
collected from the lagoon to obtain a total of 
twenty-four specimens. These specimens were 
transported back to the Gump Research Station 
and maintained in a circular cement tank (c = 
7.22 m, r = 1.14 m, h = 0.56 m) at an outdoor 
wet lab facility. The tank was filled to a 
sediment height of 3.00 cm and a drainpipe

maintained a water depth of 0.55 m. Fresh 
seawater (30°C, 37 o/oo) was recirculated 
through the tank at a flow rate of 6.00 L min'*. 
Returning to Point Aroa with buckets (c = 1.00 
m, r = 0.14 m, h = 0.53) and troughs, 0.0216 m  ̂
of sediment nearby holothurian individuals was 
collected from both the channel and lagoon. 
Because this holothurian species did not burrow, 
I extracted only the upper 10 cm of surface 
sediment. There were 0.0108 nr of sediment 
collected from each of the four designated zones 
in the lagoonal environment (Fig. 2), 
perpendicular to shore and 65 m east of the light 
post on the carbonate platform as a marker. A 
total of six buckets of sediment were collected 
from these six different areas. Temperature and 
salinity measurements were taken from each 
area. The different experiments performed in the 
wet lab required multiple returns to the site to 
make separate sediment collections of the same 
amounts for every feeding trial conducted and 
for both the grain size partitioning analysis and 
organic matter analysis.

Feeding experiments were conducted in 
a water table (2.36 x 0.99 x 0.15 m) partitioned 
by Plexiglas into ten feeding cells (48 x 33 cm) 
and ten blank cells (48 x 17 cm) (Fig. 3 A). Each 
feeding cel! was further divided in half by 
wooden sticks to hold different sediment samples 
collected from the six different locations. A 
drainpipe maintained a water depth of 0.10 m, 
with recirculating seawater (30°C, 37 o/oo) 
entering at a flow rate of 1.029 Lm in' .



Figure 3. Feeding trials water table design. (A, top) Image of entire water table in wet lab facility during a 
feeding trial. (B, bottom) Schematic diagram identifying the contents of each cell.

Channel Zone! Channel Zone2 Channel Zone3 Channel Zone4 Channel Lagoon

Lagoon Zonel Lagoon Zone2 Lagoon Zone3 Lagoon Zone4 Lagoon Channel

Blank Blank Blank Blank Blank

Blank Blank Blank Blank Blank
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Figure 4. Specimen images. (A, left) Branched feeding tentacles protruding from anterior end of 
specimen to grasp sediment. (B, right) Identification of specimens by tagging.

Figure 5. Close-up images of cells in water table. (A, top) Four feeding cells depicted with specimens 
aligned along center of each cell. (B, bottom) Four blank cells with specimens excreting fecal pellets.
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Combinations of varying types of sediment from 
the six different locations filled each cell to a 
sediment height of 2.00 cm according to the 
diagram in Figure 3B. The channel versus 
lagoon cells served as controls in which no 
preference was expected.

Before beginning feeding trials, 5.0 g of 
each sediment type (channel, lagoon, zones 1-4) 
were removed from the water table and placed in 
six 250 ml beakers for measuring organic matter 
later. These samples were dried in a Fisher 
Scientific fsotemp oven at 60°C for 24 hours and 
preserved in a freezer at 8°C. Another 200 g of 
each sediment type was removed and sieved 
through 2 mm, 1.8 mm, 500 pm, 250 pm, and 
125 pm sieves. These samples were also dried at 
60°C for 24 hours and weighed.

Ten specimens were used for these 
feeding experiments, five from the channel 
population and five from the lagoon population 
(Fig. 4A). They were transferred from the
circular tank to the ten blank cells in the water 
table to remain in these cells for 24 hours 
excreting fecal pellets. This "starvation period" 
purged their digestive tracts so that they would 
begin feeding trials with a clear gut. Fecal 
pellets were removed periodically, at least every 
six hours, to prevent holothurians from re­
ingesting the fecal pellets. After 24 hours, each 
specimen was identified by tying fishing line 
with numbered tags around the circumference of 
the body (Fig. 4B). Each specimen was weighed 
on an OHAUS Portable Advanced C7600 
balance 60 seconds after it was removed out of 
the water, allowing expulsion of water out of the 
anus, to obtain the weight of each specimen 
without water in the gut.

To begin a feeding trial, each specimen 
was placed in the center of each feeding cell, 
aligning their bodies along the wooden stick that 
separated the two types of sediment in the cell 
(Fig. 5A). The five specimens from the channel 
population were placed in the first row of the 
water table and the five specimens from the 
lagoon population were placed in the second 
row. The holothurians were allowed to feed for 
12 hours and the side of the cell each specimen 
was feeding on was recorded every 30 minutes. 
Feeding was indicated by the extension of the 
buccal tentacles around the mouth that grasp 
sediment particles to deliver into the mouth. 
Five feeding trials were conducted, with three 
night trials from 6:00 pm to 6:00 am and two day 
trials from 6:00 am to 6:00 pm. Both day and 
night trials were conducted because this species 
had irregular periods of feeding. Each specimen

was rotated to a different cell in its own row for 
each trial to ensure each specimen feeds on all 
the combinations of sediment offered. Between 
each trial, the specimens were removed from the 
feeding cells and placed in the blank cells to 
starve for 24 hours before beginning the next 
trial (Fig. 5B). Fecal pellets were collected with 
a baster in ten separate 40 ml beakers after each 
trial, dried and weighed according to the 
methods previously used for samples taken from 
the water table.

An aquarium tank (0.80 x 0.52 x 0.43 
m) was filled with 3.00 cm high of randomly 
chosen sediment from one of the six locations. 
Prior to starting experiment, approximately 200 
g of sediment sample was extracted from the 
tank, sieved through 2 mm, 1.8 mm, 500 pm, 
250 pm, and 125 pm sieves, dried at 60°C for 24 
hours, and weighed.

The ten specimens previously used in 
the feeding trials were starved for 24 hours in the 
blank cells of the water table prior to this 
experiment with fecal pellets periodically 
removed. Then all ten specimens were placed in 
this tank and allowed to feed for 12 hours. After 
feeding, the specimens were transferred back to 
the blank cells to starve for 24 hours with fecal 
pellets removed. Because the amount of fecal 
matter produced per individual was too small to 
sieve through, the fecal pellets of all ten 
individuals were combined. The experiment was 
repeated over a period of five days to obtain a 
larger sample size. This accumulated fecal 
sample was sieved through the same sieves, 
dried and weighed the same way the tank sample 
was treated.

Six aquarium tanks (0.52 x 0.30 x 0.43 
m) were each filled with 3.00 cm high of 
sediment taken from the six different locations 
(channel, lagoon, zones 1-4). Approximately
5.00 g of sediment were extracted from each 
tank, dried at 60°C for 24 hours and preserved in 
the freezer at 8°C.

For this experiment, all 24 specimens 
originally collected from the site were placed 
through a 24-hour starvation period, then 
randomly divided into four specimens per tank, 
where they fed for 12 hours. They starved for 
another 24 hours and fecal pellets were collected 
in 24 different 40 ml beakers. Once dried, all 24 
fecal samples were weighed and placed in
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separately labeled plastic bags (16.51 x 14.92 
cm) for storage in the freezer.

Upon returning to the University of 
California, Berkeley laboratory, all preserved 
samples were measured for the amount of 
organic matter contained per gram of dried 
sediment. Approximately 3.00 g of each sample 
was measured on a Mettler AE 240 balance and 
ashed in a Thermadyne 30400 muffle furnace at 
500°C for 30 hours. Each sample was weighed 
again. The amount of organic matter removed 
was determined by the difference between the 
initial and final masses of each sample. The rate 
of organic matter absorption by each individual 
holothurian was calculated based on the amount 
of fecal matter produced per day.

Results

The amount of time spent feeding on 
each type of sediment was tabulated. Since both 
day and night trials were conducted, a t-test was 
applied to determine whether data obtained were 
statistically similar. The t-test showed that data 
obtained from both day and night trials were 
96% statistically similar. A binomial test was 
then applied to the data to determine whether

there is a preference for one sediment type over 
the other in the binary comparison (Table 1). If 
Z > 1.960 (95% confidence), then there is 
preference, apparent in 3 out of the 10 cells 
tested: Channel vs. Zone 3, Channel vs. Zone 4, 
and Lagoon vs. Zone 1. All six sediment 
samples are composed of mostly large grains 
(1.8-2.0 mm) and small grains are minimal 
(Table 2). The organic matter content varied, 
with the greatest amounts in the lagoon and 
channel and some organic matter in zone 1. 
Zones 2, 3, and 4 contained the least amount of 
organic matter (Table 3).

The amount of fecal matter produced 
for each specimen was recorded for each of the 
five trials (Table 4). The average amounts of 
fecal matter produced by each individual over 
the five trials were graphed against each 
individual's body mass to determine if there is a 
correlation (Fig. 6). A positive correlation was 
found (R^ = 0.94, P < 0.001). The average fecal 
matter produced per individual in a population 
was computed, 4.62 g (s = 2.20) per individual in 
the channel and 5.20 g (s = 1.73) per individual 
in the lagoon. These averages were used in 
extrapolating the sediment turnover rates in each 
population.

Table 1. Summary of Z-values from binomial test results for feeding trials. Each Z-value represents 
degree of preference for the sediment samples compared. There is preference if Z > 1.960.

Z one 1 Zone 2 Zone 3 Z one 4 Lagoon
Channe! 0.42 1.60 2.28 5.39 0.43
Lagoon 2.18 0.15 0.85 1.50 1.33

Table 2. Grain size distribution by percent weight in each sediment sample.

S edim ent > 2 mm > 1 .8  mm > 500 nm > 250 pm > 125 nm < 125 urn
Lagoon 43.0% 42.6% 11.1% 2.0% 0.8% 0.9%
C hannel 19.9% 40.8% 25.0% 11.9% 1.2% 1.2%
Zone 1 13.7% 24.6% 49.8% 9.9% 0.5% 1.5%
Zone 2 15.9% 37.0% 35.7% 9.9% 1.2% 0.3%
Zone 3 12.4% 51.1% 26.4% 7.9% 0.9% 1.4%
Zone 4 25.7% 27.1% 42.2% 3.8% 0.8% 0.5%
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Table 3. Organic matter content expressed as the mass per gram dry sediment sample.

Sedim ent OM (g/ g dry sed)
Lagoon 1.736
Channel 1.611
Zone 1 0.7175
Zone 2 0.1427
Zone 3 0.1497
Zone 4 0.1317

Table 4. Mean fecal matter produced per population. Results were averaged from five feeding trials.

Specimen
id.

Hoiothurian 
Mass (g) Fecai Mass (g)

Tria! 1Triai 2Tria! 3Tria! 4Tria! 5Average over 5 triats
Average for 
poputation

C hannel -1 202.5 8.5 0.6 2.8 6.2 5.6 4.74
C hannel - 2 298.6 23.5 0.7 9.0 1.0 3.8 7.60
C hannel - 3 238.2 6.7 9.8 2.2 5.9 2.7 5.46
C hannel - 4 115.9 3.8 0.0 2.0 1.3 1.1 1.64
C hannel - 5 176.6 8.1 3.1 1.6 3.5 1.9 3.64 4.62 (s = 2.20)
Lagoon -1 219.7 5.5 0.9 7.7 5.9 4.6 4.92
Lagoon - 2 243.3 0.4 8.9 6.7 13.4 5.1 6.90
Lagoon - 3 257.0 11.7 16.6 0.6 4.5 0.8 6.84
Lagoon - 4 152.8 3.2 3.3 4.9 1.6 0.8 2.76
Lagoon - 5 182.3 10.5 5.2 3.0 3.6 0.7 4.60 5.20 (s = 1.73)

Figure 6. Holothurian mass compared to mean fecal mass obtained over five trials.
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Figure 7. Sediment grain size frequency distribution. Trend lines compare grain sizes available for feeding 
and which sizes were ingested.
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Grain sizes of both the available 
sediment and fecal pellets were compared (Fig. 
7). The middle-sized grains (>500 pm) are the 
most abundant in this random sediment sample. 
There is, however, a trend towards selection for 
larger grains (1.8-2.0 mm). Non-selection for 
small grains cannot be explained by whether 
holothurians were not choosing them or whether 
not enough small grains were available for them 
to choose from.

The organic matter content in samples 
was expressed as the amount of organic matter 
per gram of dried sediment (Table 5). The 
organic matter removed by the holothurian 
during digestion as sediment passes through the 
gut was the difference between the amounts of 
organic matter found in the fecal pellets and the 
sediment available for feeding. The OM 
absorbed was calculated by multiplying the OM 
removal by the fecal mass produced in a day. 
OM absorption rates were compared between the 
channel and lagoon populations and a t-test 
indicated that these rates were 91% statistically

similar, with no significant difference between 
the two populations. Means were computed for 
the OM absorption rates observed in the channel 
and lagoon populations. The body masses and 
fecal masses of these 8 specimens were also used 
in graphing purposes to determine their 
relationships with OM absorption. There is a 
direct proportion between holothurian mass and 
OM absorption (R^ = 0.8960, PO.OOI, Fig. 8) 
and between fecal mass and OM absorption (R* 
= 0.9681, P<0.001, Fig 9). This confirms the 
positive correlation between holothurian mass 
and fecal mass demonstrated in the feeding trials 
previously discussed.

Data was collected from the feeding 
trials. In a 12-hour feeding period, holothurians 
only spend about 5 hours of that time actually 
feeding. The average fecal mass produced for 
that feeding time was used to predict how much 
fecal matter was produced in a given day and 
year, extrapolated over both populations, based 
on their densities measured in the field, to obtain 
an annual sediment turnover rate (Table 6).
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Tabie 5. Organic matter absorption rates. OM removat is the diflerence between the sediment and feces OM. 
OM absorbed per day is determined by OM remova) times the feca) mass produced in a day.

Specimen
id

Feca! mass Sediment Feces OM OM OM MeanOM 
Specimen (gdry OM(g/g (g/gdry remova! (g/absorbed absorbed 
mass (g) sed/day) dry sed) sed) g dry sed) (g/day) (g/day)

Lagoon-1 331.5 4.4 1.616 0.348 1.27 5.58
Lagoon-2 141.2 2.2 1.616 0.188 1.43 3.14
Lagoon-3 253.2 2.6 1.616 0.068 1.55 4.02
Lagoon-4 294.1 2.8 1.616 0.166 1.45 4.06 4.20
Channe! -1 195.0 2.5 1.396 0.152 1.24 3.11 (s= 1 .0 1 )
Channe! - 2 306.4 3.7 1.396 0.144 1.25 4.63
Channe! - 3 372.4 5.2 1.396 0.145 1.25 6.51
Channe!-4 114.1 1.6 1.396 0.158 1.24 1.98 4.06
Zone 1-1 239.1 11.6 0.703 0.162 0.54 6.27 (s= 1 .9 6 )
Zone 1-2 146.1 14.2 0.703 0.153 0.55 7.80
Zone 1-3 152.0 14.3 0.703 0.157 0.55 7.80
Zone 1-4 147.0 13.6 0.703 0.141 0.56 7.65
Zone2-1 150.3 6.0 0.178 0.144 0.03 0.20
Zone2-2 252.3 6.5 0.178 0.171 0.01 0.04
Zone2-3 178.0 5.7 0.178 0.156 0.02 0.12
Zone2-4 340.0 9.6 0.178 0.137 0.04 0.40
Zone3-1 145.3 19.8 0.150 0.141 0.01 0.18
Zone3-2 171.2 10.9 0.150 0.142 0.01 0.08
Zone 3-3 168.8 13.8 0.150 0.149 0.00 0.02
Zone 3-4 202.6 14.6 0.150 0.139 0.01 0.16
Zone4-1 183.6 13.0 0.156 0.146 0.01 0.13
Zone4-2 264.5 6.2 0.156 0.147 0.01 0.06
Zone4-3 265.8 6.4 0.156 0.145 0.01 0.07
Zone4-4 199.2 7.2 0.156 0.147 0.01 0.07

Figure 8. Hoiothurian mass is compared to organic matter absorption for the four specimens from the channe) 
and four specimens from the )agoon.
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Figure 9. Fecal mass is compared to organic matter absorption for the four specimens from the channe! and 
four specimens from the lagoon.

Tabie 6. Annual sediment turnover rate for each population. Feca) production and feeding times determined 
from the experiments extrapotated to annual sediment turnover rate.

C hannel Lagoon
A verage feeding time (hrs) 5.8 5.4
A verage feca! m a ss  per individual per feeding time (g indiv^ hrs 4.6 5.2
A verage feca! m a ss  per individua! per day (g indiv^* day 19.0 23.3
A verage feca! m a ss  per individua! per year (g indiv*  ̂ yr* )̂ 6930.0 8498.5
Density (indiv m* )̂ 0.7 0.7
Annua! sed im en t turnover rate (g m*  ̂yr 5128.2 5974.5

Discussion

The organic matter content of sediment 
affects the habitat selection of 
not particle grain size. Hammond, in a 1982 
study of grain size selection in other holothurian 
species, concluded that there was no selection 
because adhesive mucus on the feeding tentacles 
extracts any size sediment in its habitat 
(Hammond 1982). Sediment grain sizes did not 
affect preference as these grain sizes get 
redistributed by wave action among the channel, 
lagoon, and zones 1-4 without addition input 
from land, or at least bioerosion on land occurs 
too slowly to create immediate changes in grain

size distribution. However, organic matter 
constantly enters the channel and lagoon from 
land runoff. This species was found in the 
channel and lagoon behind the carbonate 
platform, where the sediment in both places was 
darker in color than sediment in the four 
designated zones leading up to the reef edge. 
This dark color suggested more organic matter 
content. When sediment from the channel and 
lagoon were observed under the microscope, 
grains were enclosed in algal clumps that 
indicated algae to be a possible source of organic 
matter among other types biological input, such 
as contribution from other organisms. No algae 
were found on grains from zones 1-4. Results 
confirmed that both channel and lagoon sediment
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were higher in organic matter content than the 
other zones. Zone 1, however, did contain more 
organic matter than zones 2, 3, and 4. These 
differences piayed a role in the holothurian's 
preference for sediment from one zone over 
another.

Of the fO cells tested in the feeding 
trials, 3 indicated that preference was apparent 
between the channe! and zone 3, the channel and 
zone 4, and the lagoon and zone 1. In each case, 
the holothurians preferred either the channe! or 
!agoon sediment to sediment from the other zone 
in the binary comparison. Why no preference 
was shown when the channe! and !agoon were 
compared to zone 2 is unc!ear; however, some 
specific characteristics about each of the other 
zones must be a factor as to why preference 
resu!ted in comparisons to zones I, 3, and 4. 
The resu!ts suggest that when OM amounts 
differed significantly between zones, no 
preference was apparent. However, when OM 
amounts were c!ose, as in the !agoon and zone !, 
the ho!othurians chose the sediment that 
contained the higher amount. In the field, zone 3 
was observed to contain more of an abundance 
of Porffay cora! and Tfa/wneJ# atgae and zone 4 
was dominated by *S#rga.y.yM/w a!gae. These 
organisms can contribute more organic matter to 
the sediment. Furthermore, T7a/z77ie<%3 wou!d 
supply more !oose sediment than corals because 
of its higher rate of calcium carbonate production 
(Scoffin 1992). Abundance of cora! and algae 
houses a greater species diversity where other 
animals may also supply organic matter to the 
environment. A decaying fish that occurs in 
zone 3 or 4 can present a rare case in which 
organic matter would increase in the sediment 
significantly. Once again, when OM amounts 
were similar between two sediment samples 
compared, the holothurians still chose the one 
with a higher OM amount. A closer study of 
these zones and their biological components is 
necessary to determine OM sources and to assess 
exactly why preference was observed with these 
locations. Exact sources of sediment are difficult 
to identify because all organisms contributing 
loose sediment undergo different stages of partial 
breakdown that render taxonomic identification 
almost impossible (Scoffin 1992).

The results of the feeding trials do not 
serve to isolate food availability as the only 
factor in this species' habitat selection. 
Obviously, preference is only apparent when 
holothurians are given the choice, as in the 
laboratory. Other factors not tested in this study 
may explain why this species is only found in the

channel and lagoon. Predation is not a possible 
reason because the only predators that 
holothurians generally are susceptible to are 
much larger echinoderms, such as PycnqpoJz#, a
10-armed animal. None were present at Point 
Aroa. Salinity (34 o/oo) and temperature (31 °C) 
may also be eliminated as factors because they 
are consistent among the channel, lagoon, and 
the four zones sampled. Water depth is also not 
a factor because at high tide, water is still able to 
enter through carbonate platform crevices into 
the channel and lagoon to increase depth there. 
Thus, the other possible factor besides food 
availability is the protection from extreme wave 
energy. The carbonate platform shelters these 
holothurians when waves wash into the channel 
and lagoon abruptly at high tide. Nevertheless, 
protection from wave action cannot stand as the 
only explanation for this species' distribution. 
Filiatrault concluded that this species' 
distribution depended heavily on the presence of 
shelter for hiding (Filiatrault 1996). There is not 
enough data to conclude that this is the sole 
factor, as preliminary observations made in this 
present study indicated that there were plenty of 
objects, such as large corals, for 7/. /eMcaspz/o?# 
to hide under in zones 1 through 4.

As indicated in their fecal matter, 77. 
selected for large grain sizes (1.8- 

2.0 mm) from a random sediment sample, 
despite the fact that more middle-sized grains (> 
500 pm) were available in the sediment they 
were feeding on. The reason for why larger 
grains were selected is unknown. This is 
perhaps due to the structure and mechanics of the 
feeding tentacles and more study is required to 
understand their morphology. Some feeding 
tentacles are suggested to absorb dissolved OM 
(Massin 1982b). Massin also observed that there 
is an increase in selectivity with an increase in 
tentacle complexity. Organic matter selection 
may not even be influenced by feeding tentacles, 
as prior studies indicate that OM selection occurs 
in the pharyngeal bulb, not the tentacles (Massin 
1982b). A study on the tentacular diversity of 12 
different holothurian species revealed that the 
tentacles' structure indeed determined grain size 
selection (Roberts 1979).

There is a relationship between grain 
size and organic matter that may explain 
selection by holothurians. Usually the organic 
matter is stored in the small sediment grains as 
there is a larger total surface area. Thus, if there 
is grain size selection, I expect that holothurians
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would select for smaller grains. In another study 
of feeding behavior of two species /Zo/o?/?Mrz(2 

afra and //o/of/?Mr/(2 both selected for
smaller grain sizes with more organic material 
(Wiedmeyer 1992). However,//. /^Mca^pz/a/a's 
selection for larger grains may be for a different 
reason. Each individual large grain may exhibit 
ruggedness to hold more organic matter. This 
could not be determined in the simple 
microscopic observations in this study, as 
thorough rinsing is required to remove all the 
algal clumps that surrounded grains in order to 
analyze grain periphery for such ruggedness, if 
present. Larger grains may also settle more 
towards the surface of sediment as chips of coral 
continue to accumulate into loose sediment 
under large coral. Grain sizes are naturally 
sorted by waves and currents that cause larger, 
denser grains to settle as a deposit and the lighter 
grains to suspend (Scoffln 1992). Otherwise, //.

selection for larger grain sizes 
could be due to just the nature of the sediment 
available at Point Aroa, in that not enough small 
grains are available for this species to choose for. 
A future study conducting feeding trials with 
pre-sorted sediment samples of different grain 
sizes may confirm selectivity.

The feeding trials established that the 
channel and lagoon contained higher OM 
amounts. OM amounts also varied in the fecal 
pellets collected from specimens feeding in 
different sediment types. Fecal pellet masses 
indicated the relative amounts of sediment 
ingested. Where sufficient OM was available, as 
in the channel and lagoon, holothurians ingested 
an amount of sediment proportional to their body 
mass to obtain the right amount of nutrition. 
Interestingly where zone 1 contains some 
available OM, holothurians ingest a greater 
amount of sediment in an attempt to gain enough 
OM from their food. This has been observed in 
a previous study in which holothurians will eat 
more to meet their metabolism when OM 
becomes scarce (Massin 1982a). However, 
when little OM to none were available to them in 
zones 2, 3, and 4, holothurians ingested the least 
amount of sediment, as if avoiding eating 
altogether. These results suggest that 
holothurians have the ability to detect and feed in 
OM-rich sediment as biomonitors. Nonetheless, 
overestimation of OM may occur, even if such 
cases are rare. Yingst ascribed the error to the 
mucus layer that holothurians make to shape and 
enclose their fecal pellets, as this mucus layer

carried other microorganisms from the gut 
(Yingst 1976). Microbial activity within the gut 
may alter the organic matter present in fecal 
pellets once sediment has exited the holothurian 
(Scoffin 1992).

The OM absorption rates suggest that 
these holothurians play a role in recycling 
nutrients in the ecosystem. The average daily 
OM amounts absorbed per individual—4.20 g 
OM/ day for the lagoon population and 4.06 g 
OM/ day for the channel population—indicate 
that large amounts are simultaneously removed 
from the ecosystem. However, previous studies 
have shown an unusual case in which fecal 
pellets excreted back into the environment are 
richer in organic matter than sediment ingested, 
which could benefit other organisms
(Wiedmeyer 1992). Consequently, organic 
matter is consistently renewed while
holothurians are feeding. The upper layer of 
sediment contains the most nutrients (Yingst 
1981). The mixing of this upper layer prevents 
calcium carbonate from being buried and lost, 
maintaining the carbon dioxide cycle (Massin 
1982a). There was no significant difference in 
OM absorption rates between the channel and 
lagoon populations, as averages body masses 
were also not significantly different. The OM 
absorption rates are directly proportional to body 
mass—as the larger the holothurian, the more 
OM it absorbs—and proportional to fecal pellet 
mass—as the more the holothurian ingests, the 
more OM is absorbed. This is due to the direct 
proportional relationship between body mass and 
fecal pellet mass, as the larger the holothurian, 
the more sediment it ingests, and the more fecal 
matter it excretes. Evolution should drive 
individuals of this species to perform the same 
physiological functions; therefore, no differences 
should be observed between these two 
populations.

As deposit feeders, holothurians such as 
//. /eMcaspf/o?# have a major contribution in 
bioturbation. The annual sediment turnover rate 
for the channel population is 5128 g/m/year and 
for the lagoon population is 5974 g/m/year. 
These rates were lower than the turnover rate 
observed by Brusch in the 1999 study on 
//o/o?/?Mr/(2 <3?r<? because the densities of Z/.

in both the channel and lagoon were 
much lower. These rates, however, are high 
enough to create changes in not only organic 
matter content, but also grain size distribution 
especially when this species is selecting for the
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1.8-2.0 mm grains. Sediment turnover rates 
correlate with the amount of OM contained, as 
the larger the grain sizes, the less the organic 
matter, but the more sediment turned over 
(Yingst 1981). The impact of bioturbation is 
relative to many factors, including the behavioral 
characteristics of different species and the type 
of habitat in which the holothurians are found. 
Bioturbation would be more significant if this 
species was a burrower that, while turning over 
sediment, it vertically partitioned the grain sizes 
in sediment, or if this species were in the deep 
sea where more OM-rich fecal pellets would be 
suspended throughout the water column instead 
of settling down to the ocean floor immediately 
as in shallow water.

If currents become too strong at high 
tide in Point Aroa, however, fecal pellets may 
still be transported. When these fecal pellets are 
moved, they can bury larvae of organisms, 
prevent sessile epifauna from sticking to 
substrate, or clog the filters of suspension 
feeders, which hang their feeding tentacles in the 
water to capture drifting particles (Massin 
1982a). Fecal matter may also block the 
ambulacral system of other echinoderms (Scoffln 
1992). Another study on the bioturbation rate of 
77o/o//?Mrza pr/Mcqay depicted how infaunal 
communities of gastropods and amphipods were 
also affected as their numbers decreased, as they 
also filter their food (Dahlgren et al 1999). 
Previous studies on other holothurian species in 
other habitats have shown how bioturbation 
diminishes the densities of meiofauna (Massin 
1982a), microfauna, diatoms and cyanobacteria 
(Uthicke 1999) as well. On the contrary, 
meiofauna and bacteria may also serve to further 
break down fecal pellets into finer grains 
(Scoffin 1992); hence, it is still unclear whether 
bioturbation benefits or inhibits these 
microorganisms. Massin suggested that the 
holothurians' role in bioturbation is limited in 
shallow water because they are not the dominant 
macro fauna (Massin 1982a). However, both the 
channel and lagoon at Point Aroa seem to be an 
exception because both 77. 
populations at these locations are denser than 
that of other deposit feeders present, such as 
other holothurian species.

AH the experiments and analyses 
conducted in this study may be extended for 
further investigation. A more in-depth analysis 
of the zonation at Point Aroa and the sources of 
sediment within each zone may offer a stronger

basis for comparison to the channel and lagoon 
where 77. are found. Grain size
selection requires more analysis to confirm the 
selection suggested by this present study. 
Feeding experiments may be altered to make 
binary comparisons of sediment of different 
grain sizes, pre-sorted, while taking advantage of 
the same design of the water table that offers an 
original system of rotation that allows each 
specimen to feed in all sediment sizes while 
experimenting with 10 specimens 
simultaneously. Grain size selection may be 
studied in relation to the morphology of feeding 
tentacles and the ontogeny of this species to 
determine preferences of larvae and juveniles as 
well as adults. A previous study on how the 
distribution of TTo/o/AMrfa was affected by 
the sizes of individuals indicated that larger 
individuals (the adults) preferred sand with little 
OM, smaller individuals (juveniles) preferred 
mud with more OM, new juveniles settle in 
seagrass beds with the richest OM, and all 
different holothurian sizes avoid fine silt 
altogether (Mercier et al, 2000). These results 
suggest that OM richness is not always found in 
fine sediment and that 77. afra would only select 
for sediment sizes that would allow the 
holothurians to burrow more easily. In addition, 
since the relationship between bioturbation and 
meiofauna densities remain a mystery, 
measuring the densities of these microorganisms 
at Point Aroa in comparison to 77. /eMcaspi/a?a 
densities may broaden the understanding of how 
nutrients are being recycled. A long-term study 
may also include monitoring the annual sediment 
turnover rates to predict how the sediment 
quality will continue to change in the future.

Conclusions
77o/o?/mr;'<2 will continue to

influence sediment quality in the reefs it inhabits. 
Its food selection determines its habitat selection, 
showing preference for sediment with higher 
organic matter content. Grain sizes of sediment 
do not determine preference, as this species has 
the capability to partition grain sizes in any 
random sample and ingests only a particular size 
it selects for. 77. absorbs a large
amount of organic matter from ingested sediment 
to meet its own metabolic needs while 
simultaneously recycling nutrients in the 
sediment as sediment re-enters the environment 
in the form of fecal pellets, which may be 
transported throughout an ecosystem. 
Consequently, bioturbation of sediment by this 
species would alter the grain size distribution of
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sediment and its organic matter content. Vast 
populations of 77. wiH continue to
change the substrate of coral reefs for other 
organisms.
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various corai types
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ABSTRACT. gzg^^M^ the Pacific Ocean sub-species of the Christmas tree
worm, is an obligate associate of coral. Its distribution on live corals was observed in two lagoon locations 
in Moorea, French Polynesia. Distribution was analyzed based on density (no. of worms/area of coral). 
Density was compared between study locations and coral types. Coral types were identified using 
morphological differences in corallite and polyp structure. Analysis of these data shows that colonization 
varies over coral type with a significant preference for two species. This suggests either larval
preference during settlement or differential survival rate after settlement, though previous studies of & 

larvae suggest that larval preference is more likely. Density of worms varied significantly 
between study locations suggesting that the distribution of worms is associated with varying habitat types 
and environmental factors.

Introduction
Habitats are defined as "spatially 

bounded subsets of physical and biotic 
conditions among which population density of a 
focal species varies from other adjacent sites" 
(Morris 2003). Animals benefit when they 
choose habitats that will increase their survival 
and reproductive fitness. Individuals choose 
habitats in a non-random way to optimize 
protection, nourishment and reproduction. 
Increasing one's reproductive fitness by 
choosing a favorable habitat is evolutionarily 
advantageous and through time selection of 
habitat becomes species specific (Morris 2003, 
Munday 2001).

Coral reefs are highly complex, variable 
environments that consist of a multitude of 
available habitat types. Tropical island reefs are 
densely populated, resulting in increased 
competition for available habitat space. 
Increased competition results in commensal 
relationships as organism evolve to live together 
(Hunte 1990). These relationships can be 
observed in the distribution of sessile marine 
organisms. Previous studies of sessile marine 
invertebrates including barnacles, mussels, 
oysters and tubeworms (Pawlik 1991) have 
shown that distribution is regulated by larval 
preference at settlement or by differential 
mortality after settlement (Hunte 1990).

gfg#M?̂ Mty, an obligate 
tubeworm of coral, is found throughout tropical

and sub-tropical reef regions. The Atlantic Ocean 
is home to the sub-species & gfg#M/eM.$ gjg<3M?̂ M.y 
and & g;g(?M/eMty lives in the Pacific
Ocean. *S. gfg#M?eM.y has a larval phase of 9-12 
days in which the larvae are free living in the 
water column. The larvae then settle onto a coral 
head and build a calcareous tube to protect 
themselves. Metamorphosis is completed shortly 
thereafter (Hunte 1990, Marsden 1990, Smith 
1984). Adult worms can live on the coral heads 
they inhabit for as long as forty years (Smith 
1984). Studies by Hunte (1990), Marsden (1990) 
and Dai (1995) of larval settlement found 
distribution patterns in *$. g/g#??^^ that suggest 
a selective commensal relationship between 
particular coral types and the tubeworms. These 
hypotheses can be drawn from field studies as 
well as controlled laboratory experiments. The 
current study tested for a similar relationship 
between & gfg#M?̂ M.y and the corals
around Moorea, French Polynesia.

This investigation seeks to clarify the 
relationship between 5*. gfg#M?eM.y and coral. To 
do this, it is necessary to investigate the habitat 
selection of 5*. gzg<3M?eM.y on differing coral types. 
This was accomplished by observing abundance 
of coral type in comparison with abundance of 
worms on each coral type. Further investigation 
involved testing for differences in worm density 
among coral types to determine whether the 
degree of worm colonization is correlated with 
coral type or coral size. This study sampled two
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locations around Moorea to determine whether 
distribution patterns are similar in different 
locations around the island.

Methods and Materials
Moorea is the second youngest island in 

the Society archipelago. It was formed 
approximately two to three million years ago. 
Around the island lies an outer reef  ̂ commonly 
called a barrier reef The outer reef is made up of 
the reef front, outer reef flat, inner reef flat, and 
lagoon zones. Lagoons are created by inner reef 
flat erosion that leaves a sandy bottom under a 
few meters of water. Lagoons have large, &ee 
standing coral heads. Growth can be very 
elaborate in lagoon areas because of minimal 
wave energy (Veron 1986). The current study 
was conducted in two similar locations on the 
north side of Moorea (See Appendix 3). Study 
site 1 was located between Opunohu and Paopao 
(Cook's) bay. This area is separated from the 
island by a large channel made up of a sandy 
bottom. Coral density increases with increasing 
distance from the channel. The lagoon area 
between the channel and the reef flat is spotted 
with dense patches of coral. These patches 
contain many different species of coral in 
varying densities. Study site 2 is located on the 
east side of Maharepa. The lagoon has a channel 
to the west named Irihonu pass. A boat channel 
passes in a latitudinal direction through the 
middle of the lagoon. These channels and the 
shore surround the study site (GPS coordinates 
for each quadrant are noted in Appendix 1).

Within the study locations seven types 
of coral were observed. These seven types 
consist of four genera: Mbn/zpor#,

and Within Porifay there
are four recognizable species termed, for the 
purposes of this study, Porf/as type I, II, III, and 
IV. Porz/ay type I has 12 large denticle polyps in 
a clean circle just inside the septum. The septa 
are wider than they are tall. P#n?a$ type II 
consists of bright purple coral heads. Polyps are 
similar to type I but the type II corallites are 
smaller. The coral head has a small, columnar 
form. Porz?as type III has deep corallites with 
weakly developed polyps. Polyps rarely reach 
the edge of the septa. Septa are taller than they 
are wide. Porzfas type IV has 6 large and 6 small 
polyps in an alternating, star pattern. The 
corallites appear to be filled by polyps. The 

group consists of large coral heads in 
the family y4crop0rz&ia. The colonies are made 
of thin, branching coral. The Mbn/zpora 
observed was M  which is a purple,

encrusting coral (Pictures of all coral in 
Appendix 2).

A preliminary study was conducted 
prior to data collection to identify all the coral 
types. A multitude of detailed digital 
photographs were taken of all observed coral 
types. Coral types were categorized based on 
careful review of these photos so that 
identification of coral type could be 
accomplished during data collection. All photos 
were taken with a Nikon Coolpix 4500 digital 
camera in an Ikelite underwater housing.

Each study site consisted of five 
quadrants for a total of ten. Each quadrant was 
1 OOnr in total area. Quadrants were chosen 
randomly by kayaking into an area of the lagoon 
where reef was present and dropping a weighted 
buoy. The position of the buoy marked the 
transect center. Measurements were standardized 
between sites by measuring five meters north of 
the buoy. This marked the north side of the 
quadrant. A ten meter by ten meter square was 
then measured and marked around the center 
point. Each comer was marked with a field flag 
and string was run around the flags.

Sites were surveyed for abundance of 
each coral type, shape of coral heads and 
abundance of worms on each coral type. Corals 
that were difficult to identify at the time of data 
collection were photographed and compared with 
previously categorized photographs. The 
abundance of each coral type was evaluated by 
measuring the circumference of every coral head. 
The abundance of worms was determined by 
counting the number living on each type of coral. 
Coral head color and gross shape were noted for 
each coral head.

Data were later entered into a 
Microsoft Excel spreadsheet. Area of coral was 
calculated from the circumference measured. All 
statistics were carried out using Excel's Analysis 
Toolpack.

Results
Data from study sites 1 and 2 were 

combined to analyze the distribution of coral and 
worms. The abundance of coral was found to be 
uneven (Table 1). The abundance of worms on 
coral types was also found to be uneven (Table
1). A Kruskal-Wallis test was done to establish 
the organization of worms over coral type. The 
distribution was found to be non-random 
(P<0.0001). A binomial test was done to 
establish a preference for coral type. In all sites, 
the proportion of worms on Porzfay type II and 
III was found to be much higher than expected
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based on the relative proportions of those cora! 
types. A regression ofPorz?ay type II and type III 
coral showed that both had a significant 
correlation with worm distribution, but a t-test 
provided insufficient support to say which of the 
two corals was more preferred.

The same statistical analyses were done 
for each study site. The binomial test for study

site 1 showed that Porz/ay type II and III had 
higher proportions of worms than what would be 
expected based on their relative proportions of 
coral. In study site 2 the proportion of worms 
was not higher than the relative proportion of 
coral for Porzfay type II. T-test results did not 
allow rejection of the hypothesis that site 1 was 
different from site 2 (t = 5.10 d.f =1).

Coral type # of 
worms

Area of coral 
(M')

Proportion of 
worms

Proportion of 
coral

z-
value

p-value

Porz/ay 1 752 11.168 0.536 0.260 797.8 0.00000

Parz/ay 11 184 0.745 0.036 0.064 80.5 0.00000

Por?z?ay III 1906 5.297 0.255 0.660 1170.8 0.00000

Por?zay IV 12 0.864 0.043 0.004 109.8 0.00000

yfcropor# 32 2.444 0.117 0.011 306.3 0.00000

A%9fz?zpor# 3 0.269 0.013 0.001 25.4 0.00000

Table 1. Totals for all sites and results of binomial test. PoczPqpor# is left out of the analysis because it 
was not colonized.

Site 1
Coral type # of 

worms
Area of 

coral (M^)
Density

Porzfay 1 621 6.3641 97.5783
Porz?ay 11 178 0.4611 386.0641
Porz?ay III 1624 3.5333 459.6283
Porz/ay IV 12 0.7280 16.4837
yfcrqpor# 15 1.5016 9.9892

2 0.2245 8.9094

Site 2
Coral type # of 

worms
Area of 

coral (M^)
Density

Porz?ay 1 131 4.80439 27.2667
Porz?ay 11 6 0.28379 21.1427
Porzfay III 282 1.76397 159.8663
Porzfay IV 0 0.16628 0

17 0.94244 18.0381
MaM/zpor# 1 0.04503 22.2087

Table 2. Abundance of worms and coral with density for each coral type calculated. Pocf/Zopor# is left out 
because it was not colonized

Regression analysis found that coral 
head area is correlated with worm abundance 
(P<0.0001), indicating that, as cora! head size 
increases, there is more room for worms to live.

Discussion
The distribution of coral types in the lagoons 

around Moorea is uneven. Porz?ay type I makes 
up 54% of the total coral area and P#rz?ay type 
III makes up 26%. Porz?ay is the most abundant 
coral genus overall. This could be because the 
lagoon area is a favorable place for Porz?ay 
corals to live. Porzfay type I coral either grows

faster than the other coral types or reproduces 
more successfully within the lagoon region.

Overall coral abundance is not related to the 
distribution of *S. gzg<3M?ezz.y. The proportion of 
worms seen in Table 1 does not parallel the 
proportions of coral. This is due to either 
differential survival of worms on different coral 
types or habitat selection by larvae during 
settlement. Previous studies have indicated that 
larvae are attracted to exudates of coral and will 
choose a type of coral to colonize. Choice is 
related to the distribution of adults in the field 
(Marsden 1987, 1989, 1990). It is therefore
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assumed that worm distribution is due to habitat 
selection by larvae and not differential survival.

The proportion of worms inhabiting P#rz?ay 
type H and type III coral heads are higher than 
what is expected based on the relative proportion 
of those coral types. This indicates that these 
coral types are selected by & gzg<3M/eM.y. 
Alternatively, the other coral types are not 
selected. This is strongly supported by high Z- 
values (Table 1). The relationships of P#rz?ay 
type II coral heads and worm distribution 
changes between study sites. Study site 1 shows 
that type II is being selected for colonization and 
study site 2 shows that it is not selected. The t- 
test failed to show that the two sites differ in 
regards to distribution and coral type. The 
sampling of type II coral must have been 
different among study sites, possibly due to the 
low area of Porz?ay type II coral found in study 
site 2. Or, it could be that there was a 
disproportionately high abundance of type II 
coral in the areas surveyed in study site 1. In 
either case, Porz?ay type 3 seems to be more 
preferred for colonization than type II.

Studying distribution of this species allows 
us to hypothesize about its habitat selection. 
Habitat selection has been documented in & 
gzĝ zzzẑ zẑ  numerous times. The selection of 
certain coral types is evident in both locations of 
lagoon sampled here. Hunte (1990) found that & 
gzga?%eM.y gzgafi/ezAy in Barbados (Atlantic 
Ocean) is most commonly found on Dzp/orza 
.y?rzgay<3. Dai (1995) found that *5. gzg<?M?eM.y 

colonized the coral of Southern 
Taiwan (Pacific Ocean) unevenly, with most 
adults living on P#rz/ay corals. It is expected that 
coral preference varies between locations, 
especially ones as far apart as the Atlantic and 
Pacific Oceans. The identity and composition of 
coral varies in each of these studies but what 
remains the same is the preference for a 
particular coral type.

It is possible, based on current information, 
that there is habitat selection of Porzfay corals 
throughout the Pacific by *S. gzg<3M?eM.y. Further 
study of more locations in the Pacific might 
show the taxonomic level at which coral is 
chosen. More data are needed to determine what 
coral types are preferred throughout the 
geographic range of & gzg^zz^zz .̂

Habitat selection is based on the needs 
of the organism. Habitat selection in sessile 
marine organisms can only be accomplished by 
their free-living larvae. The habitats selected by 
the larvae become evident as distribution 
patterns in the adult worms. The distribution of

adult worms can therefore be observed and we 
can infer which habitats are being selected. The 
relationship that has developed between 5*. 
gzg#M?eM.y and particular types of coral within 
Porz?ay is dictated by larval settlement 
preference. The significantly high proportion of 
worms living on Porzfay type III coral heads 
suggests that this habitat is selected by the larvae 
during settlement. This coral type probably 
bestows some advantage on 5*. gzg#M?eM.y in 
juvenile and/or adult form. From the results of 
the current study, we can speculate that larvae 
capable of selecting Porz/ay type III coral during 
settlement had higher reproductive success than 
other larvae that were unable to select a preferred 
habitat. These selective larvae have dominated 
the gene pool in the reefs of Moorea and have 
shown their preference through their distribution 
as adults.

Conclusion
This study shows that coral abundance 

in the lagoons of Moorea is disproportionate to 
type. Furthermore, coral abundance does not 
seem to have an eflect on the distribution of the 
obligate coral associate gzg#M?ezz.y. There is a 
correlation between coral type and distribution 
such that Porzfay types II and III coral are 
preferred over all other types. Varying locations 
of the lagoon around the island are similar in 
distribution pattern. Furthermore, there is a 
correlation between coral head area and the 
abundance of worms found on each coral head. 
This study further supports the idea that & 
gzga?z/eM.y colonizes specific coral types based on 
selective advantage.
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Appendix I : GPS locations of quadrants

Quadrant # GPS Location
1 S 17" 28.983', W 149" 49.885'
2 S 17" 28.962', W 149" 49.891'
3 S 17" 28.976', W 149" 49.905'
4 S 17"28.934',W  149" 49.914'
5 S 17" 28.940', W 149" 49.895'
6 S 17" 28.721', W 149" 47.617'
7 S 17^28.737', W 149" 47.621'
8 S 17" 28.725', W 149" 47.590'
9 S 17" 28.742', W 149" 47.587'
10 S 17" 28.753', W 149" 47.604'

Appendix 2: Pictures of coral types

Porz?as type I
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Porz/as type H! M^zz/zpom
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View of Moorea

Enlarged view of north side lagoons with study 
sites marked.
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Feeding Preference of Two Species of Nudibranchs in Moorea, French
Polynesia

Hg/e7?cf<2

o/" C o/z/oro/o  o/* RerAre/ey

ABSTRACT.
Dietary preferences of two closely related nudibranchs, G/aysoJor;.? and G. were studied

and compared against food availability. In a preliminary investigation, individuals were observed in the field to 
establish daily feeding patterns and food breadth. Food selection in the field was noted and preference trials were run 
in the lab using the 4 most frequently selected items. Percentage cover estimates o f food availability yielded 0.5% 
JVyrfMM erecfa, 5% Tfa/MneJa, 2.5% 1% Dfcryofa, and 51% epithelial algal covering, or algal turf, and the
frequency o f food selection was compared to these percentages. Results indicate one species o f sponge (# . erecfa) was 
significantly preferred relative to abundance in both the lab and the field.

Sponges often contain toxins and many nudibranchs sequester these toxic metabolic compounds as a defense 
against predation. A previous study found heteronemin, a compound found in R. erecfa, to play a role in nudibranch 
defense. Most sponge-preying nudibranchs are characterized as obligate specialists, but this study suggests other 
possible food sources in addition to 7/. erecfg. Further work is necessary to determine whether nutritional and defense 
needs can be met by a diet lacking erecfa.

Keywords: Nudibranch, Opistobranch mollusk, feeding biology, preferential dietary selection, tropical ecology, 
sponge feeder.

Introduction
Nudibranch mollusks commonly occur 

in marine communities worldwide, from the 
deep icy waters of Antarctica to shallow coral 
reef systems in the tropics. Ecologically they 
exhibit a great deal of diversity and have evolved 
numerous feeding strategies, allowing them to 
inhabit a range of settings (Todd, 1981). 
Despite this diversity, dorid nudibranchs are 
often characterized in scientific literature as 
obligate specialists preying on sponges, 
bryozoans, or tunicates. Feeding biology is very 
important to a comprehensive understanding of 
nudibranchs as many characteristics separating 
opistobranchs from other gastropods arose from 
the coevolution of nudibranchs and their food 
sources (Avila, 1995). Few animals prey on 
chemically defended organisms; this allows 
nudibranchs to exploit a dietary resource 
unavailable to other predators. The toxic 
m etabolic compounds they ingest are 
incorporated into their bodies, allowing 
nudibranchs to forgo other defensive strategies 
and resulting in their characteristic aposematic 
coloration and lack of shell (Faulkner and 
Ghislen, 1983).

Chemical aspects of nudibranch feeding 
biology are well studied. Extensive studies have 
assessed the origins, structures, and functions of 
the secondary m etabolic com pounds

incorporated into the mantle and other body parts 
of nudibranchs (Cimino et al, 1982, Mebs, 
1985). Avila and Paul (1997) investigated how 
the location of these compounds affects feeding 
deterrence, while Becerro, Paul and Starmer
(1998) have investigated the predatory fish 
deterred by various icthyotoxic compounds. 
Vast amounts of research exist on opisthobranch 
mollusks and the antim icrobial, an ti­
inflammatory, and anti-cancerous properties of 
compounds found in their secretions (Teeyapant 
et al, 1993). It is generally agreed that secondary 
metabolites found in these organisms are of 
dietary origin (Cimino et al, 1982). This is 
especially true in nudibranchs of the suborder 
Doridacea which feed mainly on sponges of the 
class Desmospongia (Berquist and Wells, 1983).

In contrast, few studies have examined 
nudibranch feeding biology in terms of 
ecological interactions within a trophic web. 
Trophic interactions help define niches and 
community structure, providing an in-depth 
understanding of how organisms interact with 
their surroundings. Too often researchers fail to 
take into account how animals encounter their 
habitat; many studies are done with humans in 
mind to further our knowledge concerning 
chemicals that may be useful to us. Considering 
nudibranch feeding from an ecological 
standpoint may provide insights that help
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bioiogists understand community structure as a 
whole.

This ecological perspective may be 
especially important in understanding tropica! 
reef systems. Cora) reefs are characterized 
biodiversity hotspots containing an abundance of 
unique organisms, and due to human influence 
reef heatth is deteriorating rapidly. Sponges are 
sessile filter feeders, often with symbionts, and 
are subject to their surroundings in much the 
same way that corals are. Factors such as light, 
nutrient levels, competition for space, sediment, 
and salinity all directly or indirectly affect 
sponge and coral health. Thus, abundance and 
distribution of an organism dependent on a 
species of sponge for survival is a potential 
indicator of reef health.

This study focuses on the feeding habits 
of two closely related species of nudibranchs, 
G/aygoJorz.? /zz%MereM.yz.y (Pruvot- Fol, 1954) and
G. cznc/#  (Bergh, 1888), and seeks to 
characterize their feeding strategies of each by 
comparing food selection to food availability. 
The possibility of preferential feeding is 
examined to assess dependence on one sponge of 
the suborder Desmospongia, Nyr/zog erec/#, and 
to establish whether these nudibranchs are 
obligate specialists or opportunistic feeders. The 
central hypothesis is that while both species 
prefer 7/. erec?# they exhibit an opportunistic 
feeding strategy and will eat other food items, 
including algae. Both organisms are abundant at 
the study site, and a similar feeding strategies 
may indicate competition for resources between 
two species occupying the same niche. The data 
provides interesting insights on the feeding 
biology and ecology of G. /?z/rzzereM.yz.y and G. 
czncf#, and open up the possibility of previously 
unexamined feeding strategies for dorid 
nudibranchs as omnivores rather than specialized 
benthic carnivores.

G/o.y.yo<2bfiy and G. czzzc?#
are very common at the study site, with a slightly 
larger population of G. cznc?#. The larger G. 
/zzA?zereM.yz.y reaches 10 cm in length and 5 cm in 
width, while G. cznc?# reaches lengths of 7 cm 
and widths of 3.5 cm. Both G. /zzAzẑ r̂ zẑ ẑ  and 
G. cznc?<3 are found throughout Indo-pacific. 
Color varies with geographical location but is 
consistent within a single locale. Tan G. 
/zz%2zereM.yz.y has lavender speckles and a large, 
frilly purple mantle border, and possesses 
elaborate double-treed gills (see figure 1). G.

T/z/rMereM-yzs attaches itself more firmly to 
substrate and releases copious amounts of white 
mucous from the mantle border into the water 
column when distressed. G. czzzc/a is more pink 
in color with light colored speckles and a 
thinner, dark blue mantle border, and has less 
elaborate gills (see figure 2). G. czzzc/a was 
rarely distressed, but released a barely visible 
mucous when irritated. G. cznc/a survived 
better in captivity, with only one mortality 
compared to 8 for G. /zzA3zere??.yz.y.

Figure 2. G/aygodforzs czzzc?#

This study was conducted on the 
fringing reef in front of the University of 
California at Berkeley Richard B. Gump Field 
Research Station located at S 17° 24.4' W 149° 
33.0' on the west side of Cook's Bay, Moorea, 
French Polynesia (see figure 3). Moorea is a 
volcanic island in surrounded by a barrier reef 
with fringing reefs along much of the shoreline. 
The study site reef at the Gump station extends 
approximately 35 meters from the shore and has 
a depth of 2—4m. An area approximately 20 
meters wide and 150 meters long was surveyed. 
The reef is dominated by coral of the genus 
Porzfay, and has a large amount of algal cover 
due to the eutrophication of the bay. Because the 
site is on station property it is protected from 
recreational/commercia! use. A wide variety of 
marine invertebrates can be found here, 
including at least 3 additional species of 
nudibranchs.
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Figure 3. The Mack dot indicates the iocation of 
study site in Cook's Bay on Moorea, French 
Polynesia.

Materials and Methods
2.7 PzeM

G/as\yoJor/y cZnc?# and G. 
were located and observed between Sept. 20,
2003 and Nov 14, 2003 within the study site. 
Feeding behavior was noted and feeding 
substrate was recorded.

2.2 MvJZZ?r#HcA co/ZecZ/pn
Between September 20, 2003 and 

September 27, 2003, collection occurred at 5am, 
lpm, and 9pm on the fringing reef in front of the 
Gump station. Most individuals were observed 
feeding in the afternoon indicating that these 
species of nudibranchs are daytime feeders. 
When found in the field, their substrate and 
whether they were feeding was noted. They were 
then removed from the substrate and placed in a 
plastic bag with sea-water and, when possible, 
the substrate they were found on. Multiple 
nudibranchs of both species were placed in the 
same bag, and later in the same tank, as they do 
not appear to be territorial or exhibit adverse 
interactions between species. To simulate field 
feeding conditions in the lab, examples of all 
potential food items found near the collected 
individuals were included in the tank. Food 
items included Pyr?/p.y erec?#, Pp/zzMeJ#, 
PpJ/n#, D/c/yp?#, 7MrZ?ZM#rz#
p rn#?# , algal turf on rubble, and others.

2.3 &vrvey p/y^/ng/ng

Using a 2m by 2m quadrat, the area of 
the fringing reef where nudibranchs were most 
likely to be found was surveyed. This area is 
approximately 10 m from the edge of the reef, 
where the water is slightly deeper (3-4m) and 
diversity is higher. This survey quantified the 
abundance of food in the field for later 
comparison with the feeding trial results. 
Percent coverage was estimated for the food 
items included in the feeding trials (D/c(yp?#, 
7V#//weJ#, erec?#, algal turf) as
well as live coral, sediment, and other algae that 
nudibranchs were not observed feeding on. I 
surveyed 160 quadrats, or 640m^, and 
extrapolated the results to the rest of the study 
site.

2.4 PeeJ/ng
Four individuals of the same species 

were isolated in beakers, secured with a fine 
mesh covering, and placed in a tank with 
adequate water flow for 24 hours to starve them. 
The individuals were then removed and each one 
placed in the center of a tank .2m by .5m 
equidistant from 4 food choices, each facing a 
different direction. Four trials were run 
simultaneously. Three of the items were chosen 
because in the field observations nudibranchs 
were feeding on these most often, and these 
remained constant in every feeding trial. The 
fourth choice in the feeding trials was split 
between P#<3fzM# and D/cZyp/#, with two trials 
each. These were chosen because they were 
equally prevalent in the range where most of the 
nudibranchs were found, and the nudibranchs 
were equally likely to be found on either. The 
individuals were monitored for 3 hours and their 
location was noted every half hour. Nudibranchs 
have been shown to use chemosensory cues and 
mucous trails to locate one another, and these 
cues can remain for up to 4 hours. Interspecific 
cues are not as strong as intraspecific ones, but 
these two species are closely related and thus 
precautions were taken. After each feeding trial 
the nudibranchs were removed and the tank was 
drained, wiped out by hand and refilled to 
prevent the previous trial from influencing the 
results of the next trial. If more than one trial was 
run on the same day different food items were 
used.

2.3 Pec#/ pp//ec/ZpM
Each individual was isolated for 24 

hours both before and after each feeding trial in a 
400ml beaker with a fine mesh covering held in 
place by a rubber band. The fecal matter along
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with sediment deposited by water flow was 
collected via a pipette and piaced into a via!. 
Pre-feeding tria! and post-feeding tria! samples 
were compared. Contro! samples of sediment, 
collected by ptacing simitar (empty) beakers near 
to those containing a nudibranch, were atso 
taken. This allowed for the differentiation 
between the materia! that was excreted by the 
organism and that which sett!ed out of the water 
cotumn in the tank. The fecal samp!es were then 
examined under a dissecting scope under 4.5X 
magnification for the presence of sponge 
spicules, the structura! components of sponges. 
Spicules, composed of either silica or ca!cium 
carbonate, cannot be digested by nudibranchs 
and their presence indicates that sponge is being 
eaten in the field and in feeding trials.

2.6 57<2/7y?;'c<3/
Feeding trial results were analyzed with 

a binomial test to determine significant 
preference or avoidance of a food choice. Field 
observations were analyzed with Poisson's test, 
which took into account food abundance in the 
field to determine significant preference or 
avoidance. P values equal to or less than 0.05 
are significant.

2.7 /oa#?K?%y
Four other locations were searched 

twice for G. cznc?# and G. in order to
observe their feeding habits. These included 1) 
the area towards the mouth of the Paopao river,
2) the area directly across the bay from the 
station near the Bali High Club, 3) the northeast 
corner of the bay (north of top dive) 4) the 
fringing reef directly west of the mouth of 
Cook's bay, and 5) the lagoon to the reef crest 
west of the pass leading in to the bay (see figure
4).

site where population densities of G. cincta and 
G. h ik u e re n s is  w ere  e x am in ed .

Results
3.7 A/rvay rayM/fg

1 surveyed 640 m . The percent 
coverage of each item is shown in figure 5. The 
most prevalent item on the reef was the algal 
turf, which was estimated at 51%. This is a 
conservative estimate as the algal turf partially 
covering other items in the survey, such as 
sponge or //a/iwaaf#, was not estimated. 7/. 
eraa/# was the least abundant, accounting for 
only 0.5% of the possible food available.

1% 5%

Figure 5. Percent coverage of all substrates 
Nudibranchs were observed feeding on in field.

3.2 raŷ /Ay
Figure 6 shows the results of the field 

observations. Both species were found to be 
feeding on sponge more than anything else, 
followed by algal turf. Poisson's test compared 
the food selected with the food available, 
yielding a p value of 9.86E-18 for G. /nAraMra%yf.y 
and 1.35E-26 for G. azMa?#. This demonstrates a
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statistical preference for black sponge and 
indicates both species of nudibranchs are 
targeting sponge as a food source. Poisson's test 
also showed that G. Czzzc/a statistically avoided 
algal turf (p value equals 0.035). There was no 
statistical preference or avoidance for any other 
food item.

G/ossocfor/s /r/kuerens/s

54%

^  /-/. erecfa

D D/cfyofa 

*  a)ga! turf

and <.0005 for G. cznc?#. Both species 
statistically preferred sponge. In trials with 
Dzc(yofa, 77#/z;7?e<3(3 yielded a p value of <.05 for 
G. czMc?a, indicating that they significantly 
avoided TTa/zzwezTa.

30

25

o
^  15 vV)
o 10
3*

5

0

G. c/nĉ a 
G.

i
Figure 7. Feeding trial results. Both G. cznc?a 
and G. /zzkzẑ r̂ zẑ ẑ  selected 77. far more
than any other option.

3.4 Feca/ gaMzp/e a^^zvadozz^
Fecal samples after both field feeding 

and lab feeding trials were examined. No 
differences were noted between the two. 
Spicules were the only feeding indicator that 
could be positively identified. These spicules 
were identified as belonging to the calcareous 
sponge Zezzce??# c/zagaye?z.yz.y (see figure 8). This 
species was not included in the feeding trial. No 
algal matter was seen and no organic material 
could be identified. White pellets were found 
consistently in the fecal matter of G. Czzic?#, but 
these could not be identified.

Figure 6. Percentages of food selection by each 
species. Note the difference between percent of 
77. erecf# available in figure 5 and percent of 77. 
erec?# selected in figure 6.

3.3 Feez/zng frz#/ rayzz/Ay
Figure 7 shows the feeding trial results 

for both species. A binomial test was run to 
determine significance in the laboratory feeding 
trials. Trials with PaJzzz# yielded a p value of 
<.0025 for sponge for G. /zzk̂ zzrazẑ ẑ , and <.0005 
for G. czMcf#. Trials with Dzc(yo?g yielded a p 
value of <.0005 for sponge for G. /zzk̂ zzr̂ zẑ ẑ ,
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Figure 8. The spicules found in the fecal matter 
analysis looked like these spicules belonging to 
T̂ zzceM? c/z#go.$e7z.yz.y

3.5 AzzJz&r̂ zzc/z ô .yerv<7?K7H.y /oĉ ẑozẑ
Two nudibranchs of each species were 

found at site 2, and 1 G. /zzAzẑ r̂ zẑ ẑ  was found at 
site 5. Site 1 had murky water due to it's 
proximity to the Paopao river. A substantial 
amount of T/a/z/zze&z grew there, as did a purple 
sponge. Site 2 was very similar to the primary 
study site, but had less 7/. erec?# and less algal 
turf. Site 3 was very rocky, with very little algae 
other than 77#/z/zze<7# growing there and no 77. 
erec?#. Site 4 was similar to site 3, with lots of 
coral rubble and minimal algae growth. 
However, at site 4 7/. erec?# was sighted. Site 5 
has high levels of algae but low levels of algal 
turf. There was lots of live coral and very little
H. erecta.

3.6 7̂ ?0<7 .ye/ec/zozz ô .y€rv#?zo7z.y
The method of food selection of both 

species was observed in both the field and the 
lab.

Discussion
Though the sponge TTyrfzo.? erec?# 

makes up 0.5% of the available food options in 
Moorea, both G /o^oJorz^ czzzcf# and G. 
/zzAzẑ r̂ zẑ ẑ  prefer it to all other sources, both in 
lab and in the field. These results are supported 
by the work of Rogers and Paul (1991) in Guam, 
which found a preference for 77. erecf# over the 
closely related 77. #/?M77z in both G. czzzc?# and G. 
/zzArzẑ r̂ zẑ ẑ . Rogers and Paul focused on the 
chemistry behind nudibranch defenses and 
determined that they sequester the compound 
heteronemin from 77. to deter predators,
specifically reef fish. Interestingly, this study 
also found episcalaradial, a compound that is not 
a major metabolite in 7/. erec/#, in both species. 
It is possible that nudibranchs alter the chemical 
structures of compounds once they are ingested, 
but these results may also suggest another 
possible food source for G. /zzAzẑ r̂ zẑ ẑ  and G. 
czzzc?#. Rogers and Paul did not investigate this 
possibility, as their study focused on another 
nudibranch, G/o^^oJorz^ p#//z<7#, and its 
association with 77. erec?#.

Much of the literature characterizes 
dorid nudibranchs as obligate specialist benthic 
predators, often dependent on a specific sponge 
for both food and defense (Megina et al, 2002). 
Other possible food items are not mentioned,

implying that the nudibranchs were not seen 
feeding on other food items. This conflicts with 
the field observation results which indicate that, 
while 77. erec/# was preferred, nudibranchs of 
both species were commonly observed feeding 
on what appeared to be algal matter, specifically 
algal turf. Rudman (2003, pers. comm.) suggests 
these nudibranchs are not equipped to digest 
algal matter, and it is possible that G. czzzc?# and 
G. /zz^zz r̂^zz^zy are feeding instead on an 
encrusting sponge beneath the turf. If this is the 
case then these nudibranchs are feeding on 
something other than 77. erec/a, because 77. 
erec/# does not encrust coral rubble, which was 
the substrate for much of the algal turf. In an 
organism as small as nudibranchs, it is very 
difficult to know which nutrients are being 
assimilated by the animal, especially the origin 
of these nutrients, even when gut content is 
examined.

This is illustrated by 7]y/o(7zzz# perversa, 
an opisthobranch in the Mediterranean, which 
has been described as an obligate specialist 
preying on two closely related sponges, ^p/y^z/z# 
aerop/zo^aandv4. eaverzzzeo/a. 71 perversa 
sequesters metabolic compounds from these 
sponges (Ebel et al, 1999, Teeyapant et al, 
1993a), which have been shown to have strong 
antibacterial properties (Teeyapant et al, 1993b). 
But Becerro et al (2002) found a preference in 71 
p e rv e rsa  for sponges with higher levels of 
cyanobacterial symbionts, which indicates this 
opisthobranch may be assimilating herbivorous 
as well as sponge material. Omnivores are fairly 
rare in nature, but it is possible that if an 
organism evolved from an herbivore it may have 
retained the ability to digest plant matter despite 
its more specialized dietary strategies. Thus it is 
possible that C. /zz/rzẑ r̂ zẑ ẑ  and G. czzzc?# may 
be supplementing their sponge diet with algal 
matter, especially since it makes up more than 
50% of the available food.

As mentioned in the results of the fecal 
matter analysis, there was no discernable 
difference between post field feeding fecal 
matter and post feeding trial fecal matter, 
indicating that what was chosen in the feeding 
trials was not r#<7z<xz//y different from what was 
eaten in the field. It is unknown how long it 
takes ingested material to pass through the 
gut—it may be longer or shorter than 24 hours, 
and this introduces a possible source of error. 
The spicules were identified as being from the 
sponge 7,e%ce?/<2 c/zzzgo^^zz^z ,̂ a calcareous, 
encrusting sponge prevalent in the Indopacific 
(Nichols, 2003, pers. comm.). TTyrfzay erec/# is
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unspiculated. Spicules litter the benthos and it is 
possible that these spicules settled out of the 
water column in the flow-through tank. 
However, no spicules were found in the control 
samples. They may have been incorporated into 
77. erec/a, picked up by the nudibranch's 
mucousy body, or they could indicate another 
possible food source for G. cznc?# and G. 
/zzA3zeren.yz.y.

The population density studies reveal 
higher densities for both species at the study site 
than at any of the other sites surveyed. This 
corresponds with the observation that the 
availability of 77. erecfa was higher there as well, 
despite making up less than 1% of the reef cover. 
77. erecf# was found at sites 2, 4, and 5. G. 
czMc/# and G. /zz%zveren.yz.y (2 of each) were found 
at site 2. Both G. /zzAzzer̂ zẑ M were observed 
eating 77. erec/#, as was one G. cznc?#. The 
sponge being consumed had been grazed down, 
with the black outer surface completely gone and 
only the tan inner matrix visible. This indicates 
that competition among nudibranchs for this 
resource was high at this site. Competition did 
not appear to be a problem at the primary study 
site. One G. /zzA3zeren.yz.y was observed at site 5, 
where only one 77. erecfa colony was sighted 
approximately 20 m from the individual. There 
may be another food source at this site. Algal 
turf was also lower at all sites, and was 
completely absent at sites 3 and 4. Algal turf is 
high at the study site, most likely due to 
eutrophication from Rotui Juice Factory effluent, 
which is released approximately 100 m north of 
the study site.

Observations of food selection made 
during feeding trials and in the field raise 
interesting questions concerning how these 
species of nudibranchs sense their food. 
Nudibranchs were spotted in the field 
approximately .25m from 77. erecf#, their 
preferred food source, feeding on what appeared 
to be algal turf. In the feeding trials, nudibranchs 
were placed approximately .15 meters from each 
food choice, but would invariably begin moving 
in the direction they were facing when placed in 
the tank. Both G. cznc/# and G. /zzATzeren.yz.y 
seemed to only locate 77. erec?# in the tank after 
encountering it or coming very close to it (>5 
cm). If placed facing away from 77. erec?#, the 
nudibranchs would crawl all over the tank, 
including over all possible food options in their 
path. These observations suggest that G. cznc?# 
and G. /zzA3zeren.yz.s can not sense their preferred 
food choice at great distances and raises 
questions about how they locate their food. An

opportunistic feeding strategy rather than a 
specialized one would be beneficial to an 
organism that cannot sense their food at a 
distance because that organism can feed on a 
greater number of the things they are likely to 
find themselves near. More work is needed in 
this area to determine how G. cz?ic/# and G. 
/z&zẑ r̂ zẑ M locate 77. in the field.

While this study has demonstrated a 
preference for 77yr/zo.y erec?# in both G/o&yo<%?rz.y 
cznc?# and G. /zz%M̂ ren.yz.y, many questions 
remain concerning the ecological implications of 
their feeding biology. Moreover, an effort 
should be made to resolve the conflicting 
information regarding the feeding strategies of 
these organisms and their possible association 
with an algal food source. Further work is 
needed to conclusively assess the relationship 
between G. cznc?# and G. /zz%M̂ ren.yz.y, and 
determine whether these organisms exhibit 
omnivorous behaviors. The effects on nutrition 
and defense of removing 77. erec?# from their 
diet should be examined. It would also be 
interesting to determine which factors are 
structuring the distribution of G. AzArMeren.yz.y and 
G. cznc/a in and around Cook's Bay.

Conclusion
This study determined that, while the 

black sponge 77yrfz#.s erec?# makes up less than 
1% of the available food at the study site, 2 
species of nudibranchs common at the study site, 
G /o^oJow  czncfa and G/o&yo<7orẑ  Az%MereM.yz.s, 
prefer 77. erecf# to the other available food 
sources. This was supported by both lab and 
field data. Both nudibranchs were observed 
consuming algal material as well, suggesting that 
these nudibranchs may not be obligate 
specialists. Population densities are higher at the 
primary study site than other places in Cook's 
Bay, possibly due to higher levels of 77. at 
this site.
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ABSTRACT. The abiiity o f a bivaive to bore into and inhabit iive corai is rare. Severai species within the bivaive 
genus have this unique abiiity. Some o f  these biocorroding bivaives are restricted to certain corai species
and forms, whiie others can inhabit muitipie species of different forms. Corai hosts and bivaive densities were 
determined through a series of transects. Ai! species of Porffay were infested, inciuding the coiumnar form P. and 
the branched form P. Aii irreguiar and encrusting forms of M o n / j p o r # w e r e  infested. The minimum
thickness o f branches that were infested with juveniies was 3.05cm. There were two species o f corai present that were 
not infested: /fcropora and Poc;//qpor<3 varrMcaya. Both of these corals had average branch thicknesses iess
than 1.7cm. Surveys o f geographical distribution indicate the highest densities o f bivalves within bays and extremely 
low populations within most lagoons and forereefs. This distribution may be due to higher productivity within bays 
associated with elevated levels o f nutrient input.

Severai pieces of coral with abandoned boreholes were examined to determine the bivalve's roie in the 
succession of the community. A variety o f  organisms, including larvae, aigae and many juvenile crustaceans and 
moilusks occupied the burrows. The community was highiy uneven, with the majority of occupants being juvenile 
hermit crabs and snails. The boreholes provide protection for these vulnerable developing organisms.

Introduction
Bivalves living within coral are faced 

with two obstacles; first, they must avoid being 
consumed by carnivorous polyps and then they 
must avoid being buried alive by coral 
overgrowth. Due to these impediments, the 
ability of a bivalve to bore into and inhabit live 
coral is rare. Most boring bivalves inhabit dead 
substrata including: dead coral, rock, limestone, 
and the shells of various molluscs (Kleemann 
1996).

Most live coral boring bivalves belong 
to the genus Zj/AopAagn. These bivalves, 
commonly referred to as date mussels, are 
biocorroders; they burrow by secreting chemicals 
that dissolve certain substrata. Unlike the 
bioabraders, bivalves that mechanically bore by 
rasping the substratum with their shell, 
biocorroders are restricted to calcareous substrata 
(Kleemann 1980).

Biocorroders have an important role in 
the destruction of reef and the creation of 
sediment (Kleemann 1996). Bioeroders, like 
boring bivalves play an important role in the 
maintenance of the balance between construction 
and destruction of the coral reef; especially in the 
Eastern Pacific, where reef is destroyed just as 
quickly as it is created.

Productivity and upwelling influence 
the extent of bioerosion (Risk et al. 1995). As

filter feeders, bioeroding bivalves thrive in areas 
with high productivity. The United States 
Environmental Protection Agency (EPA), in a 
description of biological criteria required for 
assessing coral reef ecosystems, found that 
bivalves "provide a sensitive assessment of 
increasing eutrophication on reefs" (Jameson et 
al. 1998). The EPA has identified boring 
bivalves as potential bioindicators of water 
quality and reef health. More information needs 
to be obtained about these organisms before they 
will formally be identified as bioindicators in 
coral reef assessments.

Boring bivalves have a faciiitative role 
within their community. Once the bivalve dies, 
its borehole is a potential hatching site or 
dwelling for cryptofauna (Kleemann 1996). 
Empty boreholes also provide new substratum 
for coral recruitment. Highsmith (1980) 
proposed that larvae of the host coral

colonize abandoned boreholes of 
Lf/App/iag# CMrf# on dead Aeryyz.

The objective of this study was to 
determine the geographical distribution of 

around Mo'orea, to identify 
preferred habitats and hosts, to determine if the 
bivalve was capable of living on dead coral, and 
to look at the faciiitative role of the bivalve 
within its community.
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Materials and Methods

.Specza? /J^Zz/zc^Zzoz?
AH of the bivalves examined belonged 

to the same species, possibly Z,z?/zcp/zag<3 
/aevzga/a. In a study o f macroborers on Mo'orea, 
Peyrot-Clausade et a!. (1992) identified
Zz;/zop/z<3g# /aevzga?#, as the only live coral 
boring bivalve present. Descriptions of this 
species provided by Kleemann (1980) accurately 
describe the species under investigation.

./Ire# anJ*Sz?e C/z<2r<3cferz.y?zc.y
The study was conducted at three 

primary sites (fig. 1) located in different regions 
of the coral reef in Mo'orea, French Polynesia 
(17°30'S and 149°50"W). To avoid variation due 
to geographical distribution, sites were chosen 
along a line extending from the northwest region 
of Cook's Bay to the reef front.

The primary study site was the fringing 
reef adjacent to the Richard B. Gump Biological 
Research Station (17°24.4'S, 149°33.0'W).
P#rz?ay was the dominant genus of coral. 
Massive coral morphologies were prevalent. The 
reef appeared to be in poor health, with over 
50% dead coral and only 2.3% live coral. Algal 
cover was high, at 50%. Prevalent species of 
algae include: Na/zwie&r, Dicfy#?#
Aar?<3yrayi<3M<3, D#.sy# pz/as#, and PaafzM# 
Jzc(yo?#, an algae associated with high levels of

nutrients. Turbid waters indicated high rates of 
sedimentation.

The other two sites were situated near 
the barrier reef on the northwest rim of the bay. 
The first of these sites was located on the reef 
flat. Species of Porz/a? and M9M?zpor<3, a 
morphologically irregular coral, were abundant. 
Parz?ay ?%y, a branching coral, was the prevalent 
species. Algal cover was 17%. Abundant species 
of algae were Pa /̂zzza Jzc(ya/a, 7Yzr&zzzarza 
and /%3/z7?za%? .sp. The reef was bordered by a 
deep pass to the south and the reef crest to the 
north.

The second of these sites was situated 
on the upper reef slope, just beyond the reef 
crest. The prevailing species of coral was 
Pocz/Zqpara verrMC&ya. Other genera present 
include Parzfay, ^fcropora and A%9M?zpora. 
Unlike the previous sites, only encrusting forms 
of algae were present. The reef crest to the south 
and Avaroa pass to the north bordered the site.

Geagrap/zza?/ DfyZrẑ zzZzoz?
In addition to the sites aforementioned, 

population assessments were performed at 
several bay and lagoon sites around the island 
(fig. 1). At each site, areas of approximately 500 
m  ̂were surveyed. The presence or absence of 
the bivalves, as well as a rough estimation of 
abundance was recorded. A lm^ quadrant was 
used to do an in-depth survey of the population 
within the lagoon at Pt. Aroa in Temae. The
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Figure 2a: Bivalves in their boreholes. 2b: Typical specimen. Size -8.5mm

number of bivalves and the percentage and 
composition of coral was recorded for 1 OOnr of 
contiguous area.

In order to determine if Zj?AqpA#g# 
/#evfg#/# inhabits dead coral, several coral 
fragments were collected from the Cook's Bay 
site. These pieces, all approximately the same 
size, were examined and the following 
measurements were recorded for both live and 
dead coral: estimated percent coverage and the 
quantity of adult and juvenile bivalves. For the 
purpose of this study, adult bivalves have been 
defined as bivalves with a dumbbell shaped 
aperture. Apertures of juveniles are too small 
(-1mm) to discern a dumbbell shape, so they 
appear as black specs on the light coral surface. 
Some juveniles may have been overlooked, 
given that they were only visible when they had 
their dark siphons extended for feeding.

fn order to determine coral hosts, a 
square meter quadrant was used to survey each 
of the three study sites. One hundred square 
meters were surveyed within the primary site. At 
the other two sites, 1 OOmr was measured and ten 
randomly selected quadrants were surveyed. The 
following measurements were recorded within 
each quadrant: number of adult and juvenile 
bivalves and the species of their host, the 
percentage of each species of live coral, the 
percentage of dead coral, the percentage and 
species composition of algae. Species 
identification of massive forms of the coral 
genus Porffas, proved difficult due to the similar 
appearance of several species. Therefore, all 
massive forms of Porffas present: P. /#/a#, P. 
/oA#?#, P. and P. have been
combined into one group, referred to here as:

massive Porf?as. Based upon observations in the 
field this distinction should not affect the results, 
given that all of these species had similar forms 
and attributes, making them equally infested 
with bivalves. The binomial test was applied to 
determine statistical significance.

DMwa%M#M.y q /  Pfv#/vas PrancAas
Several small samples of each species 

of coral were collected. Thirty random holes 
were selected for each species. The size of the 
aperture, width and depth of the hole and the 
length and width of the bivalve were measured 
for each borehole and its occupant. For the 
branched corals, several measurements were 
made of infested branches to determine the 
minimum thickness required for occupation. 
Samples were also collected &om two uninfested 
corals, Poci/Zopora verrucas# and ^crqpor# 
qy/Aare#. Several measurements of branch 
thickness were made in order to determine the 
average thickness of their branches.

P#ci/i?#five P#/e
Several coral fragments of 

predominantly dead coral were collected at the 
Cook's bay site. The contents of boreholes were 
recorded, as well as the erosional state of the 
borehole. Four different levels of erosion were 
defined: elliptical borehole still enclosed,
circular borehole mainly enclosed, open and 
cluster of opened boreholes. The diameter of 
each hole was measured. Over 150 holes were 
inspected using tweezers and a brush. Visible 
biota was removed and recorded for each hole. 
After all accessible biota had been removed; a 
hammer and chisel were used to break open the 
enclosed holes, in search of smaller and more 
cryptic organisms. A dissecting microscope was
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used to identity various mollusks and larvae. 
Measures of species diversity were quantified 
with both the Shannon and the Simpson indices 
of diversity.

Results

Geograp/nca/
P/Zicp/zaga /aevzga/a was absent or 

present in extremely low densities (0.2 
bivales/m^) at all sites except those located 
within or on the outskirts of bays (tig 1). Out of 
Temae and the three main sites, the highest 
density was recorded in Cook's bay, at 75 
bivales/m^. At this site over 650 bivalves could 
be found on a coral head that occupied only
0.04m^ of the quadrant. Some of this discrepancy 
may be due to differences in the amount and 
composition of coral; however, all sites had 
similar coral compositions and densities.

A total of 2750 bivalves were counted 
on the coral fragments. Of these, 98% of the 
bivalves were found on live coral, which 
constituted only 34% of the examined surface 
area. Dead coral made up 66% of the surface 
area, but was inhabited with only 2% of the 
bivalves. No juveniles were found on the dead 
coral. Apertures of the boreholes of bivalves 
inhabiting dead coral eroded from their 
characteristic dumbbell shape, to an elliptical 
shape.

Preferred coral hosts within the bay 
were massive forms of Porz?ay and several forms 
of encrusting A/bn/zpora, including M 

These were the dominant species on 
the reef The preferred coral hosts on the reef flat 
were again, massive forms of Porzfa? and 
MpM/zpora, and a new species, P. PM& Bivalves 
infested every type of coral encountered at these 
sites.

The forereef contained three new 
species of coral. Two of these: Pocz//opora 
verrMc&ya and yfcropora were not
inhabited by P  /aevzgafa. Adult bivalves were 
present on, but did not statistically prefer the 
other new species, P. nzgrayceM.?. Massive forms 
of Porzfas, and Montipora were present and 
preferred.

Table 1 shows all p values obtained for 
each species of coral. Values <0.05 indicate 
statistical significance. Highlighted corals are 
preferred hosts, while underlined corals are 
uninhabited.

o / Pzva/vay an J  Pranc/zay
The average size of P  /aevzga?a was 

different for each coral host. Bivalves occupying 
massive forms of Parzfay, were the largest at 
7.6mm. The bivalves inhabiting P. ?%y, were the 
next largest at 6.4mm. Occupants of P. 
Mzgrayce%$ and Man/zpara were the smallest at 
5.8mm and 5.7mm. All of the bivalves were of 
the same species. Statistical significance was 
shown with ANOVA.

Table 1: Results of Binomial Test, p values <0.05 are statistically significant
Fringing Reef Reef Flat Forereef

Adult Juv. Adult Juv. Adult Juv

Massive Parzfay 0 0 0 0 0 0
P. PM3 0 0 0 0

P. JVzgrayaaM.y* 0.2 0

Afan/zpara jp. 0 0.0004 4.2x10" 2.4x10*'"

M  a^7arayaa?M 0 0

Paaz//apara
verrzzaa.$a

8.5x10*
!39

2.22x10*
237

^farapara aW/zeraa 0 0

*Refer to discussion
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Figure 3: Average bivalve size within each coral host

The minimum branch thickness inhabited by 
Zz/Zzop/Mga was approximately 3 cm. The two 
unaffected species of coral, 
vemvcas# and have average
branch thicknesses of 1.7 and 1.5cm.

Species diversity within the 
microhabitats created by empty boreholes of Z. 
/<36v;'g<3?(2 was low. A total of 26 different species 
were present. The majority of occupants were 
juvenile hermit crabs, which clustered together 
within the holes. On average groups contained 
three crabs, but could contain as many as 15. 
Lz/forz/i# a snail that has a juvenile
marine stage and that moves into the littoral zone 
as it matures, was also prevalent. ^p., a
common alga in this region, anchored itself 
inside the boreholes. A number of different 
larvae, especially that of CrM.$?<3ce<3, and a 
number of juvenile crabs and snails were found 
inside the microhabitats.

The rank-abundance diagram (fig.4), 
ranks organisms based upon their proportional 
abundance. Species of high rank dominate the 
community. A complete list of organisms within 
this microcommunity is located within this 
diagram. Indices of diversity (table 2) indicate 
that the community is highly uneven, with low 
species diversity.

Discussion

Geogrpp/nc#/ Dfy/rz&zvfioM
Heterotrophic macroinvertebrates, like 

species of the genus Z,;?/2qp/K3g#, thrive in areas 
with high nutrient loads. Elevated primary 
productivity associated with upwelling has led to 
an extremely high abundance of Z,z?/zqp/!#g# 
(hundreds of individuals per O.Olm^) on the reefs 
of Isla del Cano in Costa Rica (Scott & Rish 
1988).

Upwelling is a natural input of nutrients 
into a system; however, unnatural and excessive 
inputs can lead to the deterioration of water 
quality and eutrophication. This eutrophication, 
often combined with sedimentation, dramatically 
increases the abundance of bioeroding bivalves 
on the reef (Jameson et al 1998).

High amounts of algae, low water 
visibility, abundant boring bivalves, and fine 
substrate, are characteristics of the fringing reef 
adjacent to the Gump Station that indicate that 
eutrophication has occurred. Located within 
Cook's Bay, this site is exposed to abnormal 
nutrient input from several sources. Jus de Fruits 
de Mo'orea, a juice factory located directly north 
of the station, empties its waste directly into the 
bay. As the most developed bay on the island, 
input of urban runoff and untreated human 
excrement is typical. Pao Pao River empties 
agricultural runoff from Pao Pao valley directly 
into the head of the bay.

Table 2: Indices of Diversity
Total Species 26
Simpson Shannon

D 2.308 H 1.459
E 0.089 j 0.453
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Figure 4: Rank-Abundance Diagram of Secondary Inhabitants

Densities were also elevated at the two 
sites surveyed within Opunohu Bay. This bay is 
less developed; however, the Opunohu River 
empties runoff from the agricultural land within 
Opunohu valley, directly into the head of the 
bay.

The abundance of bivalves was 
significantly lower at sites within lagoons. 
Several of the sites, especially Temae and Motu 
Tiahura, were continually flushed by currents 
bringing in fresh, nutrient poor water, typical of 
the E. Pacific. Water clarity was higher at these 
sites, indicating tower productivity and tess 
suspended sediment. Based upon these 
observations and findings, it is ptausibte that 
etevated nutrient levels are the cause of the high 
abundance of bivalves within Mo'orea's bays; 
however, there are many possible factors 
involved, such as: temperature, substratum 
availability, water circulation, structure and age 
of the coral reef  ̂ presence of other bioeroders, 
etc.

Pre/ereMce
Specialized live coral boring bivalves 

are only capable of colonizing live coral 
(Kleemann 1980). This agrees with the

observation that no juveniles were found on dead 
coral. Almost all of the bivalves (98%) inhabited 
live coral. Several bivalves were found 
inhabiting dead coral that had undergone 
minimal erosion. The only erosion that had taken 
place was that of the borehole's aperture, making 
it more elliptical in shape. This indicates that the 
bivalve, though its veligers cannot settle on dead 
coral, can live within it, as long as erosion is 
minimal and the hole remains intact. The bivalve 
must also compete with algal overgrowth.

The coral fragments examined were 
typically dead pieces of coral that had recently 
been recolonized. It is possible that some of the 
adult bivalves found on the thin layer of new 
coral, were occupying the dead coral when new 
coral larvae settled and began to grow over the 
hole. Since this bivalve is equipped with siphons 
that secrete acid, it prevented overgrowth, giving 
the bivalve new protection against a premature 
death due to erosion or outcompetition by algae.

Each species of has its own
host-specificity. Bivalves can be restricted to one 
host or have multiple (Kleemann 1980). Results 
of the binomial test (Table 1) indicate that 
Lf/AppAaga /<3ev/g6r?<3 has a clear preference for 
various substrata and clearly avoids others.
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Pz/Aop/zaga can inhabit hosts with a variety of 
forms. Each of the hosts identified had a unique 
morphology. Represented forms include:
massive (Porz?a$), columnar and laminar (P. 
Pzz )̂, branched (P. fzzgrayce?z.y), and encrusting 
and irregular (MoH/fppr#).

Non-random distributions of P.
/aevzg#?# were present on all coral hosts, except 
P. MzgraycezM. Data may have been skewed if 
stunted (explained below) bivalves were 
identified as juveniles. If this is the case, data 
obtained for ApMz/zpor# would also be affected.

q/Pzva/va? anaf Pranc/zay
Moretzsohn and Tsuchiya (1992) found 

that bivalves inhabiting branched coral were 
stunted. Stunting results in the variation of the 
average size of the bivalve within each coral host 
(fig. 3). The smallest bivalves occurred in 

an extremely thin encrusting coral. 
Mon/zpora occurs on both the
fringing reef and on the fbrereef Of all the 
bivalves occupying this coral, 99% were juvenile 
or stunted on the fringing reef compared to only 
66% on the fbrereef This incongruity may be 
due to the different substrata that the coral has 
colonized. Afozz/zpora typically grows on highly 
eroded dead coral within the fringing reef Once 
bivalves bore through this thin coral, they most 
likely cannot continue to grow through the 
highly eroded underlying substratum, hence they 
are stunted. However, on the fbrereef AP 

grows on top of the solid limestone 
coralithion that forms the reef crest. Once the 
bivalve grows through A/bzz/zpora, it may 
continue to grow through the coralthion. Due to 
the presence of adults at both locations, it is 
assumed that this dissimilarity is not due to age 
differences of the populations.

The thickness of the branches of the 
uninhabited corals, P. vemvcay# and A  cy?/zere<3 
was significantly smaller than the minimum 
branch thickness of inhabited corals. This may 
be one reason why the bivalve's veligers do not 
colonize this coral. Other possible reasons 
include skeleton density and polyp size. 
Kleemann (1980) believes that veligers choose a 
host based on their ability to penetrate the coral 
unharmed, not on the basis of the coral's density. 
The only effect of density identified by 
Kleemann was on the rate of boring and 
therefore, on the growth rate of the bivalve.

Pocz/z?#?z#M
The microhabitats created by 

Pz//zop/z<3g<3 alter the successional stage of the

community (Kleemann 1996). Empty boreholes 
are habitations for cryptofaunal communities. 
Boreholes also provide new substrate for 
colonization by coral larvae and other sedentary 
species (Highsmith 1980; Kleemann 1996). The 
community found within the microhabitats of 
Pao Pao Bay's fringing reef was highly uneven 
and therefore, had low species diversity. Based 
upon the quantity of juvenile hermit crabs and 
snails present within the holes and their absence 
from all other parts of the reef  ̂ it appears that the 
holes are important habitat for these vulnerable 
developing organisms. The security provided by 
these enclosed holes, may increase the survival 
rate and therefore, the reproductive success of 
these organisms. This idea is supported by the 
number of egg sacs and larvae occupying the 
holes.

Conclusion
Pz?/zqp/z#g# /<3̂ vzga?a was highly 

abundant within both Cook's and Opunohu Bay. 
Densities of bivalves were extremely low in 
most lagoons. Boring bivalves are sensitive to 
increases in nutrients and eutrophication. 
Excessive input of nutrients from agricultural 
runoff and human waste into the bays, may 
account for their high densities within these 
regions.

This species of boring bivalve inhabits 
several species of coral: massive forms of 
P#rz?ay, including: P. /zz?e<3, P. go/zafa, P. 
and P. <3ZAy?fYz/̂ f75z.y, MbMfzppra 
A%9Mfzpo?Yi P. and P. MzgraycezM.
Stunting occurs on thin encrusting forms of 
Mbfzfzpora, and on branching forms like P. 
M/grayceTM.. This bivalve is capable of 
inhabiting, but not colonizing, dead coral; as 
long as algal overgrowth and significant erosion 
do not occur.

The boreholes that P. Pz^vzg#/# creates 
provide security for developing eggs, larvae and 
juveniles, a hiding place for cryptic fauna, and 
new substrata for colonization by sedentary 
organisms. Within this community, boreholes are 
especially important in the reproductive success 
of juvenile hermit crabs and snails.

Future research focusing on the 
relationship between bivalve abundance and 
nutrient load, would reveal the viability of 
bioeroding bivalves as bioindicators. A 
biological assessment of the fringing reef 
adjacent to the Gump Research Station should be 
performed to determine the extent and cause of 
degradation. Based on this assessment, measures
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shoutd be taken to restore this reef and simitar 
reefs within French Potynesia.

Acknowledgments
! woutd tike to thank Neit Davies, Frank 

Murphy and the staff of the Richard B. Gump 
Biotogicat Research Station for providing 
excettent facitities; Jere Lipps, Carote Hickman, 
Vince Resh, George Roderick, Rosie Gittespie,

and Kenwyn Btake Suttte for their ever 
enthusiastic instruction, Jan Nakamura and 
Curtis Peht for throwing me into the water and 
providing unhmited hetp; Robert Laederich for 
providing essentia) funding; Atison Laederich 
for encouraging me to appty to the program, my 
French interpreters Lisa Katz and Brooke Massa 
and my fettow ctassmates for their friendship and 
support.

Highsmith RC (t980) Burrowing by the Bivatve Mottusc in the Living Reef Corat
and a Hypothesis of Reciprocat Larvat Recruitment. Marine Biotogy 56: t55-t62

Jameson SC, Erdmann MV, Gibson GR Jr, Potts KW (1998) Devetopment of biotogicat criteria for corat 
reef ecosystem assessment. USEPA, Office of Science and Technology, Heatth and Ecotogicat Criteria 
Division, Washington, DC.
Retrieved October 2, 2003 from http://www.epa.gOv/owow/oceans/corat/biocrit/chap3.4.htmt

Kleemann KH (1996) Biocorrosion by Bivates. Marine Ecotogy 17(1-3): 145-158

KJeemann KH (1980) Boring Bivalves and their Host Corats from the Great Barrier Reef J. Mott. Stud. 
46:13-54

Risk MJ, Sammarco PW, Edinger EN (1995) Bioerosion in across the continental shetf of the
Great Barrier Reef Corat Reefs 14: 79-86

Scott JB, Rish MJ (1988) The effect ofLz//iqp/i<3g<3 (Bivatvia:Mytitidae) boreholes on the Strength of the 
corat Pprzfay Corat Reefs 7:145-153

47

http://www.epa.gOv/owow/oceans/corat/biocrit/chap3.4.htmt


The secret identity of an infaunai hoiothurian, CAw-Mof# A
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ABSTRACT. An infaunai hoiothurian was found at three intertidal to shallow subtidal locations in Moorea, French 
Polynesia. Dissection o f the organism revealed that respiratory trees and tube feet are absent. Examination of 
papillae found along body wall revealed wheel spicules consisting of six spokes. This is characteristic o f the order 
Apodida, family Chiridotidae (Smirnov 1998). Further observations regarding anatomy and morphology demonstrate 
that the species in question is likely CAzrzJo;# AawazzeM.yz.y. This classification is based primarily on the presence of 
wheel and rod spicules, reduction o f papillae along the ventral surface, as well as the number o f digits (6-10) found on 
each o f the oral tentacles (Fisher, 1907). This classification is not yet confirmed due to ambiguities differentiating the 
anatomy o f C. A%w%zzen.M.y from CAzrz&t?# rzgz&z.

Extensive observations were made in respect to burrowing behavior and population distribution. C. 
A#wazzeM.yz.y was found in high density at the Motu Tiahura. Transecting at this location was performed to determine 
the population distribution and abundance. Transects revealed that there were several areas o f particularly high 
abundance. It was observed that abundance and distribution might be correlated with sediment-grain size. Sediment 
samples were taken along transects to determine whether grain size affects burrowing behaviors. Sediment samples 
were separated into five grain sizes and burrowing trials were performed. A wide range of behaviors were noted during 
the trails. Most notably, burrows in coarser sediment occurred earlier than burrows in smaller sediment. Burrows in 
coarser sediment were also greater in depth, and once burrowed, specimens did not resurface.

Introduction
Holothurians play an integral role in benthic marine environments, constituting over 90% of the 

biomass in deep waters. They are found in tropical, polar, and hydrothermal regions, thus, within the class, 
there is large variance in morphology and anatomy (Kerr 2000). The typical hoiothurian body type is 
symmetrica] and elongate along the oral-aboral axis. Unlike other echinoderms, the dermal spicules have 
been reduced, and as a result, a majority of holothurians are soft-bodied. Holothurians also 
characteristically possess a calcareous ring and circum-oral tentacles (Hickman 2001). The variations of 
each of these characteristics, particularly variations in spicule structure, are used in classification determine 
phylogeny.

Divisions within the order Apodida are almost entirely based on variations in spicule morphology. 
Members of the order Apodida, family Chiridotidae, are unique in that the spicules are wheel shaped. The 
family is further divided into two subfamilies based on the presence or absence of sigmoid hooks (Smirnov 
1998). Further classifications are dependent upon the structure of the calcareous ring and morphology of 
oral tentacles. In this study, each of these anatomical features is examined in attempt to identify an 
organism that appears to be most closely related to CAzrz&?f<3 /zawazzengz.?

C/zzrzJ#?# c/J C. /z#w#zze7z.$z.y was found in three locations in Moorea, FP. This species is a poorly 
studied infaunal hoiothurian. Although this organism was initially described in 1907 by W. Fisher, there 
are no subsequent studies of its morphology, ecology, and behavior. As a deposit feeder, this species is 
essential in recycling organic matter within the ecosystem. However, like small many infaunal species, its 
presence has often goes unnoted.

Because so little research has been performed on this species and it has proven difficult to 
definitively identify the species at hand. Problems identifying C/zzrz&)?% /z#w#zze?z.M.y stem from 
ambiguities differentiating its morphology and anatomy with that of its relative, C/zzrzJof# rzgz&z. Proper 
documentation indicating the unique characteristics of each of these species needs to be performed.

It is the aim of this study to identify the species found in Moorea while noting several of its key 
characteristics. Anatomy and morphology are closely examined along with basic behaviors and habitat. 
The distribution and abundance of C. A#w#zzeM.yz.y is assessed at one site in Moorea, providing insight into 
the poorly understood population dynamics of this species. Furthermore, the effect of grain size on 
burrowing is examined to determine whether a preference exists.
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Materials and Methods

CAzrz&>f% was found within intertida! zones at severa! locations in Moorea, FP: The
eastern shore of Motu Tiahura, the beach rock outcrops in Maharepa, and the lagoon between Cooks and 
Opunuhu Bays. Motu Tiahura, (S 17° 29,179, W 149° 54,739) was chosen as the study site because of its 
low nutrient, shallow water. This allowed C. /z<2UYHzen.M.y to be found easily within the sandy intertidal.

Figure 1. Map of Moorea, French Polynesia. C. was found at each of the sites indicated.
Transecting and collecting took place at the Motu Tiahura.

Specimens of C. were collected at the Motu Tiahura in order to perform dissections
and observe burrowing and feeding behaviors in the laboratory. Specimens were kept at the research 
station in buckets with sediment from the collection site and an inflow of running seawater. Burrowing and 
feeding behaviors, as well as external anatomy, were observed using glass bowls and dissecting scopes.

Dissection of two organisms was performed using a dissecting kit and dissecting scope. 
Organisms were placed in 90% ethanol before dissection. Internal structures were identified using 
Hickman 2001, and were recorded with a digital camera.

In order to classify family and species, three C. were dissolved in a solution of water
and house bleach to obtain spicules from within, and along the body wall. Spicules were used to classify 
the family and species of the organism. The solution was viewed under a dissecting scope where 
particulates were removed. Particulates were then placed on slide and viewed under a compound 
microscope. Digital images were taken.

Eight transects were sampled at 10 meter intervals at Motu Tiahura to determine the distribution of 
C. at this site, along with abundance. Preliminary observations were used to approximate the
parameters of the population. From these observations, it was decided that transecting would begin near 
the center of the population distribution. Transecting was also performed to the north and south of the 
center starting point (See Figure 2).

Transects began at the high tide mark and ran perpendicular to the shore for 100 meters seaward. 
A quadrat size of .25 meters squared was used. Quadrats, made from PVC pipes, were placed 10 meters 
apart. In each quadrant, C. was found by overturning the top five inches of sediment. Algae
and rock pieces found within the quadrant were displaced to increase visibility. Necessary time was spent 
at each quadrant to ensure that all organisms had been found. Once found, organisms were removed and 
held in a cup so as
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Figure 2. Eight transects were performed along the eastern shore of Motu Tiahura. Transecting began at 
the center of the distribution (0 meters) and ran 75 meters north and 60 meters south. The center of the 
population distribution was determined by preliminary observations.

not to be counted twice. Organisms were later replaced. Data was then used to construct a contour map 
illustrating the abundance at each quadrant along all eight transects.

Sediment samples were taken along transects. Samples were separated using sieves of sizes 2mm, 
500pm, 250pm, 125pm, <125pm. Wet sediment samples were poured through sieves. Sieved sediment 
was collected in jars and dried in an oven at 60 degrees Fahrenheit for 24 hours. Samples were then 
collected and placed in respective cups marked 2mm, 500pm, 250pm, 125pm, <125pm. Approximately 
one inch of sediment was placed in each of the clear, plastic, labeled cups. The cups were then filled with 
water and allowed to sit until the sediment had completely settled and water was clear. Four specimens 
were simultaneously dropped into each cup. The time of drop was recorded. The burrowing time for each 
specimen was also recorded, along with observations regarding whether the specimen re-surfaced, where in 
the cup the burrow was located, and the depth and orientation of burrow.

FoMcAer
Voucher specimens of C. are deposited in the University of California Museum of

Paleontology.

Results

Phylum ECHINODERMATA 
Class HOLOTHUROIDEA 
Order APODIDA Brandt, 1835 
Suborder Synaptina
Family CHIRIDOT1DAE Ostergren, 1898 
Subfamily CH1RIDOTINAE Ostergren, 1898 
Genus C/nrM/ofa Eschacholtz, 1829

Type species. Fisher, 1907

/Mferna/ anafowiy
Dissection of C. revealed the presence of 12 digitate tentacles attached to a calcareous

ring. Five longitudinal muscles were also attached to calcareous ring and ran along the body to
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A B C
Figure 3. Digital images taken during dissection. A. (From top to bottom) Calcareous ring, stomach, and 
intestine. B. Wheel spicules obtained from C. Wheel spicules have 6-spokes and teeth along
the inner rim. C. Rod spicules of oval and C-shape, knobbed at the ends.

the anus. The complete digestive system was present, comprised of the mouth, pharynx, esophagus, 
stomach, intestine, cloaca, and anus. The body is unsegmented. There was no evidence of respiratory 
trees. Polian vesicles, gonads, and the madreporite may have been present but were difficult to see and 
were not confirmed.

Both rod and wheel spicules were found. Wheel spicules are comprised of 6-spokes with teeth 
along the inner rim. Aggregated wheel spicules make up papillae along body wall. The number of wheel 
spicules present, greatly outnumbers the rod spicules.

The ability to eviscerate was also observed in the lab. Visceral organs were discarded in stressful 
environments (Byme 2001). This appeared as yellow tissue extending outside the body along the body 
wall or from the anus.

C. possesses a soft, worm-like body with an oral and aboral end. Size ranges from
^0.5cm to 7.0cm. Body coloration ranges from red to light pink, often with darker coloration near the oral 
end, and increasing translucency near the aboral end. On occasion, red coloring stains hands. Tentacles are 
white or clear.

The body wall has a warty appearance with large white papillae. Papillae were of variable sizes. 
When turgid, papillae align and form rows parallel to oral-aboral axis, and when elongated, papillae appear 
randomly distributed. A reduced number occur along the ventral side. It was observed that papillae are 
occasionally shed.

Tube feet are absent. Instead, locomotion occurs through hydrostatic movement. This is created 
by longitudinal and circular muscles. Longitudinal muscles are also used for retraction of tentacles. In this 
action, the body wall is pulled completely over tentacles. Both longitudinal and circular muscles are 
visible along the body wall.

Twelve digitate tentacles, encircling the mouth, also aid locomotion. Tentacles are covered with a 
sticky mucous and are used for locomotion, burrowing, and feeding. Tentacles are always active, except 
when retracted inside of body wall. Tentacles move in an alternating fashion, bringing food in towards 
mouth or pushing sediment grains away from body. Six to 10 digits were found per tentacle with the 
number of digits consistent for an individual. Two sizes of digits were present per tentacle, with 2 large 
terminal digits, surrounded by 2-4 small digits at the sides.
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Figure 4. Images of C. /z#waneM.H.s A. Calcareous ring visible through body wall. Also pictured are 
digitate tentacles with sediment grains attached B. Image of translucent body wall with papillae and 
looped intestine. C. C. traversing substrate in search of sediment.

RMrrowzng Fe/zavzorg
C. A<2w#iieM3i.y was found burrowing into coral sand in tropical, shallow reef waters. When 

burrowed, aboral end is often found inflated. Burrows are generally oriented vertically with oral end down 
into sediment. This was common when the top inch or two of sediment were gently swept away without 
disturbing the burrow. This behavior was less common in laboratory conditions. Burrows observed in the 
laboratory were often shallow and U-shaped, with the aboral end horizontally oriented within sediment. In 
both the laboratory and the field, C. A#w#zzeM.$z.y was often found burrowing in close proximity of 2-6 
individuals. Burrowing depths ranged from 1 cm to 1 Ocm.

Burrows were created using tentacles. All twelve tentacles move in an alternating fashion, 
pushing the sediment grains away from body. A sticky mucous was secreted from tentacles.

In the field, C. /z#wazzeM.yz.y did not immediately re-establish itself within the sediment once it was 
exposed. The time taken to re-burrow is unknown. When exposed in the laboratory, however, specimens 
burrowed immediately underneath any object present (ruler, sediment, rock, other specimens). If nothing 
was present, specimens would move around dish, eventually reaching a side. At this point, the specimen 
would travel up along side of the dish and orient its mouth (tentacles active) at water surface. It would 
remain in this position for some time before crawling

anJ a&MM&iHce
Transecting revealed densities ranging from zero to 55 individuals per quadrat. Distribution and 

abundance are illustrated using a contour map (See Figure 5). Three areas are marked with particularly 
high density.

harrowing 7rza/
Burrowing behaviors were markedly different in smaller grain sizes (125, <125pm) versus larger 

grain sizes (2mm, 500pm). When C. CF was placed in cups of 125 and <125 pm burrowing
was slow. Specimens often moved across the top of sediment before burrowing. It took 15 minutes or 
longer before burrowing occurred in the <125pm. When burrowing did occur it was shallow, mainly at 
surface-water interface, and U-shaped. Similar behavior was observed in the 125 pm cup. However, 
burrowing occurred earlier (first burrow occurred at seven minutes, average occurred at 13 minutes). In 
both cups, continuous burrowing and resurfacing occurred. This behavior was observed for hour and was 
rare in other cups of larger grain sizes.

Body elongation was also observed in 125 and <125 pm cups. In this behavior, the anterior 
portion of the trunk would elongate, becoming narrow. This would double or triple the typical body length. 
During elongation, the oral end reached towards the sides of the cup, or up into the water column. This 
would occur without movement of the posterior trunk. This was also noted in the 250pm cup but not in the 
500pm or 2mm cup.
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Figure 5. Contour map illustrating the abundance and distribution of C. at the eastern shore
of Motu Tiahura. The map indicates particular areas, approximately 50-70 meters off shore, where 
abundance was greatest. These areas, marked light and dark gray, contain 45-50, and 55-60 organisms, 
respectively. The overall range for abundance was 0-55 organisms found per quadrat.__________________

Burrowing in the 2mm and 500pm cups was immediate and usually occurred in the location C. 
was dropped. Therefore, most of these burrows started in the middle of the cup. Burrows were 

noted to reach the bottom of cup, however many burrows were not visible so their depth and direction 
was unknown. Once burrowed, C. rarely resurfaced. Only one specimen in the 500pm cup
resurfaced during the first and second trial.

Behaviors in the 250pm cup were a combination from all cups. Body elongation did occur, but in 
fewer specimens. Burrowing times occurred earlier than in the 125pm and <125pm cups. Burrows were 
shallow, U-shaped, and resurfacing did occur. Burrows also occurred less frequently in the middle of the 
cup.

Specimens were left in cups for a twenty-four hour period. At the end of this period, all 
specimens were burrowed.

Feeding behaviors were difficult to observe in larger sediment since these often occurred in the 
middle of cup. However, it was noted that tentacles, in all cups, were always active.

Discussion.

From the presence of 6-spoked wheel spicules, it was determined that the species at hand is of the 
family Chiridotidae. Furthermore, the absence of sigmoid hooks indicates the species is within the 
subfamily Chiridotinae (Ostergren, 1898 and Smirnov 1998). Members of this subfamily characteristically 
display rod spicules as opposed to anchors or sigmoid hooks, and wheel spicules are aggregated into 
papillae.

The rod spicules found in this study were oval and curved. This is similar to observations made 
by Fisher, 1907, in which he describes rod spicules from C. as oval and C-shaped with
knobbed ends. Branched rods were also found by Fisher but were not observed in this study. Rod spicules 
were found in much lower quantities as compared to wheel spicules. This was also noted by Fisher, and, 
according to his study, contrasts with the number of rod spicules found in C. which are estimated to
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be greater. Taking these observations into account, it seems that the spicuie structures found in this study 
are consistent with spicuies from C. /z<2w<3z*zen.yz&

ft was observed that the species in this study has a marked reduction of papiiiae along the ventral 
surface as compared to the dorsal surface. Similarly, Fisher notes that the number of aggregated wheel 
papillae is greatly reduced in C. /z#w#zze%yz.y as compared to C. rzgi&x. He does not, however, make clear 
the degree of reduction, ft is unknown whether C. rzgz&z also displays fewer papillae along the ventral 
versus dorsal surface. Since we do not know the number of papillae typical for C. rzgz&z we cannot infer 
that the papillae from this study are similar or dissimilar.

Perhaps the most distinct variation noted between C. rzgz&z and C. /z#w<3zzen.yz.y is the number of 
digits on the oral tentacles. Members of Chiridotinae possess f 2 or 18 peltato-digitate tentacles with the 
number of digits per tentacle varied (Smimov 1998). C. /z#wazzeM.yz.y possesses 8-10 digits, while C. rzgzJa 
has f3 digits per tentacle (Fisher 1907). fn this study, 6-10 digits were observed, individually, the number 
of digits found per tentacle was the same. This is further evidence that the species in question is, in fact, C. 
/z#w#zzeM.yz.y.

yfnafoTMy Re/zavzor
C. /zawazzeMtH.y is a unique holothurian in that it is highly divergent from most of the class in its 

morphology and anatomy. Typical of an island species, it body size is dramatically decreased as compared 
to many of its holothurian relatives. Sizes ranged from ^0.5cm to ^7.0cm. Body length was difficult to 
measure due to the elasticity of the body wall. An average specimen measuring 2 cm when burrowing 
could shrink to <lcm or stretch to >7cm.

Specimens dramatically increased in length when placed in certain sediment types, ft appeared 
that body efongation occurred for the purpose of finding more adequate sediment for burrowing. This 
occurred when sediment was too compact for burrowing or when sediment was below a certain grain size. 
While elongation appeared to be related to sediment preference, it is likely not confined to this behavior 
and may be connected to feeding, respiration, or reproduction. This behavior was never observed at 
Tiahura.

Body length can also be greatly decreased. In this behavior, muscle contraction would pull the 
tentacles underneath the body wall and the oral and aboral ends became indecipherable. As the body length 
decreased, papillae aligned into rows parallel the oral-aboral axis, and the body became firm. This 
occurred when prodded and/or lifted out of water. The specimen typically did not remain in this state for 
longer that 30 seconds before it uncovered the tentacles. This behavior likely occurs to provide protection 
of the tentacles and the soft body wall, and to prevent damage from objects in the sediment or water 
column. This may be also be used for protection from predators, however, no predators were observed.

Predation on these organisms may be rare due to possible aposematic coloration, ft was observed 
that their red coloring occasionally stained when the specimen was picked up and held. This coloring may 
be a noxious secretion, ft would seem that aposematic coloration is likely since re-establishment into the 
burrow was not immediate. This suggests that C. /zawazẑ zẑ ẑ  does not have many predators, since its 
bright red body wall would give itself away immediately when on top of the white coral sediment.

Although re-establishment into a burrow was not immediate in the field, it was immediate in the 
laboratory, ff sediment was not present, specimens in the lab would attempt to burrow underneath any 
object present, particularly when observed underneath a lamp. When placed directly under light, the 
specimen would immediately begin to burrow or traverse the bowl in which it was being held. This may 
indicate that C. /zawazzeTzszs, like many Holothurians, actively feeds at night and remains burrowed 
throughout the day. However, in the lab, feeding did not appear to increase at night.

C. /zawazzenszs appeared to actively feed both day and night. Feeding was observed throughout 
the day in the lab. fn the field, specimens also appeared to feed during the day. This assumption was based 
on the gut content seen through the transparent body wall, ft was observed that as the specimen fed, 
ingested sediment was proportionally excreted out the anus, fn the field, the gut content was almost always 
full and individuals with no sediment in the gut were rarely seen.

ft was also noted that there was no obvious preference for sediment type. Specimens were fed 
numerous types of sediment from locations where C. /zaivazzengz.? was absent, fn most cases, specimens 
activefy fed and burrowed in sediment. The onfy sediment that specimens would not ingest was black sand 
collected in Tahiti.
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F*OpM/<3?ZOM <7zSfrzAMfZO/l ÂM/Ẑ (3/ZĈ
C. /zaw#zzeM.yz.y was found in high abundance at Tiahura. Referring to figure 5, we can see that 

there is a marked increase in abundance at approximately 60 to 80 meters from the shorehne. In severa) 
areas, C. A#w%zzen.yz.y was found in remarkabty high densities considering the sediment depth ranged from 0 
to 15cm. In these areas, individuals were often found burrowed in groups of 2-6. These areas were 
predominantly sandy with little to no algae and some coral rubble present. Individuals were often found 
burrowing underneath rocks/coral rubble. However, areas that had a high rock cover (>50%) generally did 
not have an abundance over five individuals. Similarly, areas with significant algae cover (>35%) 
contained few individuals.

A discernible gradient of grain size was observed along the entire shore of Tiahura. This gradient 
ranged from very fine sand with no rock or algae, to courser sediment with a high content of both algae and 
rock. The population in both of these extremes was nearly non-existent. Based on these observations, we 
can infer that density is related to grain size. However, it is more likely that grain size is a secondary 
determinant, and density is instead dictated by organic carbon content. Further sediment analysis needs to 
be performed in order to determine the biotic or abiotic factors that dictate the distribution of C. 
/z#w#zzeM.yz.y.

RMrrowzMg 7r;'(3/.$
A wide range of behaviors was observed during burrowing trails. However, because burrowing 

occurred in each of the five sediment-grain sizes, it is difficult to determine whether there was a preference 
for large or small sediment size.

Based on preliminary laboratory observations, it was expected that C. /z#iv#zzeM.yz.s would not 
burrow into certain sediment types. This type of behavior was observed when specimens were placed in an 
aquarium with highly compact sediment. Specimens initially made shallow burrows but over time re­
surfaced. Once re-surfacing occurred, there were no more attempts to burrow. Therefore, it was expected 
that once sediment was established as undesirable, specimens would stay above sediment. However, 
burrowing occurred in each of the five grain-sizes.

The most notable difference between the small and large grain size was the speed at which 
burrowing occurred. Burrows in the larger sediment occurred much earlier. Burrows were also deeper. In 
contrast, burrows in small sediment sizes occurred later and were shallow. When comparing these 
behaviors to those seen in the field, behaviors from the larger grain sediment are similar. This may indicate 
that there is grain preference for larger sediment. At the very least, this is an indication of the grain-size 
most familiar to C. /z#w#zzeM.yz.y.

It was difficult to determine whether feeding occurred in any of the grain sizes since burrows were 
usually not visible. Feeding activity may have been a good indication of grain preference. It is possible 
when considering the 2mm grain, which is not ingestible due to its size that specimens burrowed deeper in 
search of smaller, more edible sediment. However, if this were true, different burrowing behaviors would 
be expected for the 500pm grain. This was not observed, and in fact, identical behaviors were observed in 
the 2mm and 500pm grain. It is important to note, that 500pm is the dominant grain size found at Tiahura, 
therefore, burrowing behaviors in this grain are likely most similar to burrowing that occurs in the field, 
and is likely preferred by C. /z#w#zzeM.yz.y.

Conclusion.
The species at hand may indeed be C/zzrzJo?# Az3W(3zẑ /?̂ ẑ . This identification is based on severa! 

characteristics; the presence of six-spoke wheel spicules, rod spicules, digits per tentacle (6-10), and a 
reduced number of papillae along the ventral body surface. However, in order to confirm this identification 
further investigation is necessary. It is recommended that examination of C/zzrz&tf# rzgz&? is carried out in 
order to provide a detailed account of variations between these two species.

It was also found that C. AawazzeM.H.y lives in high density. The factors which dictate abundance as 
well as distribution are unclear. While sediment grain size did have an affect on burrowing behaviors, it is 
not necessarily correlated with distribution and abundance. It is recommended that research is performed 
regarding organic carbon content of sediment in which this species inhabits.
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ABSTRACT. and 7lMf7HM<3rM7 are major contributors to floating vegetation rafts in
Cook's Bay, Moorea. & fM#Mg#reven.ye and 71 0771#;# foliage were sampled in order to characterize their foraminiferal 
species composition. A live 71 orn#?# sample and a sediment sample were collected from the mouth o f Cook's Bay to 
compare the Foraminifera present in the rafts with those in a live algal sample and in a sediment sample. The algae was 
washed to remove all sediment and Foraminifera, after which all samples were preserved, stained with rose bengal, and 
examined to remove both recently living Foraminifera and empty tests. The foraminiferal assemblage in the sediment, 
live 71 ornafa, and 71 and 5. fM#ng<3reveM.ye rafts were examined for differences in species composition. The
sediment sample contains the most species, including a large number that are not present in the algal rafts. The rafts 
contain more species than the live algae. There is species overlap between all three samples, some o f which may be 
explained by the hydrodynamic action needed to form algal rafts. The species present in the rafting algae were almost 
all alive at the time of collection, which indicates that these species may be able to use algal rafts as a means of 
increasing their biogeographic distribution.

Introduction
Foraminifera are major producers of 

sediment and calcareous fossils in marine 
carbonate environments (Venec-Peyre, 1991). 
They extract calcium carbonate from the oceanic 
environment or use small sand grains to 
assemble protective tests, and upon death the 
tests are deposited in sediment (Thurman, 1975). 
The abundance and diversity of Foraminifera 
makes their tests well suited to biostratigraphic 
analysis of sediment layers (Phleger, 1960). 
Because biostratigraphy depends on the species 
distribution of Foraminifera fossils, the 
biogeographic location of species is important to 
analyzing the age of sediment layers. Most 
previous Foraminifera studies in Moorea focused 
on the geographical distribution of Foraminifera 
in sediment samples fTom locations around the 
island (Venec-Peyre, 1991; Faller, 2001).

7Mr6;M#r;# or??#/# and *S#rga.y.yM7M 
MiaMg<3reveM.ye raffs, which appear to form when 
their thalli are displaced from the reef by wave 
action (Payri, 1999), have been shown to 
transport invertebrates within their thalli 
(Shapland, 1997). While algal raffs are important 
in marine ecosystems as habitat for many 
invertebrates (Koop and Griffiths, 1982), no 
studies have been conducted on the presence of 
Foraminifera in the raffs. Because they are 
capable of drifting long distances (Payri, 1999), 
the transport of Foraminifera by these raffs has 
the potential to impact the geographical

distribution of both deceased specimens and 
viable Foraminifera populations.

The aims of this study are to describe 
the foraminiferal assemblages in 71 orna/a and 5*. 
/MangareveMge raffs in Cook's Bay and to 
determine whether the assemblage consists of 
living Foraminifera, empty tests, or both. Finally, 
the species composition in the raffs will be 
compared to that of live 71 orMa?a samples and 
sediment samples to determine which 
Foraminifera species, if any, are transported in 
the floating raffs.

Methods and Materials:

Moorea (GPS location: S 17°30', W 
!49°54') is a high volcanic island surrounded by 
a barrier reef that encloses a shallow back-reef 
area. The barrier reef is broken by twelve passes, 
including two in front of the deep bays, Cook's 
bay and Opunohu bay. This study was conducted 
in Cook's bay (see figure 1).

A kayak was used to collect 71 
and 51 raff vegetation from the
center of Cook's Bay. The raffs were located on 
a transect running from a channel marker (GPS 
location: S 17°29.05!', W 149°49.045') on the 
eastern shore to the Richard B. Gump Station 
(GPS location: S 17°29.052', W 149°49.042') on 
the western shore (see figure 2). This transect
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was chosen because rafts moved afong it 
naturaify due to wind and current action.
Because the rafts were mobile, GPS coordinates 
were not recorded. The rafts were composed of 
approximately 80% 71 crnaf# and 20% & 
waMgareveM.s'e, so rafting algae was collected in 
roughly these proportions.

Sediment and live 71 ornafa samples 
were collected from the back-reef area on the 
eastern shore of Cook's bay. Sampling was 
conducted on a transect that began at the channel 
marker described above and formed a 90° angle 
with the shore (see figure 3). The sample was 
taken approximately 3 meters inshore from the 
channel marker using a kayak and snorkeling 
equipment. This location was chosen because of 
the high density of 71 ornata and because it is an 
exposed point with relatively high hydrodynamic 
action. It is likely that 71 oraafa removed from 
this area and from the channel to the east due to 
swell forms the algal rafts in Cook's bay, as 
observations did not indicate the presence of 
floating algae entering the bay from outside the 
barrier reef.

-Sawph'ag TVocgfVare
Sediment samples were collected along 

the transect at a depth of 2 m by skin diving. A 
10 cc sample was collected from the top 
sediment layer and stored in a plastic container 
filled with seawater. The sample was then 
washed with seawater over No. 40 and No. 230 
sieves. The sediment fraction retained in the No. 
230 sieve was preserved in 95% ethanol and 
stained with rose bengal dye for 48 hours to 
differentiate between living (stained) and dead 
(unstained) Foraminifera. After staining, the 
sample was placed on filter paper

Fig. 1. The island of Moorea with the study 
site, Cook's bay, indicated

and dried for 12 hours in a Fisher Scientific 
Isotemp OvenO set at 60° C.

Live algae samples were obtained at the 
channel marker (see fig. 3) by skin diving. 70 L 
of 71 wnafa were collected in 110 L garbage 
bags. The holdfasts of the algae were collected 
along with the thalli. The algae was manually 
scrubbed in a clean bucket with seawater to 
remove any attached sediment and Foraminifera. 
The resulting fraction was decanted to remove all 
organic matter. The sediment obtained after 
decanting was preserved in 95% ethanol, stained 
with rose bengal, and dried identically to the 
sediment sample described above.

Fig. 2. Map of Cook's bay. The transect 
upon which vegetation rafts were collected 
is indicated

Fig. 3. Map of Cook's bay. The transect 
upon which sediment and live 7M?7MHar:a 
samples were taken is indicated.
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Rafts composed of 71 arnafa and 
zzzazzgaravazz^a were collected from Cook's Bay 
with a kayak. Approximately 90 L of vegetation 
was collected in 110 L garbage bags. The raft 
algae was manually scrubbed in the same way as 
the live algae and was preserved identically to 
the other two samples.

Pa7?arafary PraaeJara
The dried samples were examined using 

a Leica GZ6E dissecting microscope. All 
observed Foraminifera, both stained and 
unstained, were removed from the samples and 
placed on slides. The Foraminifera were 
separated by species using a dissecting 
microscope. The number of each species and 
whether each individual was living (stained) or 
dead (unstained) at the time of collection was 
recorded.

Dafa 4̂zza/ŷ ẑ
Presence/absence analysis was 

performed to determine which Foraminifera were 
present in the sediment, raft, and growing 
vegetation samples. The number of each species 
in every sample was recorded. The number of 
live specimens and dead specimens in the raft 
sample was also recorded. Finally, a calculation 
was made of the % chance that every 
Foraminifera species in each of the samples was 
collected (see appendix for details).

Results

Species
Raft Live

Algae
Sediment

5arzfay
ar̂ ZCZz/â

119 102 3

P/anar&M/zMazJay
re?ZMzaM/afa.y

144 55

$arz/as
arZ?z?a/z?azJay

9 66 1

P/azzarZ?a/zzza
aaerva/zls

6 32 3

Mz/za/zne/Za
Aaragwazif/zz

4 76 4

Pyyga
Jazz/zaaZa^a

7 39 1

MzZZâ zazza
zwzZZeffzz

75 6

PZaMar&aZzMa 
sp. 1

1

4zzz/?Zzẑ âgzzza 2 1

sp. 1
TzMp/zz^agzna 
yp. 2

19 3

PZazzarZ?aZz/?a 
sp. 2

6

7rz/aaa/zzza
sp. 1

4 44

^azzz^aaZaaaZzzza
AzZaa^a

1

5zp/zaMa/?arfa sp. 1 6 100 8

ParaapaMzTZa? sp. 1 13

ParaepaT?z<7ay sp. 2 2

PyrapzZa^ sp.l 1

PyrapzZa^ sp. 2 1

CarzAaanaZZa sp. 1 15 3

PZafzarZ?aZzMa sp. 3 51

PZazzarZ?aZzzza ẑ̂  sp. 1 5 47

W 1

X 1

Y 4 2 6

z 1 1

AA 12 27 1

AB 13 5 1

AC 2

AD 1 4 3

AE 1 2

AF 10 1

AG 6

AH 10 24

AI 1

AJ i

AK 1

AL 2

HerfaZyraZzTza sp. 1 1

AN 2 69 3

AO 9 1

ParaepaMzJas sp. 3 4 8 1

AQ 2 45

AR 1

AS 7 31 2

AT 1

Pyrga sp. 1 1

P^aa^aZzaaarzzza sp. 1 2 5

AW 1

AX 2 1

AY 4 1 1

AZ 1
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BA 2
E7j9%M%M7?! Sp. 1 9 6 9

BC 2

BD 2

BE 2

BF 1

BG 1 30

BH 2 6

BI 1

BJ !

BK 2

BL 1
BM 1
BN 2

BO 1
BP 1 1

5p;ro/ocM/:7!a sp. 1 1
BR 1
BS !

BT 1
BU 1
BV 2 15
BW 2 40

BX 1 2 7

BY ] 3
BZ 1
CA 2 1
CB 2 1 5
CC 2 6
CD 3
CE 1 2
CF 1
CG 2

CH l

CJ l 2
CK 1
CL !
CM 4
CN 1
CO 1
CP 48

CO 1
CR !

CS 3
CT 1

CU 2

c v 12

cw 90 16

c x 1

CY 1

CZ 35

DA 1

DB 11 6

DC 50 35

DE 2

DF 1

DG 1

DH 1

DI 1

DJ 9
DK 7

DL 1

DM 1

DN 1

DO 1

DP 1

DQ 8

DR 1

DS 26
DT 1

DU 1

DW 1

DX 1

DY 5
DZ 1

EA 4

EB 6

EC 9

ED 3
EE 10

EF 5

EG 1

EH 1

El 1

EJ 5

EK 1

EL 1

EM 10

sp. 2 2

EO i
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EP 5
EQ 1
ER 2

ES 1

ET 6

EU 3
EV f

EW 4

EX 5

EY 1

EZ 1

FA 3

CyzM&a/<%wef?a &a//oz<7a$ 5

FC 1

7r^aza/?/za/a^ Aa/ZazT/^ 1

FE 1

FF 1

FG 1

FH 3

FI 1

FJ 1

FK 1

E/707M6fay sp. 1 3

FM 1

FN 1

FO 1

FP 2

FQ 1
S/yzro/oca/zna sp. 3 1

FS 1

FT 1

FU f

FV 2

FW 1

FX 1

FY 1

FZ 42

GA 5

GB 5

GC 1

GD 7

GE 1

GF 7

GG !

GH 1

GI 1

GJ 1

GK 9

GL 5
GM 6
GN 2

GO 4

GP 3

GO 1

GR 4

GS 1

GT 3

GU 16
GV 2

GW 8

GX 1

GY 2

GZ 2

HA 2

HB 1

HC 1

HD 1

HE 3

Fig. 4. Tota) number of each Foraminifera 
species found in raffing algae, live algae, and 
sediment sample.

Species
Number

live Number dead
5orz/ay ar^zca/a^ 119 0
P/aMOT7?a/zM0Z<7ay
refzMzaa/a?a.y 139 5
&?rzfas 9 0
P/aaar&a/zfza aaerva/zs 3 3
ATz/za/zaaPa
^ara^waa/Az 2 2

Pyrgo dfaafzca/a%a 5 2

MzV/effzaaa aizV/effzz 75 0
P/aaar&a/zaa sp. 1 1 0
/fzap/zz^^zaa sp. 1 2 0
zfza/?/zzjfa^zaa sp. 2 17 2
P/aaarAa/z'aa sp. 2 6 0
7rz/aca/zaa sp. 1 3 1
^aza^aa/aca/zaa ga/cafa 1 0
5*z/?Aaaa^ar^a sp. 1 4 2
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Poroepo?H<7ay sp. 1 13 0
Poroeponnfas sp. 2 1 0
Pyropi/MS sp.l 1 0
Pyropi/M.s sp. 2 1 0
C<2rP)g<2Mg//<2 sp. 1 15 0
P/nMor&MpHn sp. 3 51 0
P/nnor^M/mopyA sp. 1 5 0
W i 0
X 0 1
Y 4 0
Z 0 1
AA 12 0
AB 13 0
AC 1 1
AD 1 0
AE 1 0
AF 9 1
AG 5 1
AH 10 0
AI 1 0
AJ 1 0
AK 0 1
AL 2 0
Ferre&ra/ma sp. 1 1 0
AN 2 0
AO 8 1
Poroeponidfay sp. 3 4 0
AQ 2 0
AR 1 0
AS 7 0
AT 1 0
Pyrgo sp.l 1 0
PseMJo/mMermn sp. 1 2 0
AW i 0
AX 2 0
AY 4 0
AZ 1 0
BA 2 0
E7pA:W:HH! sp. 1 9 0
BC 1 1
BD 2 0
BE 1 1
BF 1 0
BG 1 0
BH 2 0

BI 1 0
BJ 1 0
BK 1 1
BL 1 0
BM 1 0
BN 2 0
BO 1 0
BP 1 0
Spiro/ocM/ma sp. 1 1 0
BR 1 0
BS 1 0
BT 0 1
BU 1 0
BV 2 0
BW 2 0
BX 1 0
BY 1 0
BZ 1 0
CA 2 0
CB 2 0
CC i 1
CD 3 0
CE 1 0
CF 0 1
CG 2 0
CH i 0
CJ i 0

Fig. 5. Number of live and dead Foraminifera 
of each species found in rafting algae

Fig. 6. Number of Foraminifera species 
found in intersections of the three samples
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Sample Total # of 
Specimens

%
Confidence

Raft 654 99%
Live

Algae
1098 99.99%

Sediment 547 99%

Fig. 7. % confidence that ait species 
composing <1% of the total population 
were collected (Pehl, 2003). See appendix 
for details.

A total of 209 species were collected.
Of these, 86 were in the rafting algae, 59 were in 
the live algae, and 126 were in the sediment 
sample. Seventeen species were 
present in all three samples, 14 were in the raft 
and sediment samples, 11 were in the raft and 
live algae sample, and 3 were in the sediment 
and live algae sample. There were 44, 28, and 92 
species found only in the rafting algae, live 
algae, and sediment respectively (see fig. 4 and 
fig. 6). There is 99% confidence that all species 
composing <1% of the total raft and sediment 
population were collected. There is 99.99% 
confidence that all species composing <1% of 
the live algae population were collected (see Fig.
7).

Discussion
The hydrodynamic turbulence involved 

in forming algal rafts (Stiger, 1999) is one 
potential explanation for some of the observed 
differences in species composition. Thirty-one 
species that are found in live algae (28 that are 
only in live algae and 3 that are also present in 
sediment) are not present in the rafts. Because 
they are present in the live algae sample, these 
species are presumably capable of living 
attached to algae. It is possible that these species 
are incapable of clinging to algal matter 
throughout the turbulence needed to remove 
algae from the reef and form a raft. The 28 
species found in both the live and rafting algae 
(11 present only in these two samples and 17 
found in the sediment as well) are presumably 
able to cling to algal matter strongly enough to 
survive the hydrodynamic action necessary to 
form an algal raft. These species can potentially 
take advantage of the long-term dispersal 
opportunities presented by the drifting of the 
rafts.

Fourteen species are present in the algal 
rafts and the sediment but are absent from the

live algae. These species appear to live in 
sediment preferentially to algae, but are capable 
of living in algae, as evidenced by the presence 
of live specimens in the rafts (see Fig. 5). Their 
presence in rafting algae is also potentially an 
effect of the wave action involved in raft 
formation. The sediment stirred up during heavy 
wave action contains many species of 
Foraminifera (see Fig. 4). Potentially some of 
these species are able to cling to algal matter as it 
forms rafts. Therefore, these species may also be 
able to utilize algal raft dispersion as a means of 
increasing their biogeographic distribution.

There are 92 species that are present 
only in the sediment sample. These 92 are likely 
obligate infaunal species, therefore they are not 
found growing on any type of algal matter. As a 
result, these species cannot utilize algal raft drift 
as a means of colonizing new locations. There 
are 44 species that are found only in the rafting 
algae, which is potentially due to the fact that no 
live & was collected for
examination. Although the rafting 5*.

made up a smaller percentage of 
the raft and contained a much lower density of 
sediment and Foraminifera than the 71 prn#?#, 
there were probably Foraminifera present in the 
*5. Future studies should include
the collection of live & TMangareveM-ye to 
determine if these 44 species inhabit this algae 
instead of 71 orn#?#.

Of the 653 Foraminifera present in the 
rafting algae, 95% (623 specimens) were live 
while 5% (30 specimens) were dead. Because 
algal rafts travel long distances (Payri 2001) and 
significant turbulence is probably necessary to 
form them, dead tests likely cannot cling to algal 
matter. As a result, the majority of the 
Foraminifera that the rafts transport are alive and 
can potentially form viable populations in areas 
where the algal drift ceases. It is also possible 
that Foraminifera leave the raft during its drift, 
so live specimens may be deposited along the 
entirety of the raft's course of travel. This 
population movement could strongly influence 
the biogeographical distribution of both living 
Foraminifera and empty tests.

There was one main potential source of 
error in this study. Beds of *5. 
were not found near the study site, so a live & 

sample was not found. Although 
5*. made up a smaller percentage
of the rafting algae than 71 prn#?# and didn't 
appear to contain many Foraminifera, the lack of 
a live sample may have affected the observed 
species composition of live algae.
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Further study should include an analysis 
of raft formation in which foraminiferal species 
composition is recorded both when pieces of 
algae are attached to the reef and after the same 
pieces have formed a raft. The rafts should be 
analyzed at multiple time intervals to determine 
if the species number of Foraminifera decreases 
as the amount of time the raft floats increases. 
Finally, a study should be done on the 
mechanisms of attachment used by Foraminifera 
to cling to algal rafts. Research should be 
conducted on whether there are morphological or 
biological characteristics that allow certain 
species to cling to rafting vegetation, thereby 
giving them an advantage over species that are 
unable to increase their biogeographical 
distribution by using algal raffs for transport.

Conclusions
This study located 209 Foraminifera 

species among the sediment, live algae, and 
rafting algae samples in Cook's bay. The largest 
species diversity was in the sediment (126 
species), followed by the rafting algae with the 
second highest (86 species) and the live algae 
with the lowest (59 species). The species in the 
algal rafts are probably more capable of 
expanding their biogeographic distribution than 
the species that are not found in the rafts. There 
was species overlap between the three samples, 
some of which is possibly due to the wave action 
needed to form algal rafts. Most of the 
Foraminifera present in the algal rafts were alive, 
which suggests that they can use the rafts as a 
means of viable population dispersal.
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Appendix

% Confidence that ait species present in each location (raff, live algae, and sediment) were collected (Pehl, 
2003):

.RyMan'oTM.'
!-y = (l-x)° 
ln(l-y) = n[ln(l-y)]

x = % of the total population that this species represents 
n = number of Foraminifera in sample
1-y = chance of collecting a species with % x for a given n — % Confidence 

o/" Fa/uey.*

% of total 
population

99%
Confidence

99.99 % 
Confidence

0.1 4602.867 6904.301
0.2 2300.282 3450.423
0.4 1148.988 1723.482
0.6 765.223 1147.835
0.8 573.341 860.011
1 458.210 687.316
1.2 381.457 572.185
1.4 326.633 489.949
1.6 285.514 428.271
1.8 253.533 380.300
2.0 227.948 341.922

Fig. 8. Number of specimens required for 99% 
and 99.99 % confidence that species composing 
<2% of the total population were collected

66



Influence of Decompositions! State on Arthropod Richness and 
Abundance in AHochthonous wracks of om#?# in iittora!

zones of Mo'orea, French Polynesia

Hadas Dimentstein
Department of Environmental Science, Policy, and Management 

U4euh(S)uc!ink.berkelev.edu

ABSTRACT. AHochthonous inputs can impact food web dynamics of recipient ecosystems. This study focuses on 
wracks of the macroalgae orn#;# as subsidies to shoreline ecosystems on the island of Mo'orea, French
Polynesia. Analysis o f variance (ANOVA) tests were run to determine the effect o f decomposition on arthropod 
abundance and richness in the wracks. Decompositional state affects the total number of species in each wrack 
(p=0.01) and species richness (p=0.04). The ratio of insects to amphipods differs between wracks of varying 
decompositional stages (p=0.05). Future research could explore the effect o f salinity, cover, and distance from 
freshwater on arthropod composition, as well as compare species composition on floating wracks versus beached 
wracks.

Keywords
allochthonous, algal wrack, Mo'orea, arthropod

Introduction
In nature, allochthonous inputs (inputs 

entering from another habitat) have the potential 
to impact the patterns and dynamics of recipient 
systems by influencing populations, food webs, 
and community dynamics (Huxel and McCann
1998, Nakano et. at 1999, Anderson and Polis
1999, Polis and Hurd 1996, Helfield and Naiman 
2002, Rose and Polis 1998, Polis et. al 1997). 
Polis and Hurd identify four main pathways of 
subsidization of ecosystems -  land to land, land 
to water, water to water, and water to land 
(1996). Aeolian ecosystems such as caves, 
snowfields, and barren deserts can be completely 
sustained or partially subsidized by land-based 
windbome detritus (Likens and Bormann 1975, 
Polis et al. 1997). Transport of nutrients from 
deep water to shallow water through upwelling is 
a key determinant of local marine productivity 
(Polis et al 1997). Leaf litter and organic matter 
from soil runoff serve as important terrestrial 
subsidies to marine environments (Minshall 
1967). This land to water transport is 
significant; for instance, Polis et al assert that 
75% of market fish in the Amazon receive 50- 
90% of their diet from terrestrial origin (1997). 
In another study, terrestrial insect prey 
subsidized stream fish populations, contributing 
from 60-100% of fish diet (Nakano and 
Murakami 2001).

M arine subsidies to te rrestria l 
environments have been the focus of recent 
attention in the field of ecology (Ricketts et al 
1985, Rose and Polis 1998, Polis and Hurd 1996, 
Anderson and Polis 1999, Nakano et al. 1999). 
For example, Pacific salmon serve as nitrogen 
sources to white spruce trees in Alaska through 
transport by bears (Helfield and Naiman 2002). 
In the hyperarid islands of the Gulf of California, 
nutrient input via seabird guano directly 
inc reases  n itrogen  and phosphorus 
concentrations in inland soils, which influences 
the concentrations of certain desert shrubs and 
cacti (Anderson and Polis 1998). High densities 
of coyotes are achieved along the shore of the 
Gulf of California relative to adjacent inland 
areas because of a variety of marine subsidies 
(Rose and Polis 1998).

Beached algal wrack is another example 
of a marine subsidy to a terrestrial environment. 
Polis and Hurd assert that "such flow is often a 
key feature of the energetics, structure, and 
dynamics of populations, food webs, and 
communities" (1994). Sandy beaches support 
relatively little in .Mfzv primary production, and 
beached algal wrack can ameliorate soil and sand 
characteristics by adding nutrients (Colombini 
and Chelazzi 2003). In terrestrial food webs 
with beached algal wrack in the Gulf of 
California, arthropods are 85-560 times more
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abundant in the supraiittoral zone, or the shore- 
water interface, than inland (Poiis and Hurd 
1995). Presence of algal wrack has been shown 
to determine the distribution and relative 
abundance of Pygmy grasshoppers in temperate 
shoreline ecosystems (Bastow et al 2002). Poiis 
and Hurd discovered that marine-derived 
allochthonous algal wrack supports unusually 
high densities of spiders on desert islands off the 
coast of Baja California (1996).

This paper presents the results of a 
study on the role of allochthonous wracks of the 
macroalgae ornnta of varying
decompositional states as marine subsidies to 
terrestrial environments. I have been unable to 
find any literature discussing the role of 7\ 
ornnta as a subsidy to the littoral zone. This 
study focuses on arthropod abundance, richness, 
and evenness in these wracks at different 
decompositional states in littoral zones on the 
island of Mo'orea, French Polynesia. Goals of 
the study include identifying arthropods in the 
wracks and determining the effect of 
decompositional state on arthropod richness, 
abundance, and evenness. It is hypothesized that 
arthropod composition is influenced by the 
extent of algal decomposition. Other studies 
discuss abundance of certain groups of 
organisms in other species of decomposed algae, 
including amphipods, isopods, insects, and flies 
(Colombini et al 2000, Colombini et al 1998, 
Colombini and Chelazzi 2003, Pennings et al 
2000). Accordingly, this study examines these 
groups in detail. I hypothesize that the ratio of 
insects to amphipods and the abundance of 
isopods and flies will change with 
decompositional state.

Materials and Methods

TVa/ura/ //Atory o/"
This study was conducted on Mo'orea, 

(17°30'S, 149°50'W), a high volcanic island in 
French Polynesia surrounded by an extensive 
coral reef complex (Gabrie et al 1994). The 
macroalgae ornate is native to
French Polynesia (Stewart, pers. comm. 2003). 
Since the mid 1980s, Mo'orean coral reef 
communities have undergone a shift from a mix 
of coral and algae to reefs widely dominated by 
large frondose algae such as 71 ornate (Payri and 
Stiger 2001). This shift has been due to a host of 
reasons. 71 ornate colonizes dead coral heads, 
and much coral has died since the 1980's (Payri 
and Stiger 2001). In 1983, Mo'orean reefs were 
extensively damaged by prolonged low sea

levels and increased cyclonic activity, and while 
there has been some recovery, many corals died. 
Between 1978 and 1983, several outbreaks of 
Crown of thoms starfish (HcantAaytor p/unct) 
occurred, killing many corals, which has 
increased the amount of macroalgae growth by 
providing a dead coral substrate for colonization 
(Hutchings et al 1994). Increase in pesticide use 
and land clearing has resulted in dead and 
damaged corals, which has provided a space for 
71 ornatu to grow (Hutchings et al 1994). This 
shift is especially obvious on high islands like 
Mo'orea where anthropogenic disturbance is 
greater (Stiger and Payri 1999). Once removed 
from coral heads by wind, current, or other 
disturbance, 71 ornafa forms floating vegetation 
rafts that eventually can wash ashore. This study 
focuses on beached wracks of 71 ornutu.

&a<7y Design
I kayaked from the Gump Station to the 

Beachcomber to observe and categorize stages of 
71 ornatu decomposition (see Figure 2). Three 
distinct zones of decomposition (zones 1, 2, and
3) of 71 orTiutu were identified based on integrity 
of algal structures (see Figure 1 at end). Wracks 
of zone 1 decomposition are newly washed 
ashore. The algal structures are robust and 
intact, and air pockets separate individual algal 
strands. In a zone 2 wrack, algal structures are 
not entirely intact. Zone 3 is comprised of algae 
whose structures are indiscernible, and the 
consistency of the wrack is mushy. Four 
samples were taken from each zone at different 
locations on Mo'orea (see Figure 2 below).

23 1 2
r

B each com b er  P a p e to a h  { ^ " " P  !

\

1
2
3

\

)
T eavaro # /  

V a ia r e t f' 1 3

Moorea
I HaapiU  

Atiha 1 '—

AfareaK u ^ 
2

^3
M a a te a

Figure 2. Map of Mo'orea with sites 
labeled by decompositional stage

At each site, length, width, and depth of 
wrack was measured with a 100 meter transect 
tape; this inform ation, along with 
decompositional state, was noted on a dive slate
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(see Table 1). Each wrack was photographed 
using a Canon digital camera. Samples were 
taken from the midpoint of the length and the 
width. Amount of algae sampled was based on a 
fixed and consistent surface area of 71 or??#?# 
wrack and a variable, measured depth. The 
surface area of each sample was 484 sq cm (22 
cm long, 22 cm wide). The depth sampled was 
from the algae-air interface to the algae-sand 
interface in its entirety. Each sample was placed 
in an enclosed plastic container and immediately 
taken to the Gump Research Station and 
relocated to a Berlese funnel (see Figure 3). Six 
Berlese funnels were constructed, each with a 
desk lamp, funnel, and a plastic Nalgene 
container. Berlese funnels function on the 
premise that arthropods will crawl away from the 
heat source and get caught in the plastic 
container at the bottom. The Berlese funnels 
were covered with fish nets to prevent arthropod 
escape. Samples remained in these devices for 6 
hours, after which time the algae were returned 
to the shore and the samples were placed in 
alcohol. Arthropod identification was completed 
at the Richard Gump Research Station, French 
Polynesia, and at the University of California, 
Berkeley, United States. Voucher specimens are

held at the Essig Museum of Entomology at the 
University of California, Berkeley.

Variable 71 or??#;# wrack masses were 
standardized in order to compare arthropod 
composition among sites by dividing the number 
of each arthropod found in each sample by wrack 
depth. Using this information, analysis of 
variance (ANOVA) tests were run to determine 
significance of decompositional stage on 
arthropod richness and abundance as well as on 
individual species (Amphipod C, Staphylinid A) 
and individual group (Diptera, Isopoda) 
abundance. Tukey-Kramer tests were run to 
determine which treatments (decompositional 
states) were statistically distinguishable. The 
data from the significance of decompositional 
state on ratio of insects to amphipods was in 
percent; each data point was normalized to fit 
ANOVA requirements by using a square-root 
transformation [Square root ratio = square root 
(ratio + 0.5)].

Resuits
The sample from the zone 3 at the Beachcomber 
site was removed from the analysis due to its 
possibly unnaturally high numbers of Amphipod 
Species C.

Tabie 1. Physical Characteristics of Sites
GPS Length (m) Width (m) Depth (cm) Decompositiona!

State
tetoai S 17°29.525', W 149°52.229' 236.8 .73 28 1
tetoai S 17°29.525', W 149°52.229' 236.8 .56 38 2
mp S 17°24.4', W 149°33.0' 25.6 .48 20 3
varo S 17°32.714', W 149°46.722' 48.87 1.52 29 2
are S 17°31.379', W 149°46.843' 200 .45 32 1
are S 17°31.379', W 149°46.843' 200 .72 32 3
reaitu Snack S 17°33.011', W 149°47.385' 60 1.44 37 1
reaitu S 17°33.25', W 149°47.47' 120.14 .32 20 2
'a tea S 17°34.333', W 149°47.195' 159.2 .95 23 3
la S 17°34.878', W 149°50.560' 391.28 1.5 27 1
chcomber S 17°29.488', W 149° 53.074' 238.03 .8 11 2
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E%?bcf a /  Dcca/wpasiWawa/ A ara aw 7?/cAwass, 
Evcww^M, aŵ / Eata/TVwrwAar 
Grap/t 7. E^act o/"DecawpayfWawa/ Efata aw 
4wtArapa<7 EicAwayy

E//act a/  ̂Dacaw:pasiWaw a/ Etata aw .Spac/as 
Ga/wpay/Waw
Grap/: 4. E^aat a/"Dacaw:payit:awa/ Etata aw tAa 
Eatia af/wyacfy /a 4wpAzpaJ.y

significance at p< 0.04 noted by different letters

GrapA 2. E^ac? a/DacawpasiW'awa/ Etafa aw 
4wtArapa<7 yfbawJawaa

significance at p< 0.02

GrapA 5. E^/act a/"DecawzpayfWawa/ Etata aw 
4baw<7awca a/"4?wp/apa<E.'

significance at p< 0.01 noted by different letters

GrapA 2. E^act a/*Decawpay/Wawa/ Etata aw 
Evewwayy

p< 0.058

GrapA 6 Eyaat a/"Dacaw!pay/Wawa/ Etate aw 
Ehptara ^Epeaia.y E, E2^ 4Aaw<7awce

p=0.25

p<0.36
Values based on the Simpson's Diversity Index 
1-Xp*'

70



7. D̂ coz7?/?ô z/zoziz2/ *S7#fe on
AzzqAy/zzzzJ (iSq^cz^ ̂  ^^nnJonco

G^qq/z & qfDecowi%?o.yz?;oM<3/ on
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Discussion 
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A preliminary study was conducted at 2 
beach wracks of 7. orn%;%, one in Cook's Bay 
and one in Temae. At these sites, I swept for 
insects with a fish net attached to a wooden rod 
for 2 minutes; this was completed at 6 am, 12 
pm, and 4 pm, and each sweeping was spaced a 
day apart at each site to allow for recolonization. 
In addition, a physical sample of each wrack at 
each of these times was brought to the Richard 
Gump Research Station and placed in a Berlese 
funnel to collect arthropods from the samples. 
Sampling was conducted to determine the 
temporal fluctuations in species composition and 
abundance in 7. orna?# wracks. The results from 
this preliminary study show that in the sweep 
nets, there existed temporal differences in 
abundance of arthropod assemblages but not 
differences in species composition. There was 
little temporal fluctuation in arthropod 
abundance in the algal samples that were placed 
in the funnels, and thus it was determined that 
for the study, arthropods would be collected 
using the Berlese apparatus rather than sweep 
nets.

q /  ##? ,4r;/zrqp#4?
/?ZC/z/l̂ SS

The results of the study indicate that 
zone 2 7. ornafa wracks support higher total 
numbers of individuals than newly washed 
ashore wracks (see Graph 2). Similarly, zone 2 
wracks have higher species richness than zone 1 
and statistically similar species richness as zone 
3 (see Graph 1). There is a trend that zone 2 is 
higher in richness and total number of species 
than either zone 1 or zone 3. Three species (A, 
K, C) are generalists, with the majority of taxa 
specializing in one zone, primarily zone 2 (see 
Diagram 1). Decompositional state has no 
significant effect on evenness (see Graph 3). 
The change in community composition is due to 
even change among the different species at each 
decompositional state meaning that changes in 
abundance are due to addition of species, not a 
change in the representation of those species in 
the community (Graph 3).

Current literature supports the finding 
that arthropod abundance and composition 
change as algae undergoes decomposition 
(Colombini et al 1998, Colombini et al 2000, 
Pennings et al 2000, Colombini and Chelazzi 
2003).

One explanation for these results is that 
zone 2 supports a wider variety of habitats due to
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it being an ecotone, or a transition zone between 
adjacent ecological systems (Samways and 
Stewart 1997). Zone 2 can be defined as an 
ecotone because it exhibits afgaf structure 
qualities that are a mixture of zone 1 and zone 3. 
Because of this variation in integrity of algal 
structures and air pockets, more habitats are 
created, and thus a wider range of organisms can 
be supported. It is for this reason that Zone 2 is 
richer in taxa (see Graph 1, Diagram 1). For 
example, organisms that inhabit zone 1 because 
they are better suited for robust structures and air 
pockets might still be able to find a habitat 
similar to this in zone 2, like organism D (see 
Diagram 1).

Newer wrack and more decomposed 
wrack likely differ in nutritional quality, and 
arthropod composition in these wracks is due to 
species' ability to use these nutrients (Pennings 
et al 2000). For example, decaying seaweeds are 
colonized by bacteria and fungi that may 
themselves be more digestible than fresher 
seaweed tissue to certain organisms (Pennings et 
al 2000). This could explain a change in 
arthropod composition as algae decompose and 
are colonized by bacteria.

q /  Dgco/MposMona/ Amte on .Speeds 
Co/wposMoH

Colombini and Chelazzi write that 
"some species have adapted their abundance, 
spatial distribution, and feeding ecology in 
relation to the spatial and temporal patterns of 
wrack deposition" (2003). A closer examination 
of species composition in the different zones can 
help explain the abundance and presence of 
certain groups of organisms in different stages of 
decomposition.

tEybc? q/*Decowpo.siq'onu/ -S*?<2te on yf&HH&mce o/* 
/n.s'oct.y an<7 4wpAiqo<7s*

In congruence with my hypothesis, the 
results indicate that the ratio of insects to 
amphipods changes as algae decompose; 
specifically, there are more insects in newly 
washed ashore wrack than the most decomposed 
wrack (see Graph 4). This study finds that 
insects as a group are primary colonizers, with 
the ratio of insects to amphipods statistically 
lower in the most decomposed wrack. There is a 
trend (with significance) that amphipod 
abundance increases as the wrack undergoes 
decomposition (see Graph 5).

The results from other research on 
species composition in different stages of 
decomposition vary in terms of the effects of

decomposition on the abundance of insects and 
amphipods. Two studies found that amphipods 
are usually primary colonizers of newly 
deposited wracks because they have a tendency 
to forage on freshly stranded material 
(Colombini et al 2000, Colombini and Chelazzi 
2003). This could mean that increase in 
amphipod abundance and presence as 71 ornata 
decomposes is related to factors other than 
decomposition. However, both of these studies 
took place in San Uanle, Somalia, at sites near 
arid dunes without nearby vegetation; the 
Mo'orea sites were all near vegetative stands. 
The difference in nearby vegetation and the 
climate might have affected the feeding 
ecologies. Also, the Somalian sites might have 
been subject to different tidal fluctuation than 
Mo'orean sites, which might have an impact on 
amphipod abundance. Also, the results of the 
Somalian study were based on the preference of 
one genus of amphipod, 7a/orcAay?:a (Colombini 
et al 2000). Perhaps Ta/orcAc^tfa's feeding 
ecology differs from the amphipods found in 
Mo'orean wracks.

The results of another study indicate 
that amphipods are more abundant in wracks that 
are more decomposed because more decomposed 
wracks have decreased toughness of algal 
structures, which increases its palatability to 
amphipods (Pennings et al 2000). In Mo'orean 
wracks, amphipod abundance increases as algae 
decomposes. While feeding ecology studies 
were not conducted on amphipods in Mo'orean 
wracks, I think these amphipods are feeding on 
the algae much like in other studies (Colombini 
et al 2000, Colombini et al 1998, Pennings et al 
2000, Colombini and Chelazzi 2003).

7V:e q /  Deco7Mpo.s7?:o7!a/ .State on
StapAy/fniJ an^7 Diptera zf&MnJance

While the results of the ANOVA test 
show that there is no significant effect of 
decompositional state on abundance of 
staphylinids or diptera, there is a trend that 
staphylinids and diptera primarily inhabit newly 
washed ashore 71 ornata, with abundance 
decreasing as wracks undergo decomposition 
(see Graphs 6 and 7). Other studies have found 
that staphylinids and diptera are early wrack 
invaders, and use the wrack for feeding 
(Colombini et al 2000, Colombini and Chelazzi 
2003). While feeding ecology studies were not 
conducted, I think that the staphylinids and 
diptera in Mo'orean wracks probably use algae 
for feeding as well.
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There is a trend that isopods are 
primariiy found in the middie zone of 
decomposition, aithough statistically there is no 
effect of decomposition on isopod abundance 
(see Graph 8). These results are congruent to 
results found in other studies; in algal wracks in 
British Colombia, the isopod Ligia is found in 
algal wrack that is medium decomposed 
(Pennings et al 2000). In other research, isopods 
are early colonizers and use the wrack for refuge 
and as a food source (Colombini and Chelazzi 
2003). Isopods probably use Mo'orean wrack 
for the same purposes. Behavioral studies would 
need to be conducted to determine if this is 
actually the case.

Other factors could be influencing 
arthropod composition in wracks of T. ornaf#. 
As algae decompose, interstitial ammonium 
concentrations and salinity change (Pregnall and 
Miller 1988). Different organisms might be able 
to tolerate different concentrations of ammonium 
or salt. It is unknown how interstitial 
ammonium concentration or salinity change as 
decomposition takes place in wracks of T.

however, this change could impact 
arthropod composition. For example, perhaps 
amphipods that live in wracks of T. ornafa are 
better adapted to salt or ammonium 
concentrations that are indicative of more 
decomposed wracks. Perhaps salinity and/or 
ammonium concentrations are the determining 
factor(s) in amphipod and other arthropod 
abundance rather than nutritive value. It is 
necessary to track the change in salinity and 
ammonium as decom position occurs to 
determine if arthropod composition is affected.

It has been noted that amphipods 
change their zonation within each stage of 
decomposition and between the zones according 
to the semi lunar cycle, which affects tidal 
inundation of wracks (Colombini et al 2000, 
Colombini and Chelazzi 2003). During different 
times in the lunar cycle, temporal separation of 
the wrack can occur, reducing levels of 
interspecific interference (Colombini and 
Chelazzi 2003). I might have sampled during a 
point of the lunar cycle when the tides were 
higher, which might have changed the nutrient 
level. However, this data was not recorded. 
Diumal and nocturnal variability can exist at 
certain stages of the lunar cycle (Colombini et al

1998). While the results of my pilot study 
indicate no difference between diurnal and 
nocturnal arthropod assemblages, I might have 
sampled wracks for my actual study at different 
stages of the lunar cycle, which might have 
affected my sampling. Future research could 
observe behavior patterns over the course of an 
entire days and nights at different stages of the 
lunar cycle.

It has been determ ined that 
"decomposition of algal organic matter may vary 
in rate, extent, and manner depending primarily 
upon the prevailing environmental conditions" 
(Foree and McCarty 1970). Perhaps arthropod 
composition is determined by microclimatic 
conditions and is more related to location than 
decompositional state. It is for this reason that it 
is important to take into account rainfall, 
humidity, wind, temperature, and tidal 
fluctuation at each site. Each location varies in 
distance from freshwater and type of nearby 
vegetation, which could impact arthropod 
assemblages.

Interspecific competition and resource 
partitioning could be factors influencing 
arthropod composition in T. orn#?# wracks. 
Perhaps arthropods in zone 1 are better adapted 
to consuming newly washed ashore algal wrack. 
Perhaps arthropods in zone 1 prefer medium 
decomposed wrack, but the arthropods in zone 2 
are better competitors. Behavioral studies need to 
be conducted before any conclusions can be 
made on interspecific competition or resource 
use in these wracks.

Temporal separation of arrival at a 
specific food source may have a number of 
important implications with regard to subsequent 
species interaction and community development. 
It has been documented that early arrival of 
organisms to wracks can give these organisms a 
competitive advantage (Colombini and Chelazzi 
2003). However, not all organisms that arrive 
later are at a disadvantage. Often, arthropods can 
benefit from the earlier arrival of primary 
colonists (Colombini and Chelazzi 2003). For 
example, isopods and dipteras arrive early, 
fragm entize the wrack and accelerate 
decomposition through burrowing activities 
(Colombini and Chelazzi 2003). This provides 
an ideal habitat for amphipod species C which 
primarily arrives later.

There is species turnover through the 
successional process, and most taxa found in 
beached 71 wracks are specialists (see
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Diagram i). Analysis of succession of species 
on aigai wracks in Sar Uanie, Somalia illustrates 
that not all species invade wracks at the same 
time, suggesting resource partitioning according 
to species' metabolic, habitat and trophic needs 
(Colombini et al 2000). Staphylinid species A 
and diptera species K were found in all three 
wracks (see Diagram 1). I think that these two 
species can feed on all three stages of wrack and 
are generalists. Statistically, decompositional 
state does not affect their abundance. Most 
species found in 71 ornate wracks are specialists. 
Perhaps these specialists can only eat algae of 
one decompositional state, or perhaps the 
limiting factors are salinity or ammonium 
concentrations. Perhaps lunar cycle, tidal 
inundation, interspecific competition, and 
microclimactic conditions are the factors most 
influencing arthropod composition in these 
wracks. I think that a combination of factors, 
including decompositional state, impact 
arthropod abundance and richness in beached 71 
ornate wracks.

iSoHrccs o / Error

-Sawp/ing
The pilot study showed that temporal 

fluctuations did not exist when using a Berlese 
funnel to capture arthropods in algal wracks. 
Other studies have shown that the semi lunar 
cycle influences temporal fluctuations 
(Colombini et al 2000, Colombini et al 2003). 1 
did not sample at the same point in the semi 
lunar cycle at each site. This might have 
influenced arthropod abundance and 
composition.

When sampling, some arthropods might 
have escaped between the time I placed the algae 
in plastic containers and the time I put the lid on, 
although much care was taken to avoid this.

Berlese funnels were chosen as the 
method of arthropod collection to decrease bias 
in sampling as discussed in the Methods section. 
However, the Berlese apparatus might not have 
trapped all the arthropods in each sample. 
Perhaps some of the arthropods in 71 ornam 
wracks are more heat tolerant and require more 
than 6 hours to become trapped in the plastic 
container.

Tua/gsA
A decision was also made to discard the 

results from the Beachcomber Zone 3 sample 
due to seemingly unnaturally high numbers of 
amphipod species C. I along with my team of

statisticians thought this could be an outlier, but 
there is a possibility that the sample was, in fact, 
representative of the arthropod abundance of the 
entire wrack. More sampling from this wrack is 
needed to determine its representative species 
composition and abundance.

Conclusions
The results of this study demonstrate 

that decompositional state is a key determinant 
o f  arthropod abundance, richness, and 
composition in allochthonous beach wracks of 
the macroalgae TmTunarm ernafa along the 
coast of Mo'orea. Decompositional state does 
not affect evenness of arthropods in these 
wracks. It is important to gain insight to the 
influence of decomposition on arthropod 
composition to understand the importance of 
decomposition on nutrient cycling within and 
between ecosystems. Linkages between marine 
and terrestrial food webs are becoming clearer 
although much work remains to be completed on 
the dynamics of these systems. Future research 
could focus on the effect of environmental 
factors such as rainfall on 71 ornafa
decomposition, determine arthropod composition 
in wracks of other algae, or determine the impact 
of a change in ammonium and salinity 
concentrations as algal tissues decompose on 
arthropod composition. Variables such as 
distance from other vegetation and the effects of 
arthropod behavior, resource partitioning, and 
changes in the lunar cycle could also be studied, 
and future research could test for covariance 
between these variables.
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Figure 1

a. Zone 1 b. Zone 2

c. Zone 3
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Figure 3 -  Beriese Furtne)

Appendix 1 -  Species List
Species
Type

Taxonomy

A Coieoptera, Staphylinidae
B Orthoptera
C Amphipoda
D Decapoda
E Acari
G Dermaptera, Forficuiidae
H Isopoda
1 Coieoptera, Ptiiiidae
K Diptera
K2 Diptera
L Oligachete
M Isoptera, Kaiotermitidae
N Hymenoptera, Formicidae
0 Hymenoptera, Formicidae
P Decapoda
Q Oiigachete
s Isopoda
T Isopoda
U Diptera, Sphaeroceridae
V Coieoptera, Scolytidae, Scolitinae
W Decapoda
X Orthoptera, Gryiiidae
Y Hymenoptera, Formicidae
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ABST RACT. Few studies have been preformed on the ecology of free-living forms of coralline red algae known as 
rhodoliths. Rhodoliths, forming beds, support a diversity of invertebrates and macroalgae, and fossil beds serve as 
evidence for the paleoenvironmental record. Observations were made on the environmental factors influencing 
rhodolith beds at three sites in Mo'orea, French Polynesia. Three species of Corallines,
/TyJro/ff/noM rem&o/Jn, and a species identified to the subfamily formed beds in shallow waters from 0-
2m deep. Measurements taken from October to November 2003 showed that beds averaged 50m in width and bottom 
water temperatures ranged from 25-30 °C. Rhodolith shapes, recorded as spherical, ellipsoidal, and discoidal, varied 
along water motion gradients from shore to the reef. Bottom substrate and water motion controlled plant size and 
branching density. W ater motion was measured comparatively using the Plaster Dissolution Method. Estimates for 
rhodolith contribution to the CaC0 3  budget are included for each site. Results imply that rhodolith morphology and 
distribution are dependent on a variety of factors and specific to species. Future ecological studies are needed for beds 
worldwide so that more rigorous interpretation of environmental influences can be made.

Keywords: Coralline algae, morphology, distribution, rhodoliths, French Polynesia

Introduction
Rhodoliths are free-living forms of 

coralline red algae that are non-geniculate 
(Foster, 2001). Living beds, defined by Marrack
(1999) as areas of vegetative substrate are found 
worldwide over a wide range of latitudes and 
depths. Rhodolith beds have been described in 
tropical reefs, temperate fjords and bays and in 
polar regions, from the shallow intertidal zone to 
depths over 200m (Marrack, 1999).

Rhodoliths input large amounts of 
CaC0 3  into the marine environment and at depth, 
are the major producers. On otherwise sandy 
benthos, rhodoliths provide a structured biogenic 
habitat for a diversity of marine invertebrates, 
micro and macroalgae (Steller et. al, 2003). Well 
preserved as fossils, rhodolith morphology, 
distribution and infaunal assemblages have been 
used as evidence for the paleoenvironmental 
record (Marrack, 1999).

Less than half of the rhodolith beds 
worldwide have been studied and there is no 
documented research for the rhodolith beds of 
Mo'orea, French Polynesia. Little is known of 
rhodolith bed ecology, however environmental 
factors such as, depth, temperature, and water 
motion are considered important influences that 
determine rhodolith distribution and morphology 
(Johansen, 1981). With only few studies on the 
influences of these factors, the use of rhodoliths

as indicators for the paleoenvironmental record 
seems premature.

The objectives in this study were to 
quantify the influence of environmental factors 
on rhodolith habitat and to examine variation 
within the rhodolith community at shallow-water 
beds off the island of Mo' orea, French Polynesia. 
The specific questions asked were: (1) At what 
temperatures, depths, and rates of water motion 
are rhodoliths growing?; (2) Within a bed, which 
species are present and how dense are the 
populations?; (3) What are the characteristics of 
these organisms?

Light and temperature are the primary 
factors that control species distribution, growth 
rates and growth forms of coralline algae around 
the world (Marrack, 1999). In the tropics, 
calcareous alga are abundant more so than in 
cold waters, perhaps because warmer waters 
allow for lower partial pressures of carbon 
dioxide and supersaturation of calcium carbonate. 
Water motion prevents fouling of rhodoliths, 
affects rhodolith shape, and allows light to reach 
all surfaces. Steneck and Adey found that the 
largest and most complex branching 
protuberances occur on rhodoliths in somewhat 
sheltered areas and that less-branched rhodoliths 
are found in areas of wave intensity (Johansen, 
1981). It is expected that rhodoliths of Mo'orea 
will follow these trends. This paper will discuss 
which coralline species and morphologies have
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adapted to Mo'orean environmental conditions 
better than others.

Methods
The locations of shallow water rhodolith 

beds on Mo'orea were surveyed. Three sites 
were chosen for their unique environments. Sites 
were chosen at the channel between motus 
Fareone and Tiahura (GPS S 17° 29.328', W 
149° 54.7831, the reef lagoon outside of Pao Pao 
Bay (GPS S 17° 28.869', W 149° 49.657'), and 
behind the hinging reef in the southwestern town 
of Afareaitu (GPS S 17° 33.239', W 149° 
47.416')

Figure 1. A map of the island of Mo'orea, 
French Polynesia. Three rhodolith beds used as 
study sites, the Motu Channel, Pao Pao Bay, and 
Afareaitu, are indicated.

N
E W

Ft'eMAfefAofA
All held work was done during the 

austral winter of 2003. Bed widths were 
measured and a 30m x 20m quadrat was 
distinguished at the inner thirty meters. The 
quadrat was divided into an upper, middle, and 
lower margin. Bed width, approximate distance 
from shore and reef, water depth at low and high 
tides, water temperature and wave surge, were 
measured at three buoys in each margin.

The distribution of rhodoliths on 
Mo'orea is zonal, where shallow beds take the 
shape of long bands that stretch between reef 
passes. It became clear that the width of these 
beds was the important measurement. According

to the definition of a rhodolith bed by Marrack 
(1999), bed width was measured from the shore 
to the reef wherever vegetative substrate was 
living. The distance from the rhodolith bed to the 
shore and to the reef were measured if lengths 
were shorted than 50m and approximated if 
longer. Approximations were made by extending 
a transect tape between two kayaks. 
Measurements to the shore and reef were taken 
from the closest two quadrat corners.

Water depth was recorded at high and 
low tides for each site. Tides are constant on 
Mo'orea, therefore, each measurement for high 
tide was taken at noon and measurements for low 
tide were recorded at 6:00 am or pm. Depth was 
recorded using a transect tape, four times over 
the course of this study. Depth data for each site 
is reported as an average of those four 
measurements.

Water temperatures were recorded for 
the Pao Pao Bay and Afareaitu sites every 15 
minutes over the same three-day period using 
ACR Smart Button technology. The temperature 
readings for the motu site were taken using a 
glass thermometer because wave conditions were 
too strong to use Smart Buttons. Readings for the 
motu waters could only be recorded at two 
afternoon times, 12:00 pm and 3:45 pm, four 
times during the study. Water temperatures were 
taken from the bottom waters, among the 
rhodolith community.

Water action was quantified using the 
Plaster Dissolution Method (Doty, 1971). By 
determining the amount of erosion from a plaster 
mold after a period of time in the water, 
comparisons can be made as to how strong the 
waves surge at each site. Plastic cups 7cm tall 
and 3cm in diameter were used as molds for the 
plaster of paris. The molds were weighed, glued 
to cement blocks and then placed at nine buoys 
at each site for the duration of two days. The 
molds were recollected, dried, and the plaster 
weighed again. The control for this experiment 
was one mold at each site that was vertically 
enclosed in an open tin can. The control mold 
was subject to sea water dissolution but it did not 
receive any force from wave action. The same 
weighing methods were applied for the control. 
To account for dissolution by higher water 
temperatures and not erosion by wave force, the 
amount that each plaster mold eroded was 
adjusted by subtracting the percentage lost by the 
control. The difference in final and adjusted 
weights of the molds within and among sites was 
correlated to the amount of wave force in the 
water.
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The objective was to move from site to 
site as quickly as possible, placing the plaster 
molds in the water promptly so that the amount 
of common time the molds spent in the water 
was maximized. By doing so, variables such as 
differences in weather conditions or temperature 
were minimized.

A second series of small-scale 
measurements were taken to characterize the 
rhodolith community. The large quadrat was 
divided into a grid, each meter was numbered 
one through 20 along width, which paralleled the 
shore, and one through 30 for the length, 
perpendicular to the shore. At each site, five 
transects were performed. They were taken at 1, 
5, 1 0, 1 5 and 20m along the width of the large 
quadrat. Transects were performed perpendicular 
to the shore. Going along each transect line, lmr 
small quadrats were placed at 1,5, 10, 15, 20, 25 
and 30m along the length of the quadrat, to 
examine individual rhodoliths.

! reef
^  30

25
2Q length
15
15
10
5
1

1 5 10 15 20 m width

shore \

Figure 2. A diagram illustrating the quadrat grid 
and transect lines.

In each small quadrat, individual 
rhodoliths were numbered and the species 
recorded. Using a random numbers table, 
rhodolith specimens were collected in a random 
fashion, to be analyzed later in the lab. Weight, 
volume, circumference, longest, intermediate, 
and shortest dimensions were measured. Also 
recorded was the density of coralline 
protuberances in five haphazardly placed lc n r  
quadrats and the lengths of five haphazardly 
chosen coralline protuberances. Species were 
identified from descriptions and photographs by

Payri et. al (2001), Johansen (1981), and 
Woelkerling (1998). The longest possible 
circumference was recorded for each rhodolith, 
branches were measured from the core of the 
rhodolith outward, and knobbed protuberances 
were measured as a surface length. Lab 
measurements allowed other numbers to be 
calculated, such as density of rhodoliths per 
square meter and amount of calcium carbonate 
produced.

Results
Surveys conducted to determine the 

locations of living rhodolith habitat on Mo'orea 
revealed that rhodolith beds are widespread off 
the coast of Mo'orea, but not continuous. 
Rhodoliths grew on all sides of the island, 
distributed in beds over shallow sloping beach 
flats. Beds took the shape of wide bands that 
extended between reef passes. These bands 
appeared highly zonal, beginning a certain 
distance from the beach and ending just before 
areas of large coral head growth.

At the shallow sites studied, waters 
were clear light blues. Turbidity was low, 
allowing for maximum light penetration 
available for rhodolith photosynthesis. Water 
movement directly off beach shores, depths less 
than 20cm, was controlled by wind driven forces. 
Below 20cm of water, tidal forces dominated.

Water action at rhodolith bed sites did 
not affect rhodolith movement. It was observed 
that rhodoliths at these sites grew sedentarily and 
neither rolled with along bottom substrates, nor 
rocked in place with water motion forces. In situ, 
rhodoliths grew partially buried in the substrate. 
Coloration of rhodolith surface facing the water 
column ranged from yellow to pink and below 
the substrate, surface pigments ranged from 
shades of purple and red. From these colors, the 
top and bottom rhodolith surfaces could be 
distinguished.

On sandy bottom substrates, rhodoliths 
were not the only hard structures. Rhodolith beds 
were distributed over dense areas of coral rubble, 
however, these rhodolith structures were more 
highly colonized. Crevasses, between 
protuberances, and burrowing through layers of 
calcium carbonate, a variety of polychaetes, 
amphipods, bryozoans, hydroids, sponges, micro 
and macroalga, were found living. It was 
observed that branched rhodolith morphologies 
were more densely colonized than those that 
were knobbed.

Rhodolith species growing in Moorea 
were identified as
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NyJroh'titan rein&oMn, and a third species from 
the subfamily Lft/rap^yi/an!. The morphology of 
M /irntc.sccn.s is branched. Branching density is 
frequent and branches end in apical tips.

7/yJroh't/ton reintwMu is an applanate 
crutose, laminar in morphology. Rhodoliths are 
composed entirely of protuberances that are 
globular and irregular. Inner cores are nucleated, 
coral rubble pieces.

Thalli from the subfamily Lir/tqp/tyi/Mn! 
are crutose, spherical, and composed entirely of 
branched protuberances. Branches are 
intergrown and lamellate. Rhodoliths are non- 
nucleated, inner crusts are concentric and closely 
stacked, which represents successive 
colonizations and overgrowths of corallines 
algae. This growth form appears more foliaceous 
than /V. yhac.Tccn.?.

Andy sites

Mom (Eanne/ site description 
Motus Fareone and Tiahura are close neighbors 
off the Northeastern coast of Mo'orea, 
approximately 230m from the mainland.

Between these motus, a fast moving 
water channel extends 70m across. Wind and 
currents driving this channel originate from the 
North. The bottom substrate of the channel was 
composed entirely of rhodolith and shell 
fragments. This site was visited frequently by 
snorkelers and boaters, possibly presenting a 
negative impact on thalli remaining intact.

Two distinct beds inhabit this channel, 
one on each motu shore. The rhodolith bed 
studied in this paper was located off the coast of 
Motu Tiahura. Rhodolith bed size was 40m wide. 
The 30m x 20m quadrat for this site was 
centrally placed along the channel side of the 
island. The quadrat was placed an average of 
25m from the shore and 170m from the reef.

Table 1. Environmental Factors /n/Zaenctng /?Ao<7o/it/! TFaintat. Depth, Temperature, and Percent Lost are 
reported as averages from the upper, middle, and lower margins, by site. Percent Lost refers to the 
percentage of the Plaster of Paris mold eroded, from which water action was compared.

S ite D e p th
(tm )

H igh  t id e L o w  tid e

T e m p e ra tu re
( ° C )

3 0 0  p m

P e rc e n t  Los)

M o tu  C h a n n e l
u p p e r 3 6  OR 24 .33 ^ *? 53
rm tldle 5 0 .3 3 /4 8 .3 3 n/a 61
lo w er 71 .67 /61 .33 25 .84 55

P a n  P a o  B a y  
u p p e r $3  00 /4 8 .3 3 32 .5

38
37

rm tld le 6 8  0 0 ,5 3 .6 7 nia 35
lo w er 6 7  33 /38  00 47 .4

A fa rea rtrr
u p p e r 5 3 .6 7  48 .83 34 .6 35
lm tld le 3 3 .0 0  18.00 rr/a 51

53lo w er 3L 0 0 /2 ?  17 33 .8

Depths increased from the upper to 
lower margins of the quadrat and from North to
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South. Temperatures ranged from 26.17°C to 
28.00°C at 12:00 pm and from 25.50°C to 
27.50°C at 3:45pm. Temperature decreased from 
upper to lower margins. Plaster erosion 
percentages were highest at the middle quadrat 
margin, ranging from 53 to 61 percent (Table 1).

Within the bed at the motu channel, 
and TTyJra/aMaa 

coralline algae species formed 
rhodoliths, the species from the 
subfamily was not present M and 77.
r^ai&aMa had almost an equal presence at this 
site, with 77. reat&aMa dominating 56% percent 
of the population. Most rhodoliths were 
multispecific and nucleated. There was an 
average of 55 rhodolith organisms per square 
meter at this site. CaC0 3  added to the ecosystem 
at this site was approximately 11.2g per square 
meter.

Paa Paa Bay ^ sa n p a a n
This reef lagoon site was situated 200m 

from the shore at the end of Pao Pao Bay. Reef 
break to the east side of the quadrat was 
approximately 60m and 100m &om the West. 
Depths within the quadrat ranged from 60-75cm 
at high tide and 43-70cm at low tide. No trend 
for depths at this site was apparent, possibly 
because the bottom terrain was variable. 
Substrate consisted of larger coral rubble pieces 
and smaller coral bits. This site was rarely 
visited, if so, by kayakers who fished from the 
boat and did not step out on the ocean floor.

Toward the reef, temperatures increased 
with depth, averaging 30°C to 48 °C at 3:00pm. 
Wave action off the reef break did not reach the 
quadrat as the lagoon was large. Wave action 
was wind driven, blowing westward. Plaster 
erosion rates varied from 35-38 percent, highest 
in the upper quadrat.

Species present at the Pao Pao site were 
NaagamaBBiaa and 77yJra/aAaa
ram^aMa, lacking ZjfAapAyBam. 77. ram^aMa 
was the found at higher concentrations than was 
M /raraa^aan^, dominating 88% of the rhodolith 
bed. Rhodoliths were multispecific and nucleated. 
There was an average of 11 rhodoliths per square 
meter at this site. CaCCh added to the ecosystem 
by rhodoliths was 7.33g per square meter.

A/araarfa Mfa Ja-sanpaan
South of the town of Afareaitu, a large 

and dense rhodolith bed exists off the backyards 
of residential homes. This site is often used for 
kayaking and boogie boarding. An exit for boats

was dredged on the North end of the site, making 
up the North perimeter of the rhodolith bed.

The large quadrat at this site was placed 
30m from the shore line. The upper margin of 
the quadrat begins in the deepest waters, 
averaging 53.67cm at high tide. Approximately 
10m toward the reef, from the quadrat side 
parallel to the shore, dead coral brommie covers 
the ocean floor. Rhodoliths grow on the shallow 
brommie at average high tide depths of 33.00cm 
for the middle margin and 31.00cm for the lower 
margin, border-lining the fringing reef. The large 
quadrat at the Afareaitu site was placed 30m 
from the shore and at 10m directly behind the 
fringing reef.

Force from the reef break produced the 
most water action at the lower and middle 
margins. At low tides, rhodoliths were almost 
out of the water on the coral brommie. 
Temperatures, reported at 3:00pm were not 

affected by the low tide. In the upper margin, 
high tide temperatures average 34.6°C, and in the 
shallow lower margin, 33.8°C was the average.

At the upper margin, where depths were 
high, rhodoliths grew 5 or 6 organisms stacked 
on top of each other. This dense growth was 
unlike the other two beds which had rhodoliths 
scattered among the substrate. This site was also 
unique as it was not inhabitied by A. /rarajaaa^ 
or 77. ram&aMa. At Afareaitu, the only species of 
coralline algae present belonged to the subfamily 
La/iap/iyMaai. Lt'f/tapAyPam rhodoliths were 
larger in diameter and weight (Graphs 5&6), in 
comparison to the other two sites. Rhodoliths 
averaged 41 organisms per square meter at this 
site. The amount of CaC0 3  produced per square 
meter was an average of 30. lg at Afareaitu.

GrapA 7
Along transect lines at the Motu 

Channel site, the density of individual rhodoliths 
is lowest at the upper margin, peaks at the 
middle margin, and declines in the lower margin. 
The majority of rhodoliths at the Motu Channel 
site are monspecific 77. raai^aMa and 
multispecific 77. ram&aMa and A. /rafa^aan^. 
Monospecific 77. rafa&aMn are present at higher 
densities on the southern end of the quadrat more 
so than any other locality.

GrapA 2
Monospecific 77. raaz&aMa rhodoliths are 
present at the highest densities at the Pao Pao 
Bay site. Along transect lines, numbers of 77. 
raat&aMa organisms vary. There is a dense
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gathering of A. rem&oM; rhodoiith at the eastern 
end of the quadrat in the middle margin.

GrapA 3
The only species present at the 

Afareaitu site is monospecific TdAop/ry/u/M. The 
distribution of this species increases in the upper 
margin, decreases in the middle and lower 
margins. Higher densities occur on the southern 
end of the quadrat. There is a dense gathering of

Tit/mp/ryl/MH! rhodoliths at the middle margin of 
the 5m transect.

GrapA 4
The branching density of apical 

protuberances of A. varied by site and
by margin within each site. At the Motu Channel, 
branches were most dense at the middle quadrat, 
lowest in the upper quadrat, and at an 
intermediate density in the lower quadrat.

Graphs 1-3. .S'pccAy &y Numbers of monospecific A. rem&oMi, monspecific A.
multispecific A. and A. /rMtejcens, and LAAopAyf/Mm, rhodoliths are given for each

transect locality. The axis labels, shown on Graph 1, are alike for all graphs 1-3.

Graph 1.

Species Distribution h v  Sit<

Hydroiithion reinboldii 
Neogoniolithon frutescens 
Lithophyllum 
frutescens and reinbotdii

Motu-transect local it-

Graph 2.
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Graph 3.

Branching Density

<u3c*0)
o cQ- C
0) ^  o
oc(C
m

25

20

15

10

5

0

J L

upper

J L
T

B Motu Channe! 

^  Pao Pao Bay

middte 

Site Margin
tower

Graph 4. Branching Density of M Branching density of M epgpm p/^on at the upper,
middie, and lower margins of the Motu Channel and Pao Pao Bay sites.

Grap/zJ
Rhodoliths vary in weight by site and among 
margins within each site. At the Motu Channel 
site, rhodoliths were heaviest at the lower margin, 
of an intermediate weight at the upper margin, 
and of lightest weight at the middle margin. At 
the Pao Pao Bay site, rhodoliths were heaviest at 
the upper margin, of an intermediate weight at 
the lower margin, and of lightest weight at the 
middle margin. At the Afareaitu site, rhodoliths 
were heaviest at the lower margin, of an 
intermediate weight at the upper margin, and of 
lightest weight at the middle margin.

GrapAd
Rhodolith diameter also varies by site 

and among margins within each site. At the 
Motu Channel site, rhodolith diameters were 
longest at the lower margin, of an intermediate 
length at the upper margin, and of shortest length 
at the middle margin. At the Pao Pao Bay site, 
rhodolith diameters were longest at the lower 
margin, of an intermediate length at the middle 
margin, and of shortest length at the upper 
margin. At the Afareaitu site, rhodolith diameters 
were longest at the upper margin, of an 
intermediate length at the lower margin, and of 
shortest length at the middle margin.
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Grap/z7
Wave action also varies among and 

within sites. At the Motu Channel site, water 
motion was strongest at the middle margin, 
weakest at the upper margin, and an intermediate 
strength at the lower margin. At the Pao Pao Bay 
site, water motion was strongest at the upper 
margin, weakest at the lower margin, and an 
intermediate strength at the middle margin. At 
Afareaitu, water motion was strongest at the

lower margin, weakest at the upper margin, and 
an intermediate strength at the middle margin.

Grapit #
Rhodolith shapes at vary by site. At the 

Motu Channel, rhodoliths take on an ellipsoidal 
shape. At Pao Pao Bay, the majority of 
rhodoliths graphed in this triangle gather toward 
the discoidal side. At Afareaitu, rhodoliths are 
graphed at the apex of the triangle, 
corresponding to spherical shapes.

Graph 5. i?i:o&<iir/: Weight. Average weight for rhodoliths at the upper, middle, and lower margins from 
each site.
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Graph 6. i?izoJoiitA Diameter. Average diameter for rhodoliths at the upper, middle, lower margins from 
each site.
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Graph 7. Wave action compared between sites according the percentage of piaster of paris
iost from moids placed in the upper, middie and iower margins.
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Graph 8. Each point is the sphericity of one rhodoiith. S, I, and L, correspond to
shortest, intermediate, and longest dimensions (cm) of each individual. Equations shown on the axes 
are used to determine placement within the triangle.
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Discussion
In discussing the results of this 

experiment, conclusive evidence as to why 
certain environmental factors influence growth 
or branching patterns will not be made. 
Confounding variables prevented the 
significance of any conclusive correlation. 
Instead, this discussion will propose trends 
observed and suggest possible influences for 
these trends.

Environmental factors in/laencing r/to^ohf/:
/lain'tat
DeptA

Water depth at both low and high tides 
influences the amount of light that reaches the 
ocean floor. As photosynthetic plants, the growth 
and development of coralline algae is dependent 
on the quantity and quality of light available to 
the rhodolith community (Johansen, 1981). The 
quantity of light on the ocean floor decreases 
with depth, the quality of light can be reduced by 
such factors as water turbidity.

The influence of depth can be seen in 
Mo'orea by the distribution of rhodolith 
organisms in zones. Rhodoliths were not 
growing where the water met the beach, but 
meters from the shore, stopping before a zone of 
coral heads. This distribution was controlled by 
water depth, or light availability to the rhodolith 
community.

Evidence for rhodoilith sensitivity to 
light is observed in the coloration of rhodoliths. 
Rhodoliths vary in color on the surface facing 
the water column and on the surface facing the 
substrate because algal cells have adapted to 
varying amounts of light. Pink and orange colors 
representing the top surfaces of rhodolith have 
evolved with photoprotectant pigments that act 
as a sunscreen for chlorophyll cells. On bottoms, 
rhodoliths are dark purples and reds because they 
lack protecting pigments, these cells are able to 
capture as much light as possible (Payri et. al, 
2001). At sites that are too shallow, light is too 
intense and algae cells cannot grow. At sites too 
deep, chlorophyll in rhodolith algal cells do not 
capture enough light to grow. It is perhaps for 
this reason that the distrubtion of rhodolith beds 
was zonal in Mo'orea.

There is evidence for rhodoliths beds at 
depths of over 200m (Marrack, 1999), where 
light is diminished. These corallines have 
adapted to this environment, where they can 
grow with little light availability, possibly low 
temperatures. The coralline algae species present

in the shallow intertidal zones of Mo'orea are not 
of this type. Instead, the species present 
NyJrolit/non rein&oMn, /Veogonioh'r/n'on 
/hae.K'<?n.s, and TitAop^y/inn!, at the three sites in 
this study grow in Mo'orea because they are 
adapted to Mo'orean conditions.

Wave Action
While water motion may be important 

for discouraging fouling and sedimentation on 
rhodoliths, wave action is not necessary for bed 
development (Marrack, 1999). Water motion 
was not observed in this study, but colored 
pigments suggest that both surfaces of the 
rhodolith receive light since both are growing 
with colored pigments. At the Motu Channel site 
where wave action was the most intense, 
rhodoliths formed ellipsoidal shapes due to 
possible fragmentation of thalli. At Pao Pao Bay, 
where wave action was least, rhodoliths 
developed more discoidal shapes as a result of 
the growth rate of some apical protuberances 
growing faster than others in A. /rafe^cen.s. At 
Afareaitu, moderate wave action produced 
sphereical rhodolith shapes by erosion of 
protuberances on all sides of the rhodolith from 
rolling, perhaps on the coral brommie (Graph 8). 
This shape morphology and wave action 
correlation was also observed in Baja 
Conception by Steller and Foster in 2003. From 
graphs 4 and 7, wave action also controlled 
branching density. At the Pao Pao Bay site, 
water action was more constant. As a result, 
branching densities for TV. /rMtescens were 
constant as well. Water motion at the Motu 
Channel varied, which produced varied 
branching densities for the A. /ratejcen.? species.

.Specie DAfriimhon
It is uncertain why the Motu Channel 

and Pao Pao Bay were both inhabited by the 
same coralline algae species and Afareaitu 
supported a different species. There was not a 
striking variation between the environmental 
factors influencing the Motu Channel, Pao Pao 
Bay, and Afareaitu sites. Therefore, trends of 
species preference were not obvious. The species 
distribution could possibly be a factor of 
colonization, meaning the species in the 
subfamily Eit/top/tyl/Mm hasn't settled at the 
other two sites.

Conclusion
This study suggests that the rhodoliths 

growing at the Motu Channel, Pao Pao Bay, and 
Afareaitu are distributed by depth, and therefore
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tight availability. The species of coralline algae 
present,

and have adapted to
areas of high light availability by using 
photoprotective pigments that minimize damage 
to chlorophyll cells. High water action at the 
Motu Channel produced ellipsoidal rhodoliths 
possibly due to fragmentation.
Low water action at Pao Pao Bay produced 
discoidal rhodoliths due to individual 
protuberance growth rates dominating others, 
possibly as a function of light.
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Temporal and Spatia! Variation in Physica! Factors at the 
Temae tntertida! and Supraiittorai Microbiai Mats 

in Moorea, French Poiynesia

Kirti Magudia
Department of Mechanical Engineering, University of California, Berkeley

ABSTRACT. Previous studies of microbial mats have focused on biogeochemistry, hinting at dynamic physical 
processes without significantly describing the actual conditions. The purpose of this study is to explore, in detail, the 
temporal and spatial variation in the physical characteristics of microbial mats, and their relation to mat texture 
zonation. On the island of Moorea, French Polynesia, microbial mats bordered by a marine channel and terrestrial 
vegetation were selected as the study site. Four parallel transects were established, each with up to 12 sites. Three 48 
hour sampling periods were conducted, during which temperature was measured every ten minutes, while salinity and 
groundwater depth were measured evety six hours. Nine microbial mat textures, designated by coloration and 
morphology, were mapped and divided into three zones based on mat thickness. These zones, which were parallel to 
the marine channel shore, statistically correlated with and were potentially determined by temperature, salinity, and 
groundwater depth. These physical factors not only cycled diumally, but also changed significantly during part o f a 
lunar cycle due to probable seasonal variation. Finally, temperature, salinity, and groundwater depth appear to 
dynamically interact and play a role in the distribution of the microbial mat zones.

Introduction
Microbial mats are laminated 

sedimentary structures (Krumbein, 1983) formed 
by microbial communities, usually dominated by 
cyanobacteria (Stolz, 2000). Also known as algal 
mats, cyanobacterial mats and potential 
stromatolites, microbial mats differ from 
biofilms, which are microbial communities that 
form on solid surfaces (Stolz, 2000). Microbial 
mats are literally "an entire ecosystem of 
organisms" (Golubic, 1992) able to form 
different specialized mat types and collectively 
withstand a variety of environments, ranging 
from hypersaline to freshwater, tropical to polar, 
and supraiittorai to deep sea (Sprachta et al., 
2001; Jannasch, 1995). In addition, microbial 
mats are characterized not only by extreme 
physical and chemical gradients but also by their 
stratification into discrete layers (Stolz, 2000). 
Their versatility is perhaps overshadowed by the 
knowledge that this community is one of the 
earliest life forms on Earth, providing a living 
model for Precambrian microbial communities as 
old as 3.5 billion years (Golubic, 1992).

Many microbial mats exist in intertidal 
and supraiittorai zones. Fluctuating water and 
salinity levels provide conditions too extreme for 
all but a select group of organisms. These 
conditions also lead to interesting 
biogeochemical processes and cycles that have 
been the focus of much study. Examples of 
major study sites include Hamelin Pool of

Shark's Bay, Australia (Golubic, 1992), Laguna 
Guerrero Negro and Laguna Mormona of Baja 
California (Horodyski et al., 1977; Javor et al., 
1980), and the Gavish Sabkha, Abu Dhabi, and 
Solar Lake in the Persian Gulf (Golubic, 1991; 
Gerdes et al., 1985).
Considerable study has been conducted on the 
biogeochemistry of microbial mats. Research on 
mat microfabrics, mat growth, and species 
composition is summarized by Javor et al. 
(1980). Microfabric studies include detailed 
structural analysis of the mat in relation to 
sedimentology, including sediment trapping, 
binding and precipitation capabilities. Growth 
studies include field monitoring of mat growth 
and surveys of different mat community growth 
structures. Using a range of techniques from 
transmission electron microscopy of fixed mat 
samples to isolation and culture of living mat 
microbes, identification of algal species has also 
been emphasized. In coastal zones, the cycling of 
carbon and sulfur has typically been investigated 
(Mao Che et al., 2001). During 2000, Poetker
(2000) conducted a study on the texture variation 
of intertidal and supraiittorai Temae microbial 
mats of Moorea, French Polynesia. She mapped 
different texture types, microscopically analyzed 
the textures, and briefly collected environmental 
data that allowed her to find that mat thickness 
had a negative correlation with distance from salt 
water.

90



Figure 1. Location of Temae microbial mats on the island of Moorea

The purpose of this study is to explore, 
in detail, the temporal and spatial variation of the 
physical characteristics of microbial mats, and 
their relation to mat texture zonation. Well 
developed and largely undisturbed by humans, 
the Temae microbial mats are the chosen study 
site as they are comparable to other studied 
microbial mats and are able to offer insight into 
other hypersaline ecosystems around the world. 
Other studies have hinted at spatial and temporal 
variation of microbial mat environments, but 
none have detailed the actual conditions 
(Golubic, 1991, 1992; Stolz, 2000). The
hypotheses being tested are (1) the presence of 
diumal variation and variation over part of a 
lunar cycle in temperature, salinity, and 
groundwater depth, (2) an effect of the physical 
conditions of one day onto the next, (3) the 
correlation of physical factors with distance from 
the marine channel, tidal cycles, day vs. night, 
time of the day and mat zonation, and (4) the 
correlations between and among physical factors 
with each other.

Materials and Methods

Jaycnpfion
The Temae intertidal and supralittoral 

microbial mats are located near the northeastern 
tip of Moorea (S 17°28', W 149°46'), French 
Polynesia (fig. 1). The mats, occupying an area 
roughly 200 meters wide by 300 meters long 
(Poetker, 2000) are located on the landmass of 
Temae. Although connected to the mainland of 
Moorea at its southern end, Temae is partially 
separated from the mainland by a marine channel 
that leads to Lake Temae. Beginning 180 meters

north from the southeast end, a reed marsh 
begins that divides the microbial mats from other 
vegetation while the eastern border of the mat is 
lined by coconut trees, hibiscus and Co&syf/z# 
(Poetker, 2000). The remaining perimeter of the 
mat is bordered by the marine channel.

These microbial mats were chosen for 
reasons of accessibility, size, similarity to other 
microbial mats, and borders of both a marine 
channel as well as terrestrial vegetation. While 
many microbial mats are remotely located, a 
road follows the eastern side of the microbial 
mat. Other microbial mats in Moorea, many 
often located near stream outlets to the ocean, 
were too small for the projected scale of this 
experiment. In contrast, Temae microbial mats 
were much larger, undisturbed by humans, and 
well developed. During preliminary literature 
research, the descriptions of the Temae microbial 
mats were often similar to other studied 
microbial mats around the world, allowing for a 
comparison and contrast of collected data. 
Finally, the Temae microbial mats present the 
opportunity to study microbial mats bordered by 
a marine channel on one side and vegetation on 
the other. Subsequently, transects were able to 
span from aquatic to fully terrestrial habitats.

*Si?o preparation
In order to obtain data to spatially 

characterize the microbial mat, four parallel 
transects in the direction of 23.5° N NE were 
established 50 meters apart and designated A, B, 
C, and D, each. (fig. 2). Within each transect, 
individual sites were 20 meters apart, numbered 
from 1 (bordering a marine channel) to a 
maximum of 13 (bordering a reed marsh). The
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Figure 2. Site map

sites were marked by a smal) portion of the PVC 
pipe used to measure groundwater depth that 
remained above the surface. Site A4 is located at 
S 17°28.798', W 149°46.300' and is at the 
comer of a total of 39 sites. This section of the 
mat was chosen for study as preliminary 
observations showed that it had a relatively 
shallow water table, allowing for easy access to 
the groundwater for depth and salinity 
measurements.

program
In order to obtain data that physically 

characterized the microbial mat over short-term 
diurnal fluctuations and over part of a lunar 
cycle, 48 hour sampling periods were conducted 
each week for a total of three weeks. The 
sampling period was longer than a single day to 
measure correlations between days. Both salinity 
and groundwater depth were measured every six 
hours at each site, while temperature was 
measured more frequently.

To measure groundwater depth, half 
meter long PVC pipe of 1" outer diameter was 
placed into the ground at each site. The mud was 
removed from the interior of each pipe. In 
addition, holes were drilled along the length of 
the pipe, which allowed water to freely enter and 
exit. When measuring groundwater depth, a ruler

was lowered into the pipe. The change in the 
reflection of the water's surface as the ruler hit 
the water's surface was used to mark and 
measure the groundwater depth. A small 
groundwater sample from within the pipe was 
analyzed using a refractometer to quantify 
salinity.

Temperature was measured by ACR 
Smart Button sensors every ten minutes during 
the sampling period. These sensors are 17mm in 
diameter and 6mm in height. When attached to a 
computer, the time between temperature readings 
can be set and recorded temperatures logged with 
an accuracy of .5°C. These sensors were 
installed in seven sites along transect B, buried 
approximately 6cm below the ground. After the 
three sampling periods were finished, there was 
concern that the temperatures recorded in the 
Poetker study were measured on the surface and 
were therefore not comparable. In order to 
quantify the difference between temperatures at 
different depths in the ground, the sensors were 
placed on the surface to 15cm below the surface 
in 3cm increments at site B7 for 1 hour.

Mat texfMre & zone Je^ignohon an<7 capping
After the physical characteristics data 

were obtained, nine different microbial mat 
textures, defined by surface coloration and 
morphology, were mapped in the vicinity of the 
transect lines. The boundaries of the mat textures 
were noted along the transect lines and then 
visually estimated for the distance in between the 
transect lines. Pictures were taken of each texture 
site. Samples were also obtained of each mat 
texture for cross-section characterization of 
stratification and thickness. Zones, not textures, 
were used for analysis with the environmental 
data collected in the rest of the study because 
there were not enough sites of every texture type.

Data ana/ysA
Data were analyzed using a variety of methods: 
mapping, graphing raw data, graphing average 
values with standard error, analysis of variance, 
analysis of covariance and linear regression.
Maps were used to visualize trends of texture 
and zone placement. Raw site temperature data 
for each week was graphed. In most instances, 
however, data were averaged and graphed with 
standard error. Analysis of variance was used to 
determine correlations of each physical factor 
with the time of day, day vs. night, tides, 
distance from marine channel, and zonation. 
Analysis of covariance was used instead to 
determine correlations between the physical
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Figure 3. Mat texture photos a) brown, b) dark grey, c) matted transition, d) grey, e) black/grey, f) black 
ripped, g) pink/black, h) pink/grey, i) black mottled

Figure 4. Map of mat textures Figure 5. Map of mat zonation
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Table 1. Mat texture type descriptions

Microbial Mat Texture Description
Brown Borders marine channel shore, high relief, brown sediment, white sand, few cracks
Dark Grey Moist, no crust, grey sediment, lots of crab holes, extremely soft substratum
Matted Transition grey, sandy sediment, no cracks
Grey dry, sandy sediment, hard surface, infrequent black and grey thin crust
Black/Grey transition texture, black and grey crust with white sediment flecks
Black Ripped black crust on top of grey sediment, prominent rips
Pink/Black continuous black crust with pink splotches, orange layer below crust
Pink/Grey pink, grey and dark grey continuous crust with small rips, orange layer below crust
Black Mottled grey crust, orange and black bumps, orange layer below crust

factors themselves. Lastly, linear regression was 
used to determine the extent of correlation of day 
1 data on day 2 data, where data from the same 
time during the two days of the same sampling 
period were compared.

Results

Mat texture an<T zone?
Nine microbial mat textures were 

defined in the study area (fig. 3, table 1). These 
nine microbial mat texture types, defined by 
color and morphology, were grouped into three 
zones based on mat thickness (fig. 4 and 5). 
Zone 1 has the thickest, most obvious crust and a 
soft substratum. Stratification exists well below 
the surface. It includes the black ripped, 
pink/black, pink/grey, and black mottled mat 
textures and is found adjacent to the vegetation. 
Closest to the marine channel, zone 2 includes 
the brown, dark grey, and matted transition 
textures of medium thickness. This zone also has 
a soft substratum, but had a distinctive surface 
texture with lots of relief. Zone 3 has the thinnest 
thickness mat textures that include black/grey 
and grey. The crust, if present at all, is very thin 
and is based on a hard substratum.

Temperature
The data shows that temperature cycles 

daily (table 2, fig. 6). The temperature peaks 
around 2 to 4pm and reaches a minimum usually 
around 6am. In addition, the sites that get the 
highest temperatures, always in the middle of the 
mat, seem to have the largest range during their 
daily cycle. For example, site B7 reached the 
high temperatures of 38.5°C and 44°C during 
week 1 and 3 respectively. Both these 
temperatures were the highest of any site during 
that week. At the same time, site B7 had a range

of 17°C during week 1 and 24°C during week 3, 
again the highest of any site during that 
respective week. It is not certain, however, what 
happened with site B7 during week 2. In 
addition, the smallest ranges of temperature 
occur at the edges of transect B, closest to the 
marine channel or to the vegetation. Generally, 
the maximum, minimum and range in 
temperature was specific to site and the week of 
sampling.

Table 2. Weekly temperature minimum, 
maximum and range at each site

Week Site Mean
(°C)

Min
(°C)

Max
(°C)

Range
(°C)

1 B4 27.0 24.5 32.5 8
B5 28.8 24.5 32.5 8
B7 29.5 21.5 38.5 17
B9 29.6 24.5 34.5 10
BIO 28.8 21 33.5 12.5
B12 29.6 20 35 15
B13 26.4 23 33.5 10.5

2 B4 27.3 23.5 29.5 6
B5 28.3 23 34 ii
B7 28.0 24 31 7
B9 28.2 23 34 11
BIO 27.6 23.5 31 7.5
B12 27.7 23.5 30.5 7
B13 27.0 24 29.5 5.5

3 B4 24.9 21 29.5 8.5
B5 25.3 20.5 33 12.5
B7 28.0 20 44 24
B9 25.1 20.5 31.5 11
BIO 24.6 20.5 29.5 9
B12 26.3 24 28.5 4.5
B13 24.2 20.5 28 7.5
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Table 3. Temperature ANOVA results (Rr=.541)

Source d.f. Mean Square F-Ratio
Zone 2 20.63 3.6**
Daynight 1 557.51 98.0*
Tide 1 32.40 5.7**
Zone*Daynight 2 28.17 5.0**
Zone*Tide 2 13.58 2.4
Daynight*Tide 1 14.00 2.5
Zone*Daynight*Tide 2 15.71 2.8
Error 156 5.68 -

*P<0.001, **P<0.05

Analysis of variance revealed 
correiations between temperature and several 
other environmental factors (tab)e 3). For 
exampie, anaiysis of variance showed a 
significant correlation of temperature with the 
different zones (P<0.05), day vs. night 
(P<0.00f), and low vs. high tides (P<0.05) (tabie 
3). The graphicai representation of the average 
values of temperature for each site at either day 
vs. night (fig. 7) shows the highest temperature 
during the

day was in the middie of the mat at site B7. In 
contrast, at night, the highest temperature was 
found at site B12.

A vertical temperature test was 
performed on a relativeiy coid day (fig. 8). As 
the depth increased from the surface, the 
temperature first decreased at 3cm. From 6cm to 
12cm, however, the temperature increased. 
Finally, the temperature decreased at the depth of 
15cm.

0 3 6 9 12 15

Figure 7. Average temperature differences 
between day and night

Figure 8. Temperature variation 
with depth at site B7
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Figure 9. Average salinity a) transect A, b) transect B, c) transect C, d) transect D

Although salinity patterns were not 
consistent from transect to transect, several 
inferences can be made from the averaged 
salinity data (fig. 9). First of all, there is an 
immediate drop in salinity when reaching 
vegetation, to around 25ppt. Similarly, on the 
marine channel side, the salinity is usually 
around 45ppt. In addition, there is a clear 
increase in salinity in the middle of each transect

with the exception of transect D, which shows an 
increase and decrease in salinity several times. 
Salinity values at the same site also showed a 
variation from week to week. Finally, salinity 
correlated strongly with time (6,12,18,24) 
(P<0.001), zones (P<0.001), and distance from 
the water channel (P<0.001) (table 4). Salinity 
additionally showed a slight trend with day vs. 
night (P=0.1), but no correlation with tidal cycles 
(P>0.1) (table 4).

Table 4. Salinity ANOVA results

Source R^2 d.f. Mean
Square

F-ratio Error
d.f. Mean-Square

Time 0.023 3 3377.11 7.43* 932 454.62
Day/Night 0.003 1 1258.65 2.72 (P=0.1) 934 463.15
Zone 0.233 2 50487.60 141.51* 933 356.77
WaterDis 0.598 38 6832.57 35.182* 897 194.21
Tide$ 0.00! 1 336.720 0.73 934 464.14
*P<0.001, **P<0.05
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Low vs. High Tide Groundwater Depth. Transect A

b)
Low vs. High Tide Groundwater Depth. Transect B

LowTideB 
High Tide B

c)
Low vs. High Tide Groundwater Depth. Transect C

d)__________________________________
Low vs. High Tide Groundwater Depth. Transect D

Figure 10. Low vs. high tide groundwater depth

Groundwater deptA
Similar to salinity and temperature data, 

the graphical representation of groundwater 
depth data elucidates many trends that can be 
statistically clarified (fig. 10). For example, 
although graphs show the odd result that low tide 
groundwater depth is closer to the surface than 
high tide groundwater, ANOVA shows no 
statistical difference between low and high tide 
for groundwater depth (P>.05) (table 5).

Table 5. Groundwater Depth ANOVA results

However, groundwater depth definitely peaks in 
the middle of each transect, which is verified by 
the significant correlation between groundwater 
depth and distance from the water channel 
(P<0.001) and zonation (P<0.001) (table 5). The 
zones that f chose when mapping also seem to 
correlate well with groundwater depth as does 
the time of the day (P<0.05) (table 5). In 
addition, groundwater depth values at the same 
site showed high variation from week to week.

Source R^2 d.f. Mean F-ratio Error
Square d.f. Mean-

Square
WaterDis 0.66 38 498.54 43.065* 858 11.58
Tide$ 1 1.30 0.112
Waterdis*Tide$ 38 5.43 0.469
Zone 0.25 2 3603.53 153.68* 933 23.45
Time 0.01 3 124.64 4.046** 932 30.81
*P<0.001, **P<0.05
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Averaged Groundwater Depth of Transect B at Different Times of Day

Figure 11. Average groundwater depth of transect B during different times of the day

Groundwater depth may have a more 
complex relationship with the time of the day 
(fig. 11). Closer to the vegetation side in transect 
B, the groundwater depth has an ordered 
relationship with day of the time. Starting at 
6am, the groundwater depth increases to 12 noon 
and then reaches a maximum at 6pm. The 
groundwater depth then decreases at 12

midnight. Near the marine channel, however, 
there is no clear trend that describes the effect of 
time on groundwater depth for several sites. The 
groundwater data of each site was statistically 
analyzed using ANOVA with the time of day of 
each measurement (table 6). No significant 
correlations were found.

Table 6. ANOVA results of Transect B sites with time

Source R^2 Analysis of Variance with 
Time (Df=3)

Error
(Df=20)

Mean
Square

F-ratio P Mean-
Square

B4 0.077 6.332 0.649 0.557 11.367
B5 0.03! 3.843 0.213 0.886 18.032
B6 0.030 2.844 0.205 0.892 13.893
B7 0.036 3.210 0.251 0.860 12.814
B8 0.010 0.129 0.069 0.976 1.875
B9 0.196 16.815 1.627 0.215 10.332
BIO 0.156 10.323 1.230 0.325 8.390
B n 0.165 7.718 1.316 0.297 5.865
B12 0.196 7.205 1.625 0.215 4.433
B13 0.186 6.122 1.528 0.238 4.007
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Salinity vs. Temperature. Transect B
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Figure 12. Salinity vs. temperature at transect B

TeTnperatMre, ga/bn'ty, anJ groMHJwater /rentes'

Saiinity vs. temperature data changed 
depending on the time of the day (figure 12). 
This was verified using two methods. Linear 
regression lines of each set of data from the 
different times of the day showed different 
slopes and R̂  values. The calculated slope was 
actually negative at 6am, but increased to a 
positive slope for 12 midnight and further 
increased for 6pm and then 12 noon. values

also increased in the same order, implying that 
temperature has more significant correlation with 
salinity, the hotter the time of the day. Therefore, 
the most significant correlation is at 12 noon. 
However, analysis of covariance shows that 
salinity correlated strongly with the temperature 
(P=0.002), but not clearly with the time of the 
day (P=0.200) (table 7).

Groundwater depth correlates with 
salinity (P<0.001), but not with temperature 
(P=0.293) (table 8 and 9).

Table 7. Analysis of covariance of salinity and 
temperature (R^=0.074)

Source d.f. Mean Square F-ratio
Time 3 678.66 1.57
Temp
(covariate) 1 4336.60 10.01**
Error 160 433.22 -
*P<0.001, **P<0.05

Table 8. Analysis of covariance of groundwater 
depth and temperature (R^=0.513)

Source d.f. Mean Square F-ratio
Time 3 28.19 2.76**
Temp
(covariate)

1 11.39 1.17

Error 136 10.21 -
*P<0.001, **P<0.05

Table 9. Analysis of covariance of groundwater 
depth and salinity (R^=0.289)

Source d.f. Mean Square F-ratio
Zone 2 2545.66 113.45*
Time 3 67.69 3.02**
Zone*Time 6 15.10 0.67
Salinity
(covariate) 1 317.04 14.13*
Waterdis 1 410.11 18.28*
Error 922 22.44 -
*P<0.001, **P<0.0
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Figure 13. Day 1 vs. day 2 physical factor graphs a) temperature, b) salinity, c) groundwater depth
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Linear regression analysis shows that the 

relationship of day 1 vs. day 2 temperatures, 
groundwater depths and salinities are significant 
(fig. 13). The relationship between the same time 
of day between the first and second days of each 
sampling period is most significant with 
temperature (R^=0.8272), less significant with 
groundwater depth (R^=0.5584), and somewhat 
less with salinity (R^=0.4231).

Discussion

AT#? Zona?
The importance of physical and 

chemical factors accounts for the "spatial 
variation in microbial community structure" 
(Rothrock et al., 2002). This study's findings that 
temperature, salinity and groundwater depth 
show strong correlations with microbial mat 
zonation support this statement. In addition, the

zones, with boundaries essentially parallel to the 
shore, clearly correlate with distance from the 
marine channel as evidenced in figure 5. AH 
these factors—temperature, salinity, groundwater 
depth and distance from the marine channel—are 
interconnected and form different habitats that 
are more suited for certain mat zones. This 
supports Golubic's suggestion that mat zonation 
is the result of temperature and water availability 
gradients (1992). Microbial mats zonation is also 
based on microscopic factors. Success and 
failure of a particular species out of the many 
that form a microbial mat, however, is due to the 
interaction of physical and chemical factors 
(Golubic, 1992; Stolz, 2000). These different 
species distributions and abundances result in the 
different mat types.

The correlation of microbial mat 
diversity to the extent of "extremeness" is not 
clear. Rothrock (2002) believes that both 
extreme and normal conditions tend to decrease
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microbial mat diversity. This would suggest that 
the Temae microbial mats exist in moderately 
extreme conditions as a wide range of mat 
textures are found there. In contrast, others have 
expressed that many distinct microbial mat 
texture are typical of an extreme environment 
with high salinity and temperature (Sprachta, 
2001). Thus, although it is not perfectly clear if 
the Temae microbial mats exist in very extreme 
or moderately extreme conditions, the physical 
and chemical factors do influence the spatial 
zonation of the microbial mats.

Other microbial mats around the world 
also seem to have similar zonation and mat 
texture types to the microbial mats in Temae. For 
example, in Hamelin Poo! of Shark's Bay, 
Australia, nine coastal zones parallel the shore 
(Golubic, 1992). The Temae microbial mat zones 
are also parallel to the shore of the marine 
channel as are most of the mat texture types. In 
addition, the three mat zones designated by Javor 
(1980) at Laguna Guerrero Negro in Baja 
California show striking similarities to the 
Temae mat zones. For instance, Javor's middle 
zone is the thinnest mat type as is zone 3 in 
Temae. In addition, the furthest zones from the 
salt water sources in both Laguna Guerrero 
Negro and Temae are black and crusty. As salt 
marshes are all similar in that they have a source 
of salt water, the zonation of genera and species, 
and therefore microbial mat zonation, is usually 
similar (Javor et al., 1980).

Surprisingly, many differences were 
found when comparing results to the Poetker 
study of 2000. Poetker (2000) noted that mat 
growth patterns, texture, and color all changed as 
the distance from the marine channel increased. 
Most mat textures boundaries are parallel to the 
shore in this study, but Poetker's mat texture 
map shows that many of her zones were 
perpendicular to the shore (2000). In addition, 
she seemed to have at least grouped the brown, 
grey, and dark grey mat textures into one texture 
type. These textures are easily discemable at the 
microbial mat. Perhaps, the filling in of 
marshland north of the airport since the Poetker 
study changed microbial mat environmental 
conditions to the point of affecting mat texture 
distribution. This potentially explains the 
disparity in results between the two studies.

The most obvious observation from the 
temperature data was its clear daily cycling and 
variation over a larger time scale. Diumal 
patterns at the microbial mats are most likely

linked to the changing input of solar energy over 
the period of a day. These diumal cycles of light, 
largely manifested in temperature values ranging 
from 20°C to 44°C, have profound effects on 
biochemical processes such as photosynthesis, 
nitrogen fixation, and methanogenesis, which 
also show daily cycles (Stolz, 2000). Other 
microbial mats such as the Gavish Sabkha and in 
Rangiroa show daily variation in temperature 
from 24°C to 38°C (Gerdes et al., 1985) and 
31°C to 36°C (Mao Che et al., 2001) 
respectively. The changing amount of solar 
energy over seasons, as well as other tidal and 
weather variation, also changes the temperature 
values and ranges. This was evident even in the 
small three week sampling period conducted at 
the microbial mats. Furthermore, the timing of 
the maximum temperature of the microbial mats 
being around 2 to 4pm and the minimum 
temperature at 6am, instead of at the times of 
maximum and minimum sun exposure 
respectively, is evidence of the high heat 
capacity of the microbial mats.

Changing amounts of evaporation across 
the microbial mat also led to trends along 
transect B. Temperature was always highest in 
the middle of the mat. Temperature was lowest 
on the marine channel side due to the cooling 
effect of the marine water (Gerdes et al., 1985). 
On the vegetation side, however, shallow 
groundwater indicated that water was somehow 
also being supplied to this area. The additional 
information that low salinity was present near 
the vegetation creates a possibility that an aquifer 
connects the vegetation side of the microbial mat 
with the nearby mountain, located on the 
opposite side of the marine channel. This may 
also be caused by the normal freshwater lens, 
which forms under motus (McLane et al., 2002) 
Where water was scarce, a temperature change 
was unable to be neutralized and led to harsh 
increases and decreases in temperature over a 
short period in time. Site B7, located near the 
middle of the mat, had the highest day 
temperature and range during week 1 and 3. 
While, the maximum day temperature remained 
in the middle of the mat, the interruption of this 
site B7 trend during week 2 was probably due to 
the unusual change in tidal height and rainy 
weather observed.

The maximum temperature across a 
transect occurs at different sites during the day 
than at night. The site of maximum temperature 
during the night was found to be closer to 
vegetation. Temperature may be equalizing 
everywhere that water is freely circulating during
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the night, when evaporation is minimal. This 
temperature equalization would occur in 
microbial mats part of the marine water 
circulation or part of the fresh water circulation 
near the vegetation. Sections of the mat that are 
between these two circulations, however, have 
no way to significantly release their accumulated 
heat energy from the day, effectively causing 
them to have higher temperatures. During the 
day, evaporation of groundwater releases heat 
energy from the microbial mats. Therefore, 
microbial mats with limited groundwater to 
evaporate will have higher temperatures. This 
location is closer to the marine channel.

In addition, temperature correlates with 
tidal fluctuations and mat zonation. The greater 
abundance of water during high tide led to a 
larger cooling effect over most of the microbial 
mats. The range of temperatures at the mat, as 
affected by tides and other environmental 
factors, can be tolerated by the microbial mats as 
long at the temperatures allow for the presence 
of liquid water (Stolz, 2000). The Temae 
microbial mats showed an interesting correlation 
of mat zonation with temperature, which was not 
present in the Gavish Sabkha (Gerdes et al., 
1985). This correlation potentially shows how 
different mat zones with different species 
compositions prefer different temperature 
characteristics.

Vertical temperature changes within the 
mat on a colder day showed that the temperature 
was higher within the mat than on the surface. 
Therefore, the mat is likely an insulator, warmer 
below the surface on a cold day, and cooler 
below the surface on a hot day. The model of the 
mat as an insulator is also supported by the 
higher temperature at midnight than at 6am. 
Residual energy from the day still remains with 
the mat at midnight, but is dissipated by 6am. 
Regardless of the reason, temperature varied by 
as much as 2°C as depth from the surface 
increased. On a hot day, temperature variation 
could increase significantly within the mat. This 
variation is a source of error because although 
the sensors were buried at approximately 6cm 
below the surface, this depth was not measured 
during the 48 hour sampling periods and could 
have been off by as much as 3 cm.

Other studies, which probably collected 
their data at the mat surface, showed that the 
temperature data obtained at the Temae 
microbial mats was reasonable. For example, the 
range of temperatures reported by the 2000 
Poetker study ranged from 27°C to 48°C. The 
temperatures measured in this and the Poetker

studies were measured during the same month of 
the year and therefore are highly comparable. 
The slightly higher temperatures obtained by 
Poetker are likely caused by her lack of night 
data and sampling at the surface. If my 
measurements of hot days were taken on the 
surface, the temperatures likely would have been 
recorded as a few degrees higher. Furthermore, if 
this study has measured temperature where the 
highest salinity and deepest groundwater depths 
predicted the most extreme temperature on 
transects other than transect B, temperatures at 
least as high as the 48°C from the Poetker study 
would almost certainly have been recorded. The 
Temae microbial mats, however, are cooler than 
other microbial mats such as Solar Lake where 
temperatures as high as 62°C have been reported. 
Nonetheless, temperature must be measured at 
the Temae microbial mats in the summer to be 
certain.

Like temperature, salinity clearly 
follows a diurnal and seasonal cycle. This daily 
cycling, supported by statistical correlations of 
salinity with the time of the day and day vs. 
night, is probably due to evaporation occurring 
during the day. After increasing during the day, 
the salinity at a particular site decreases during 
the night because of an equilibration with water 
being input into the system that isn't 
immediately lost by evaporation. Although tidal 
cycles theoretically could have a major impact 
on salinity, the lack of correlation of salinity 
with high vs. low tides supports the prominent 
role of evaporation in salinity cycling. Seasonal 
salinity variation caused by weather and tidal 
influences, complicates this daily cycle over a 
longer period of time. This was observed during 
the three weeks of data collection. During the 
most saline time of the year, the late summer and 
fall period, the microbial mats are inactive, but 
less saline periods allow the growth of 
cyanobacteria. The lamination of microbial mats 
is evidence of the differential growth caused by 
these seasonal salinity changes (Bowen et al., 
2001; Friedman et al., 1985; Javor et al., 1980).

Several trends across the transects are 
apparent such as salinity dropping to near 25ppt 
near the vegetation, which is not considered 
hypersaline (Gerdes et al., 1985). This sudden 
and consistent drop in salinity can be explained 
by either freshwater input from an aquifer 
(Gavish et al., 1985), or by plant mechanisms 
that lower salinity. As the groundwater depth is 
progressively shallower near the vegetation,
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freshwater input seems more likeiy. Therefore, 
the tower sahnity is probabty what attows the 
plants to live in this area.

Next, the salinity is always around 45ppt 
near the marine channel. This value of salinity is 
considered metahaline as it is of a higher salinity 
than sea water without exceeding 70ppt (Gerdes 
et al., 1985). Adjacent to the marine channel, the 
microbial mats are constantly inundated with salt 
water. Therefore, the salinity of the microbial 
mats is similar to the salt water. Usually, ocean 
water in French Polynesia is around 36ppt 
(Sprachta et al., 2001). As the marine channel is 
subject to intense radiation and is shallower than 
the open ocean, however, it is more saline 
(Golubic, 1992).

Ultimately, the highest salinities at the 
microbial mats are found in the middle of the 
transects, where the highest temperatures and 
most evaporation occurs. The salinities are 
usually metahaline and alpha-hypersaline (70- 
lOOppt). Rarely, values barely gamma- 
hypersaline (140-300ppt) (Gerdes et al., 1985) 
were recorded during this study. However, 
during the hottest and driest times of the year, it 
is possible that salinities surpass gamma- 
hypersaline somewhere at the Temae microbial 
mats. Transect D, however, exhibited more 
complex behavior, peaking to equal salinity 
values at several sites at the same point in time. 
Perhaps this deviation from the single peak in 
salinity of the other transects is due different 
groundwater dynamics. Transect D is located 
near the drier section of the Temae microbial 
mats and spanned a larger distance, warranting 
further investigation for full comprehension.

According to other studies, the Temae 
microbial mats are in the middle of the span of 
salinities experienced by other microbial mats. 
At the Gavish Sabkha and Solar Lake, the 
salinity ranged from 50 to 300ppt (Gerdes et al., 
1985). However, these high salinity values were 
obtained by a special water pump that allowed 
them to sample water in the mat above the 
groundwater table (Gavish et al., 1985). Similar 
techniques at Temae would have also yielded 
higher salinity values. In contrast, microbial mats 
in Rangiroa, French Polynesia show 
exceptionally low salinity ranges from 5 to 7ppt 
and 20 to 28ppt (Mao Che et al., 2001). 
Nevertheless, the previous study at the Temae 
microbial mats reported an average salinity of 
68ppt, which is comparable to the results of 
salinity collected at Temae for this study. 
Finally, reported salinities for the Laguna 
Mormona microbial mats range from 30 to

115ppt (Horodyski et al., 1977). This range of 
salinity is very similar to what was found during 
this study of the Temae microbial mats. In 
addition, unicellular green algae were observed 
growing in salinities between 19 and 30ppt at 
Laguna Mormona (Horodyski et al., 1977). After 
significant rain at the Temae microbial mats, 
salinity was lowered and green algae were also 
observed colonizing the surface of the microbial 
mats.

JgptA
Microbial mats were additionally 

influenced by the daily and seasonal cycling of 
groundwater depth. A statistical correlation of 
groundwater depth with the time of the day was 
found, resulting from the general effect of 
evaporation and solar energy input. Groundwater 
depth cycling is actually essential to microbial 
mat growth because the dropping water level 
allows air to enter the mat (Golubic, 1992). This 
air provides enough oxygen to support bacterial 
aerobic respiration (Golubic, 1992). Although 
the sampling period of three weeks was not long 
enough to be completely conclusive, 
groundwater depth most likely exhibits seasonal 
cycling that is the cause of tidal and weather 
changes. At the Gavish Sabkha and Laguna 
Mormona, for example, the microbial mats are 
usually flooded in April and desiccated by 
October (Friedman et al, 1985; Horodyski et al., 
1977). The configuration of the shoreline and 
groundwater level is clearly seen to change with 
the seasons (Friedman et al, 1985). In addition, 
the laminations of the mats can also be evidence 
of differential growth periods of the microbial 
mats because of cyclic desiccation (Javor et al., 
1980).

Significant variation is also present 
across a transect at the Temae microbial mats. 
The groundwater depth, first of all, clearly peaks 
in depth near the middle of the transect. This 
portion of the microbial mats is furthest away 
from the salt water source and the assumed 
freshwater source near the vegetation. In 
addition, the middle of the microbial mats 
experiences the highest temperatures and 
therefore more evaporation. It is also possible 
that since groundwater was measured relative to 
the mat surface and the microbial mat was 
assumed to be flat, a difference of a few 
centimeters over 200 meters in distance could 
account for the change in groundwater depth 
across a transect. However, the repeated cycle of 
microbial mat drying with wind action, and rain 
with uniform sediment deposition causes the
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microbial mat surface to be completely flat 
(Golubic, 1992). Thus, the trend of deeper 
groundwater in the middle of the transects is 
significant.

At the same time, the behavior of the 
mat adjacent to the marine channel and the mat 
adjacent to the vegetation has both similarities 
and differences. Both these portions of the 
microbial mats have shallow groundwater depth 
as they are close to water sources. However, near 
the marine channel, the tidal cycles primarily 
influence the groundwater depth. It is here that 
transect B sites show that there isn't a significant 
correlation of groundwater depth with the time of 
the day. This lack of correlation is reasonable 
because the tides are at equal height twice a day. 
fn contrast, at the vegetation side of the mat, the 
groundwater depth is more closely tied to the 
time of the day. Here, evaporation plays a key 
role as groundwater depth increases after 
midnight and begins decreasing only after 6pm.

According to other studies, the 
groundwater values obtained at the Temae 
microbial mats are reasonable. For example, the 
previous Temae study found values of 
groundwater depth from 17.6cm to 27.86cm 
below the surface (Poetker, 2000). Although 
these values seem very deep in comparison to the 
more recent data, Poetker's method of digging a 
hole until seeing water probably did not allow 
the groundwater table sufficient time to 
equilibrate. She also stayed closer to the drier, 
southern portion of the Temae microbial mats 
where the groundwater depths are usually lower, 
fn addition, the Horodyski et al. (1977) study's 
description of the Laguna Mormona microbial 
mats shows a striking resemblance to Temae, 
allowing for some comparison between the two 
systems. Neither Temae nor Laguna Momona 
experiences current and wave action. Shrinkage 
cracks are also present in both locations due to 
localized desiccation. At Laguna Mormona, the 
change in groundwater depth over the course of a 
day was found to be several millimeters 
(Horodyski et al., 1977). While this was the case 
close to the marine channel at Temae, where 
evaporation held a greater influence, the range of 
groundwater depths was greater than at Laguna 
Mormona. The week to week variation of 
groundwater depth at Temae was several 
centimeters and was similar to change 
experienced at Laguna Mormona over a 
fortnightly tidal cycle (Horodyski et al., 1977). 
Furthermore, Horodyski et al. (1977) noticed at 
Laguna Mormona that a "one centimeter drop in 
water level will cause an intermittently emergent

active mat to become generally emergent, highly 
desiccated, and inactive." There were also many 
locations on the Temae microbial mats where a 
difference in just one centimeter of groundwater 
depth signaled a considerable change in mat 
texture.

Other studies have noted the similar 
influence of groundwater on the microscopic 
elements of the microbial mat. For example, 
desiccation induces formation of sheath material 
that stores water (Stolz, 2000 and references 
therein). Water can have even more complex 
effects at microbial mats. The rate of water flow 
and water availability can determine whether a 
site is colonizable, the shape of resulting 
structure and life span of structure (Stolz, 2000 
and references therein). Furthermore, in the 
intertidal mats of Abu Dhabi, water shortage is 
seen to directly affect production rates, while 
decomposition is more sensitive to drainage 
patterns (Golubic, 1991).

.ya/zmfy, <3??̂  frenzy
Temperature and salinity are strongly 

correlated. This correlation is present because 
evaporation is related to temperature of the mat 
and increases salinity. During his study of 
temperature and salinity in the ocean, Levitus 
(1989) explained that thermodynamics causes a 
perfect correlation of temperature and salinity. In 
addition, at the Gavish Sabkha, temperature and 
salinity gradients are related, either both 
exhibiting stability or instability (Gerdes et al. 
1985). Furthermore, the difference in 
temperature and salinity relationships depending 
on the time of the day (fig. 12) is logical. During 
the day, higher temperatures are correlated to 
high evaporation, which increases salinity. Data 
showed that sites with the highest temperatures 
usually have the highest salinities. At night, the 
sites of highest day temperatures may actually 
have the lowest or near the lowest temperature 
while salinity may not have changed much from 
the day. Therefore a negative correlation may 
exist

Temperature and groundwater depth did 
not exhibit a significant correlation in this study. 
Although higher temperatures increase 
evaporation, which would lower groundwater 
depth, this trend may not be linear. Therefore, it 
would not be recognized by the analysis of 
covariance statistical test. Even so, the possible 
relationship between temperature and 
groundwater depth can easily be interrupted by 
tidal changes and rain, making it harder to 
determine if a correlation existed. Ultimately,
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however, although salinity correlates with both 
temperature and water depth, temperature and 
water depth do not correlate with each other.

Groundwater depth and salinity show a 
strong correlation. Usually, a microbial mat that 
can withstand high salinity can survive 
desiccation. At the Gavish Sabkha, lor example, 
nodules exist that prefer both high salinity and 
deep groundwater levels (Gerdes et al., 1985). 
This is probably due to the possibility that where 
there is deeper groundwater, the salt in what little 
water remains gets concentrated. Furthermore, 
both salinity and groundwater depth cycle 
seasonally together. For instance, salinity 
increases from late winter to late fall at the 
Gavish Sabkha. In very late fall and winter, the 
rise of the water level is accompanied by a 
decrease in salinity (Friedman et al., 1985). This 
seasonal cycling of both salinity and 
groundwater depth almost certainly occurs at 
Temae although the sampling period was too 
short to be conclusive.

Day 7 anJ 2 aaa/v^A
If the previous day's value in a physical 

characteristic is particularly low or high, a 
correlation is seen with the values of the next 
day. Although strong with all studied physical 
factors, the day to day correlation was 
particularly great with temperature, less so with 
groundwater depth, and least with salinity. 
Temperature, largely determined by weather, 
does not change rapidly enough to interfere with 
relationships between day 1 and day 2. 
Groundwater depth is similarly stable because 
tidal heights do not change significantly from 
day to day. In addition, it rained little during the 
sampling period while the large rain storms 
could have introduced significant changes from 
day to day. Salinity, however, has a more 
complex relationship depending on both 
groundwater and temperature. The input of 
freshwater by some rain is quickly absorbed by 
the groundwater system, but dilutes the salinity 
at a fast pace. At the same time, this rain may 
hardly impact the temperature of the microbial 
mat system. In contrast, an increase in 
temperature will raise evaporation rates to 
concentrate salinity. Therefore, the complex 
dependence of salinity on both groundwater and 
temperature dynamics reduce the day to day 
correlation of salinity.

FMfMre
Many further studies could be 

conducted at the Temae microbial mats.

Microbial composition, for one, could be 
analyzed of each mat texture type, verifying 
differences between texture types. In addition, 
certain mat textures such as the grey textures 
look like dry mud. The microscopic analysis of 
this texture type could prove whether this area is 
or is not microbial mat. Data could also be 
gathered from different seasons for comparison 
and to assess patterns of a larger time scale. 
Furthermore, gathering weather and tidal height 
data, while also measuring temperature, salinity 
and groundwater depth at the microbial mat, 
would allow clearer conclusions about the 
influence of environmental factors on the 
physical factors of the microbial mat. An 
additional study could also link values of 
temperature, salinity and groundwater depth to 
rates of mat growth. Finally, models and 
empirical equations of the physical dynamics of 
the microbial mats could also be developed.

Date o /  7<?wae Microhm/ MuA
Unfortunately, the Temae microbial 

mats are destined to become a golf course within 
the near future. It is regrettable that these 
microbial mats are going to be destroyed as 
changing the substrate salinity and hydrology to 
allow for the growth of normal, low saline soil 
plants will prove extremely difficult and costly. 
Furthermore, the natural state of microbial mats 
holds several alternative uses that do not require 
destruction. Krumbein (1985), for example, 
summarizes the possibilities of microbial mats to 
be altered slightly to produce salt, mined for 
accumulated heavy metals and phosphates, 
cultivated for nitrogen for animal food pellets, 
and farmed as a form of salted soil agriculture, 
which already occurs in the southern hemisphere. 
In addition, microbial mats prevent erosion, by 
biostabilizing the sediment below (Nofke et al., 
2003). In the end, microbial mats are a long 
established and fascinating ecosystem that 
exhibits a unique beauty.

Conclusions
Zonation based on mat thickness correlates 

with temperature, salinity, and groundwater 
depth. All of these physical factors also cycled 
diumally, but changed significantly during part 
of a lunar cycle due to probable seasonal 
variation. In addition, the physical conditions of 
one day at a certain time were shown to correlate 
with the physical conditions of the next day at 
the same time. Temperature also correlated with 
low and high tide, while both salinity and water 
depth significantly correlated with the distance
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from the marine channel. Groundwater depth & 
salinity, and salinity & temperature show 
additional correlations. Finally, temperature, 
salinity, and groundwater depth dynamically 
interact and play a critical role in the distribution 
of the microbial mat zones.
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ABSTRACT. Extreme environments are found alt over the world, each with their own set of extreme 
characteristics that make them challenging places for life to exist. Living in each of these exceptional 
environments is a guild of organisms uniquely adapted to survive under such harsh conditions. This study 
looks at one such place, a hypersaline microbial mat on the island of Moorea, French Polynesia. Located on 
a mudflat this severe location has salinities ranging from 6 to 132ppt, temperatures from 44°C to 20°C, and 
water levels from 26.5m below ground level to 4cm above ground level (Magudia). To characterize the 
faunal composition and distribution across the microbial mat, pitfall traps were set up along four transects 
beginning in vegetation and then continuing out across the mat towards the adjacent lagoon. For each 
transect there were two collections of arthropods during the day from 6am-6pm and two at night from 6pm- 
6am. A strong correlation between decreasing number of species and increasing distance from vegetation 
was found at night while a much weaker trend was found during the day. A significant linear decrease in 
density for all transects was found with increasing distance at night (P=.00). A similar trend was observed 
for all transects during the day but was not significant (P=.09). Distribution of individuals for all transects 
during the day was significantly different from at night (P=.00). The distribution of individuals on the mat 
versus in vegetation was also significantly different (P-.00). This was due to the cover from the sun and 
greater amount of food the vegetation could provide at the beginning of the transects. The vegetation 
present at the beginning of each transect appeared to be one the most influential in determining faunal 
distribution. Species distribution in the plants versus on the mat was significantly different for all transects 
(P=.00). The distribution of species during the day was also significantly different from that at night 
(P=.00). This study shows there is a significant difference between the day and night fauna of the 
microbial mats as well as between the fauna found in the vegetation versus out on the mat.

Introduction
Extreme environments are found all over the 
world. Each has its own unique set of 
environmental conditions making it a 
challenging place for life to exist. These extreme 
environments are defined by their physical 
environmental conditions, and the rate and range 
at which those conditions change. Hydrothermal 
vents are one example of an extreme 
environment where under high pressure, 
temperatures can get up to 400°C , pH ranges 
from 3 to 8, and there are extremely high 
concentrations of H?S (Dover 2000). The 
McMurdo Dry Valleys of Antarctica are one of 
the driest places in the world where soil 
temperatures under snow patches can vary from 
-24.9 to 23.2°C (Gooseff et al 2003). In the 
Namib Desert in southern Africa temperatures 
can get up to over 40°C and some years receive 
no rain.

Despite the harsh physical conditions of 
these habitats, they are often found to bear life.

Life that is specialized to exist amidst these 
extreme conditions. To survive in these extreme 
conditions organisms have developed 
biochemical, physiological and behavioral 
adaptations to minimize the harmful effects of 
these environments. Using these types of 
strategies special guilds of organisms can 
tolerate these extreme conditions. For example, 
the communities that inhabit the hydrothermal 
vents not only have to deal with high 
temperatures but also with toxic levels of sulfide. 
Some inhabitants like Chemosynthic 
vestimentiferans, vesicomyid clams, and the tube 
worm have developed blood
bome components that bind to the sulfide and 
prevent it from harming bodily tissues 
(Zierenberg et al 2000). To adapt to the below 
freezing temperatures in the artic many 
organisms have developed "antifreeze" proteins 
that lower the freezing temperature of cellular 
fluids and protect the cell during thawing when 
freezing does occur. (Clarke) In the extreme heat
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of some deserts many organisms have developed 
behavioral adaptations to keep coo). When 
temperatures in the Namib desert get too hot the 
tenebrionid beetle, OMywucris* p/ana, uses 
convective cooling by running at almost one 
meter per second. These organisms have each 
found a way to deal with the harsh conditions of 
extreme environments where most life could not 
exist.

Earth was an extreme environment 
when cyanobacteria, one of the first forms of 
life, emerged. Fossil records show their unusual 
success as they developed and evolved in an 
environment that few other organisms could 
survive. Today many of these ancient types of 
cyanobacteria can be found in microbial mats. 
(Golubic 1994) Today microbial mats are still 
primarily found under harsh conditions where 
there is very limited competition from other 
organisms. One such microbial mat can be found 
on the island of Moorea, French Polynesia. The 
high temperatures, high salinity, and large 
intraday shifts in conditions define this extreme 
environment.

This study surveys the organismal 
richness of a Moorea Microbial Mat, both 
spatially and temporally and inferences are 
drawn as to how each species or guild succeeds 
in this environment.

Methods and Materials

The study site was located on the island 
of Moorea in French Polynesia on the motu 
Tamae (Fig 1). This is an unusual motu because 
it had been attached to the mainland at its 
southern end. Now a channel runs in from the 
north between Tamae and Moorea to a large 
body of water. As the tides change salt water 
from the Pacific Ocean is brought in. Along this 
channel to the east there is a large mud flat that is 
covered by microbial mats. This area is bordered 
on one side by a lagoon and the other by 
vegetation. There were two main vegetation 
types, hibiscus and reeds. The hibiscus 
vegetation consisted mainly of large hibiscus 
bushes, hh'aceM.S' and a few palm trees.
The reed vegetation consisted solely of thick 
marsh reeds.

Four transects (Fig. 2) were set up to 
determine the abundance and distribution of 
fauna present between Sept. 23, 2003 and Nov. 
11, 2003. Each transect began 15 meters into the 
vegetation. The first two transects A and D were 
located in an area that had thin partial mat 
coverage, the second two B and C were located

in an area with substantially thicker mat 
coverage. Transect A was set up perpendicular 
to the first and contained twenty-six pitfall traps. 
It began in hibiscus and continued towards the 
water. Transect B contained eighteen pitfall traps 
beginning in the reeds and continuing towards 
the water. Transect C which also began in the 
reeds and continued towards the water, contained 
thirteen pitfall traps. Transect D began in 
hibiscus vegetation and ended in the reeds. It 
consisted of thirty-two pit fall traps placed five 
meters apart at the edges and ten meters apart 
towards the interior of the mat. At each transect 
traps were set twice from 6am to 6pm and twice 
from 6pm to 6am.

cups filled with an inch of slightly soapy water, 
placed about a half inch below ground level. A 
piece of cardboard held up at one end with wire 
or a stick was leaned over each cup to prevent 
excessive evaporation. In areas where the water 
level was high and there was thick mat present, a 
portion of the rim of the cup was placed under 
the mat to prevent it from floating above ground 
level. In places where the water level rose above 
the surface, the cups were placed in small
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mounds of dirt a few inches above the ground 
level. Cups that floated up and tipped over or 
those that were submerged under water were 
redone.

At the end of the cotiection interva! all 
organisms were collected from each trap with 
forceps and a pipette and put into viais. The 
organisms were then stored in 90% ethanol for 
preservation. The number of each type of 
organism in each trap was then counted.

To anatyze the distribution of organisms 
across transects, regression, ANOVA, and 
Kolmogorov-Smimov statistica! tests were used.

Results

A total of 2,311 organisms where 
collected, 1,022 organisms were captured at 
night and 1,289 during the day (Fig. 4 and 5). 
Statistics were run comparing day and night 
distributions along whole transects and in 
vegetation versus the mat. Regression analysis 
revealed a significant linear decrease in density 
across transects with increasing distance from 
vegetation at night (P<.00, R^2=. 12). During the 
day there was also a trend for decreasing density 
with increasing distance from vegetation but it 
was not significant (P<.09). The Kolmogorov- 
Smimov test found a significant difference in 
faunal distribution during the day versus the 
night at all transects (P<.00) The distribution of 
fauna on the mats was found to be significantly 
different than the distribution of fauna in the 
vegetation, during the day and night at all 
transects (P<.00).

Diversify
Twenty-seven different species were 

collected (Figure 6 and 7), including 2 species of 
fsopods, 1 species of Orthoptera, 1 species of 
Amphipod, 1 species of Lepidoptera, 3 species 
of Hymenoptera, 4 species of Coleoptera, 9 
species of Diptera, one species of Hemiptera, one 
species of Araneae, and three unknowen species 
(Table 1). No statistically significant pattern in 
species distribution was found using ANOVA. 
Using the Kolmogorov-Smimov test a 
significant difference in species distribution was 
found between day and night at transect A 
(P=.02), while no significant difference was 
found for transects B (P=. 16), C (P=. 17), and D 
(P=1.0). The distribution of species on the mats 
was found to be significantly different than the 
distribution of species in the vegetation, during 
the day and night at all transects (P<.00).

Discussion

Each transect began in vegetation either 
hibiscus-type or reed-type as described above. 
The vegetation provided shelter from the intense 
tropica) sun as wel) as food in the form of live 
plant matter and detritus. The distinct line where 
vegetation began was most likely due to a 
decrease in salinity to a tolerable level 
(Magudia). As one crosses the line where 
vegetation ends the mat begins. While the 
surface of the mat can get dry, it was usually a 
very wet environment with periodic flooding 
depending on tides and rain. Out on the mat, 
where there was no cover, temperatures during 
the day were high and ground temperatures 
reached up to 44°C. The ground absorbed this 
heat during the day and remained warm through 
out the night dropping only to about 20°C 
(Magudia, 2003).

The fauna collected consisted almost 
entirely of arthropods except for two species of 
arachnids. Arthropods found in the vegetation 
could escape the heat of the sun by crawling 
under vegetation. This was observed when after 
being disturbed they would scramble under cover 
of the nearest object they could find. Arthropods 
out on the mat did not have the option of seeking 
cover and since they are ectotherms must use 
other strategies to keep cool. Arthropods can 
keep cool by three methods of thermoregulation. 
Convective heat loss can be achieved by 
increasing the speed of air movement past the 
body (Heinrich, 1996). Small insects can do this 
by flying because the amount of heat gained 
from flight muscles is less than that lost through 
convection (Heinrich, 1996). Wind can also 
produce convective heat loss especially for those 
larger insects who would gain too much heat 
from flight muscles to lose heat through flying 
(Heinrich, 1996). In environments where insects 
may be gaining heat from both the sun and the 
ground below they will often embark on short 
flights to cool off and escape the double 
radiation of heat (Heinrich, 1996). Evaporative 
cooling is also an important way of cooling off 
and depends on the temperature and humidity of 
the immediate environment. While this method 
is less efficient in more humid environments it is 
more efficient in warmer environments so it 
could possibly be used by the arthropods in this 
study (Chapman 1998). There is also behavioral 
regulation which includes finding shelter or 
where there is no shelter adjusting body posture



and orientation to the sun to reduce the amount 
of body area exposed (Chapman 1998).

Not only must these arthropods deal 
with high temperatures but also with high 
salinity. Most arthropods' osmotic pressure 
changes very little over wide ranges of salinity 
because they regulate the ionic composition of 
their hemolymph (Chapman 1998). They also 
can limit drinking and choose foods that have the 
least salt content (Chapman 1998). After gaining 
water and salts through food they remove the 
excess ions by excreting urine that is hypertonic 
to the hemolymph (Chapman 1998). Despite 
these harsh conditions many arthropods were 
found at the site and each must have had their 
own way of dealing with the conditions of there 
immediate environment.

During the study 2,311 organisms were 
collected (Fig. 3 and 4). A total of 1,343 
during the day. This is surprising since one 
would think that more would be found on the 
mat during the night when temperatures are 
much cooler. This may be because individuals 
using the mat during the day are inactive at 
night. Individuals could also be finding cover 
under the shade of the traps making the density 
during the day appear to be greater than it really 
is.

Over the entire area studied 27 different 
species were found (Fig.6 and 7). In the plants 
20 different species were found while out on the 
mats 21 different species were found. Diversity 
in the vegetation versus the mat was fairly equal. 
In the plants during the day 16 different species 
were found, while on the mat 17 different species 
were found. Again the diversity in both places 
was quite similar. During the night 15 different 
species were found in the plants as well as on the 
mat. Although the number of species found in 
the plants was almost always the same as was 
found out on the mat, about six times more 
distance was covered on the mat than in the 
plants. Also there may be more of a tendency for 
organisms out on the mat to seek shelter under 
the traps therefore raising the number of things 
caught which also raises the chance of catching 
more types of things.

Out of the 27 different species 
collected, 17 of the species were represented by 
less than nine individuals. These species 
distributions cannot truly be discerned due to the 
sparse number of individuals collected of each of 
these species. The other ten species were found 
in more numerous quantities and there 
distributions can more accurately be made out. 
/sopocf type #1 was found primarily in the plants

almost certainly because the vegetated areas 
have a greater ability to support life, being able 
to provide protection from the sun and greater 
amounts food in the form of plant material. 
During the day 545 individuals were collected in 
the plants. Considering that overall more 
individuals were collected in the plants it is 
interesting that 744 were collected on the mat 
during the day. This is probably because many of 
the species in the plants were observed to be 
nocturnal. In the plants at night 798 individuals 
were collected. This was the highest number of 
individuals collected in any one type of area and 
time of day. This is due to the fact that there 
were more individuals found in the plants overall 
and that most of the dominant species found in 
the plants were observed to be nocturnal. At 
night on the mat only 224 individuals were 
collected in comparison to the 744 captured 
while its night day distribution was more even. 
OrtAoptera, CryMJag type #2 was mainly found 
at night in the plants. During the day none were 
found on the mat while at night a few ventured 
out on the mat. type #3 was found
mostly at night in the plants but also during the 
day in much lower numbers. On the mat similar 
numbers of this species were found during the 
day and night. This is unexpected considering so 
many more of this species were found in the 
plants at night. Again this may be because those 
that ventured out onto the mat during the day 
seeked the shelter of the traps making there 
numbers on the mat seem higher than they really 
were. Nymenopfera, type #5 was
typically found during the day in the plants and 
was not found on the mats. Co/eoptera type #8 
was mostly found during the night on the mat 
although quite a few were also found in the 
vegetation. In comparison very few were found 
during the day, the majority of them being found 
on the mat. While this species is primarily found 
on the mat it is probably more active during the 
night as a way to escape the high temperatures 
on the mat during the day. The most numerous
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D ensity  (N ight)

Figure 5. Nighttime density

S p ecies D istribution (D ay)

Figure 6. Daytime species distribution

species found was Differ# type #10 which was 
primarily found on the mat during the day. The 
number of this species in the plants during the 
day was much higher than at night. This may 
indicate that the species is leaving the area at 
night or may be inactive at night. But, because 
this species can fly it may not be getting caught 
in the pitfall traps on the ground in the 
vegetation where it may not come down to the 
ground. Dzp/era type #11 with far fewer

individuals was found mostly on the mat during 
the day. Not very many individual of this 
species were captured so it is hard to determine 
true trends for this species.
ForTMfcf&ie type #13 was found primarily in the 
plants during the day. During the night there 
numbers decreased a great deal in the plants and 
the mat. type #20 was generally found
on the mat during the day. The percentage of this 
species present in the plants out of the total 
number present during the day and night was 
about the same. Altogether the primary species 
in the plants were types 1, 2, 3, 5, and 13. Types 
2 and 3 appeared to be nocturnal while type 1,3, 
and 5 did not. Out on the mat the primary 
species were types 6, 8, 10, 11, and 20. During 
the day on the mat, types 10 and 20 were more 
active while at night types 6, 8, and 11 were 
more active.

Besides the many species of 
anthropoida present at this site there were also 
two species of crab, the larger one being 

and the smaller one
These two species 

acted as ecosystem engineers digging holes at! 
over the mat. By doing this they may be allowing 
two different species of wolf spider yfracA/iM/#, 

to live out on the mats. During 
the day the spiders may be using the crab holes 
for shelter from the sun that they would 
otherwise probably not be able to stand. At night 
they crawl out of the holes to capture food. 
There was also another species of spider 

Do/onieJay sp. which was found in 
the vegetation near the edge of the mat. Out on 
the mat and in the vegetation there where also a 
variety of species of birds.

White the data collected seemed 
reasonable the pitfall traps did present a few 
problems that that may have biased the data. In 
the vegetation flying organisms may only 
subside in the plants and not be caught by the



traps on the ground making there numbers 
appear tower than they are. Out on the mat the 
shade cover that prevents the water from 
evaporating coutd have attracted organisms to 
the traps making densities appear higher than 
they are. Aiso the rainy season begin about hatf 
way into the study and seemed to have an effect 
on some species abundance. This was primarily 
noticed with type # 2.

So is this an extreme environment? 
WeH, it is a hypersaiine environment with 
salinities reaching up to 132ppt and temperatures 
ranging from 20 to 44°C (Magudia). The mat 
also experiences dramatic changes in water level 
from 26.5m below ground level to being 
completely submerged with water levels 4cm 
above ground level. Any organism living here 
would have to be able to tolerate high 
temperatures and salinity and frequent flooding. 
Although "extreme" is dependent on ones point 
of view most life could probably not handle 
living under these conditions and would 
therefore view this as an extreme environment.

Conclusion
A total of 2,311 organisms were 

captured containing 27 different species. The 
density and species distribution was primarily 
dictated by the two habitat types being 
vegetation and mat. Higher densities were found 
in the vegetation probably due to the greater 
available food source and cover form the sun. 
The number of species located on the mat versus 
in the vegetation was fairly similar. The mat 
contained mostly flying species found that were 
active during the day and seemed to leave at 
night. Future research should include measuring 
physical conditions along transects like 
temperature, salinity, pH, and water depth. Long 
term collections throughout a year could also 
determine the effect of the rainy season on 
species abundance. Feeding trials could also be 
run to determine what each species is consuming 
and find out more about the faunas direct 
interaction with the mat. Along with the feeing 
trials identification of all organisms would also 
help in being able to construct a food web.
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Type Total
Collected

Total
Day

Total
Night

Total
Plants

Total
Mat

Day
Plants

Day
Mat

Night
Plants

Night
Mat

1. isopod 177 103 74 152 25 85 18 67 7
2.0rthoptera, Gryllidae 441 89 352 395 46 89 0 306 46
3.Amphipoda 601 184 417 508 93 140 44 368 49
4.Lepidoptera 2 1 1 1 1 0 1 1 0
5.Hymenoptera,
Formicidae

33 28 5 33 0 28 0 5 0

6.Coleoptera 46 12 34 7 39 3 9 4 30
7.Dermaptera,
Forficulidae

2 0 2 1 1 0 0 1 1

8.Co!eoptera 72 13 59 20 52 1 12 19 40
9. Diptera 8 2 6 3 5 0 2 3 3
lO.Diptera 618 588 30 45 573 40 548 5 25
11 .Diptera 17 5 12 3 14 0 5 3 9
12.Diptera 6 2 4 6 0 2 0 4 0
13.Hymenoptera,
Formicidae

147 134 13 141 6 132 2 9 4

14. Diptera 3 2 1 1 2 1 1 0 1
15.Diptera 1 0 1 0 1 0 0 0 1
16.Co!eoptera (Larva) 3 0 3 0 3 0 0 0 3
17.Coloptera 4 2 2 4 0 2 0 2 0
18.Isopoda 1 1 0 1 0 1 0 0 0
19. Diptera 3 3 0 3 0 3 0 0 0
20.Diptera 111 106 5 17 94 16 90 1 4
21 .Hymenoptera, 
Formicidae

1 1 0 1 0 1 0 0 0

22.unknown 2 2 0 1 1 1 1 0 0
23. unknown 3 3 0 0 3 0 3 0 0
24.unknown 1 1 0 0 1 0 1 0 0
25.Hemiptera 3 2 1 0 3 0 2 0 1
26.Araneae 4 4 0 0 4 0 4 0 0
2 7. Diptera 1 1 0 0 1 0 1 0 0
Total 2311 1289 1022 1343 968 545 744 798 224
Appendix 1
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ABSTRACT. Karst morphology appears as a prominent erosional feature on carbonate platforms fronting the Motu of 
Moorea, French Polynesia. Conglomerate platforms on Motu Temae Motu Tiahura, and Motu Ahi show varying levels 
of karstic influence. The horizontal surface topography of these platforms and the presence of hydrologic and lithologic 
layering present an environment in which karst pools may develop. Interaction between the platform with both fresh 
water from rain and seawater from the adjacent lagoon leads to the formation of pool and basin structures which erode 
vertically as well as horizontally through the platform and in some cases out to the lagoon. Two distinct evolutionary 
systems are recognized within these pools with stages of development defined for each system. Throughout the 
development of these pools, defining characteristics including surface textures, influx systems, drainage systems and 
physical morphology change and evolve. Differences in both small and large-scale structural elements over the area of 
the platform dictate where and how pools develop. The formation and evolution of these karst pools does in some cases 
effect the morphology of the platform on a larger scale. In addition to acting as an erosional mechanism for the 
platform, karst pools can also act as depositional environments for new sediment and material.

1. Introduction
Karst erosion is an influential process in 

tropical regions with typical rates of erosion 
calculated at 45kg/kn?/year (Drew, 1985). With 
such high karst erosion rates noted in the tropics, 
one expects exposed limestone in these areas to 
exhibit well known karst morphologies. The 
conglomerate platforms which occur along the 
barrier reef faces of the Motu of Moorea, French 
Polynesia provide an environment prone to rapid 
lithification and solution of the calcium 
carbonate material they are made of. Karst type 
morphology is visible on these conglomerate 
platforms including karst pools similar to karstic 
basins documented in the Bahamas (Bourrouilh- 
Je Jan, 1998). The conglomerate platforms 
present on the five motu of Moorea, French 
Polynesia have been suggested to be deposited as 
a result of large storms and cyclones. (Murphy, 
1992) As a storm or detrital deposit these 
structures contain clasts ranging in size from fine 
sand to large coral boulders which creates a 
unique environment for erosional and 
depositional processes.

This study examines the surface karst 
features of the conglomerate platforms on the 
Motu of Moorea to whether there is a systematic 
evolution to the erosion of these platforms. 
Further investigation is then made into the nature 
of the features present and the dominant 
environmental processes that influence the karst

erosion. Bourrouilh-Je Jan (1998) describes the 
karstification of shallow water carbonate 
platforms in the Bahamas and the Tuamotu, 
finding that lithification and solution occur 
simultaneously in these environments with both 
freshwater and sea water adding to the 
development of these karst systems. The 
platforms involved in this study are partially 
emergent and partially submerged. Cementation 
of subaerial and submarine carbonates differ 
according to Matthews (1969). This study also 
examines whether structural differences between 
subaerial and submarine cemented environments 
influence erosional evolution. Alternatively a 
null hypothesis is that karst features on the 
conglomerate platforms evolve in the same 
manner and by the same physical and chemical 
processes at all locations along the platforms 
regardless of structure on a large or small scale.

2. Methods

2.7
All field work for this study was 

conducted along the conglomerate platforms on 
the barrier reef sides of Motu Temae, Motu 
Tiahura and Motu Ahi all of which are located 
on Moorea, French Polynesia (17°30' S, 
149°50'W). Field experiments were performed 
primarily at Point Aroa (17°28.402'S, 149° 
46.419'W) on the northwestern end of Motu

mailto:waljeski@eps.berkeley.edu


Temae with observations for comparison made at 
Motu Tiahura and Motu Ahi. AH experiments 
and observations were carried out during 
October and November 2003.

**' *Motu
Motu Tiahura Temae (Point

b.
Figure 1 . a. Map of French Poiynesia, b. Map 
of Moorea depicting field sites. * depicts primary 
area for field experiments.

The study area at Aroa Point represents 
only a small section of the large conglomerate 
platform present along the front of motu Temae. 
This field site includes the area 100m west of the 
light at point Aroa all the way to the eastern most 
end of the platform.

MotuTiahura( 17 °29.179' S, 149 °46.419' 
W) is located on the northeastern comer of 
Moorea. The conglomerate platform runs along

the length of the motu on the barrier reef side 
and ranges in width from about 3 to 25m.

Motu Ahi is located on the western 
coast of Moorea just offshore from the village of 
Afareaitu. The conglomerate platform runs along 
the western side of the motu and wraps around 
following the trend of the barrier reef. The 
platform width at Motu Ahi ranges from less 
than lm to 40 m.

2.2 FfeM fFoWi
The conglomerate platform at Temae 

was observed at times corresponding to different 
tidal situations including morning low tide 
(6am), midday high tide (12pm), and evening 
low tide (6pm). This observation was performed 
to grasp the type of water movement and influx 
that affects different parts of the conglomerate 
platform. In an attempt to simulate storm like 
conditions and the influence of large storm 
events on the platform, observations were made 
during a period of large swell (October 9, 2003) 
and during two periods of rain.

In surveying the larger part of the 
western end of the platform the Western most 
200 meters of the platform were chosen for use 
in field experiments due to their intense 
karstification. All pools were recorded in terms 
of distance from the lagoon platform interface, 
relative size ,the composition and texture of the 
wall and bottom cement, the composition and 
texture of the surrounding cement, whether the 
platform location containing the pool was being 
undercut by a current, connections to other pools 
or the lagoon, observable intake and drainage 
systems, and the presence or absence of loose 
material.

Upon analyzing all pool data collected 
the pools were separated into subcategorical 
systems based on common characteristics.
Each pool system was then further separated into 
developmental stages beginning with the un­
pooled surface cement and ending pool that 
could signify the end of that system. Stages were 
defined by their various cement textures, the 
drainage and influx systems visible and any 
unique morphologies that appeared characteristic 
of that particular stage.

In order to determine the effect of tides 
on different systems and stages, stages were 
tested for drainage and influx at both high and 
low tide. To test drainage, flouresein dye was 
diluted in seawater and then added to water in 
the pool. The path of the dye functioned to track 
the path of water entering and exiting the pool.
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In order to better understand the 
distribution of different stage pools atong the 
platform, a count of poo! stages was made over 
the who!e study site at Point Aroa. Starting at the 
furthest island structure west of the Point Aroa 
!ight, the length of the platform was walked and 
pools of each stage in each system were tallied.
&37MJ9/mg

Hand samples were taken from key 
platform layers and cement types using a rock 
hammer and chisel. These samples were then 
observed with a hand lens and in some cases 
examined in thin section with a petrographic 
microscope.

3. Results

3.7 /MfroJMCfzoM
The fieldwork performed at the 

Point Aroa field site resulted in the
characterization of two distinct karst pool 
systems. These systems are referred to as the 
near lagoon system and the inland system named 
primarily for the dominant location of each. By 
observing each pool system, characteristic stages 
could then be defined to describe the 
development of each pool system. The 
following systems were described from 
observation made at Point Aroa. Karstic features 
at Motu Ahi and Motu Tiahura were also 
observed to compare features with those present 
at Point Aroa.

3.2 JVear Lagoon
The near-lagoon system is defined as 

occurring near the edges of the conglomerate 
platform in contact with the lagoon. This area is 
affected continually by rising and falling tides, 
wave action, and longshore current. Interaction 
between the platform edge and the lagoon also 
create a layering system between the vadose and 
phreatic zones (figure 2) which is characteristic 
of this pool system. The near lagoon system 
contains 7 distinct developmental stages.

3.2.7 Geo/ogy
The area of the field site dominated by 

the near lagoon system is largely horizontal with 
few large boulders cemented on top. Towards the 
western end, the platform breaks into island type 
structures. The island structures as well as the 
area connected to the main platform is layered 
with what appears as an erosional gap just below 
the high tide line (figure 2). This gap separates 
the vadose and phreatic layers. The upper vadose 
layer contains poorly sorted clasts of coral heads

and other calcareous material. Closest to the 
edge of the platform it is difficult to distinguish 
between clasts due to the extreme pitting. In the 
phreatic layer, algae and bioerosion prevent 
clasts from being distinguishable.

Figure 2. Boundary between vadose and 
phreatic layers. Field notebook (20cm height) 
shown for scale. Porosities in the vadose layer 
are 25-60% while those in the phreatic layer are 
10-30%. (Nunn, 1994)

Figure 3. northwestern edge of platform from 
Point Aroa. Flagstone surface texture on top of 
platform. Island structures in the distance are 
characteristic of near-lagoon system.

3.2.2 Pefro/ogy
In thin section the samples taken from 

the near lagoon setting show a distinction 
between material in the vadose layer and
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materia) in the phreatic layer. Sample TA01 
represents the uppermost cemented layer in the 
near lagoon system. In thin section individual 
calcite clasts are surrounded by finer grained 
cement and large pores. There is no evidence of 
secondary crystallization. Sample TA05 
represents the area of the platform just below the 
vadose-phreatic boundary. This sample is taken 
from just underneath the erosional gap that 
occurs at this boundary. In thin section one can 
see evidence of secondary crystallization with 
finer grained crystals of calcite rimming the 
conglomerate fragments.

3.2.3 TVear- IngooM Stagey 

&age 7
Stage 1 in the near lagoon system is 

defined by the texture and relief of the 
conglomerate platform surface. Pool 
development has not yet started at this point but 
the surface cement is characteristic. The surface 
of the platform is rough and pitted with high 
relief on a small scale and algae covering a large 
percentage of the surface.Individual pits appear 
on the mm-cm scale

Figure 4 . Stage 1 of near-lagoon system. Algal 
colonies can be seen encrusting some of the 
surface.

Aage 2
At stage 2 (figure 5a) of the near lagoon 

system, pool development becomes visible. Pool 
shape at stage 2 is still dictated by the 
surrounding clast morphology. Pools of stage 2 
are low points in naturally occurring topography. 
Pools wall are the same in texture as the stage 1 
starting cement. Surfaces are still highly pitted 
and visibly porous. At this stage influx source 
waters are rain or wave action. Drainage of the

pool during this stage can be observed to occur 
vertically through the pitted porous cement of the 
pool walls and bottom. When such pools are 
situated above undercut ledges drainage is seen 
to occur straight through the upper layer and into 
the lagoon.

Aagg 3
Stage 3 (figure 5b) pools in the near­

lagoon system show a contrast between bottom 
cement texture and texture of the cement of 
surrounding material. Pools are shallow but 
bottom cement is much smoother with less 
pitting and less visible porosity. The influx 
system for this stage is splash from wave action 
as well as water from rain. Drainage of stage 3 
pools is vertical through the bottom cement 
although extremely shallow stage 3 pools may be 
flushed out by successive waves or may 
experience evaporation.

Aage 4
Pools at stage 4 (figure 5c) show 

physical erosion through the top vadose layer of 
the platform. The bottom of the pool has at this 
point begun to break through to the erosional gap 
that occurs between the vadose and phreatic 
layers of the near lagoon platform environment. 
Breakthrough to this erosional gap beteen layers 
offers a new pathway for both influx and 
drainage. Influx is derived from wave splash, 
rainwater, and now during high tide water may 
enter along the boundary between the vadose and 
phreatic layers. Drainage also takes advantage of 
this new pathway. Water may also drain via 
porous flow through the pool walls.

Aoge 3
At stage 5 (figure 5d), pools have 

similar physical morphology as that of stage 4. 
Pool wall texture is similar to that of stage 4 but 
the pool bottom fully reveals the boundary to 
the phreatic layer. Influx is derived from rain and 
wave action but flow along the erosional gap at 
the phreatic boundary has increased and the pool 
may be filled or drained along the boundary 
layer during tidal fluctuations. At Stage 5 the 
drainage pathway along the boundary layer may 
erode enough to create a window like structure 
on the lagoon side of the pool at this layer.
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Window
structure

a.

influx and 
overflow

Figure 5. Erosional evolution of near lagoon system including stages 2-7 shown in cross-section, 
a. stage 2 pool, b.stage 3 pool, c. stage 4 pool. Erosional gap at boundary between vadose and 
phreatic zones is shown, d. stage 5 with window structure at boundary layer, e. stage6 showing 
window structure and dominant inflow and overflow channel. F. stage 8 pool.
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f.

Figure 6. Photographic documentation of stages2-7 of the near lagoon system at Point Aroa. a. 
Stage 2 b. stage 3 c.stage 4 d.stage 5 e.stage 6 f. stage7
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*S7<3ge 6
Pools at stage 6 (figure 5e) often have 

developed window structures at the vadose 
phreatic boundary layer. In addition a dominant 
influx channel may be developed showing the 
preferred direction for influx and drainage during 
periods when the pool overflows. Influx during 
stage 6 comes from rain, wave action or water 
flowing along the erosiona! gap or window 
structure during high tide. During low tide 
dominant drainage is along the vadose-phreatic 
boundary while at high tide when the erosional 
gap may be submerged, drainage may be both 
along the boundary as well as through the pool 
walls. During storms or large swells, drainage 
and influx tends to occur along the newly formed 
dominant influx channel located near the pool 
surface.

*S7#ge 7
Stage 7 (figure 5f) is the final stage of 

the near-lagoon pool. At this stage the pool wall 
closest to the lagoon has been completely eroded 
away. The pool is now open to the lagoon. The 
bottom of the pool may or may not have eroded 
down below the low tide level, meaning it may 
be left dry at low tide. Influx and drainage during 
this stage are highly dependent on tidal 
fluctuations as there is no longer a barrier 
between the pool and the lagoon.

3.2.4 Poo/
Within the Point Aroa field site at motu 

Temae a total of 253 pools belonging to the near 
lagoon system were counted. The distribution 
between the various stages is shown in table 1. 
Stage 1 is not included in this table as it 
represents the starting surface cement of the 
lagoon system.

Stage# Number of 
pool

Percent of 
total pools

2 102 40.3
3 101 39.9
4 33 13.0
5 6 2.4
6 5 2.0
7 6 2.4
Table 1. Abundances of near lagoon stages 2-7 
in the Point Aroa field site.

The inland pool system dominates areas 
of the platform that are removed from the 
platform lagoon interface. This area is not 
affected by tidal influences on a daily scale. 
Ocean water influx occurs only from high tides 
combined with storm conditions such as large 
waves and swells which are sufficient to deliver 
lagoon water onto the platform. This system is 
broken down into 5 characteristic stages.

3.3.7 Geo/ogy
The inland system, system B occurs in 

areas of the platform where the conglomerate 
appears highly cemented at the upper most 
layers. The uppermost 20cm of the platform 
surface is often made up of a flagstone or shingle 
structures. This uppermost layer appears well 
cemented both with the naked eye and in hand 
sample.Individual clasts are visible but they 
occur with very little relief. Below the flagstone 
cap layer the conglomerate material becomes 
more easily recognizable as individual clasts. 
These clasts are poorly sorted and while towards 
the lagoon the large clasts are well-cemented, on 
the motu side of the platform this lower layer is 
poorly consolidated and barely cemented.

3.3.2 *S7#gay

*S7age 7
Stage 1 of the inland surface refers to 

the initial surface texture and composition of the 
platform within the areas dominated by this 
system. The surface ranges from extremely flat 
and smooth with little pitting, to areas that are 
composed of a layer of large flagstone like 
structures that may demonstrate some pitting.

,S7#ge 2
The first appearance of pooling in the 

inland system occurs as topographic lows in the 
surface cement with channels from the flagstone 
joints leading to a central depression. Influx 
during this stage is due to rain and waves large 
enough to reach far back on the platform. 
Drainage of this stage occurs vertically through 
the pool bottom cement or along the joint 
channels that may lead to topographically lower 
pools.
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c.

e.

Figure 7. Photo-documentation of stages 1-5 of 
the inland system at Point Aroa. a. stage 1 
showing flagstone texture, b. stage 2 c.stage 3 
showing joint channels d. stage 4 e. stage 5
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At stage 3 the central pool begins to 
deepen and associated joint channels leading into 
the central pool begin to widen. Influx during 
this stage is due to large waves during high tides, 
large swells or storms and rainwater. Drainage 
during this stage is along joint channels when the 
pool is overfilled either by heavy rains or large 
waves but when the level reaches below the 
overflow point, the dominant drainage is vertical 
through the bottom cement. Evaporation is noted 
in some pools of this stage.

At stage 4 in the inland system, pools 
have eroded vertically through the flagstone cap 
layer and the pool bottom begins to reveal a new 
lithologic layer. This new bottom layer is made 
up of distinguishable clasts in finer cement. 
Influx for this stage can come from rainwater or 
large waves and swells. In the case of water 
entering from the lagoon, the developed joint 
channels between nearby flagstone pieces 
provide directed pathways. Drainage occurs 
vertically through the new bottom texture or in 
some cases under the flagstone layer.

Aage 3
Pools in stage 5 of development exhibit 

pool bottoms that have fully eroded through the 
flagstone cap layer and begun to erode down into 
the underlying poorly consolidated layer. Both 
pool walls, and bottom in this stage are 
dominantly made of poorly sorted 
unconsolidated clasts. Individual clasts of detrital 
coral are visible and easily distinguishable. 
Cementing is often poor and porosity may be 
low enough to be visible to the naked eye. Influx 
of water comes from rainwater and large waves 
or storm swells. Drainage during this stage 
occurs through the pool walls and bottom. Pools 
in stage 5 often collect small pieces of 
unconsolidated material.

3.3.3
In the Point Aroa field site at Motu 

Temae a total of 115 pools were found in the 
inland system. The number of pools found of 
each stage of the inland system is shown in table
2. Stage 1 abundance does not appear as it 
represents the starting surface cement and does 
not yet show pool erosion.

Stage # Number of 
pools

% of total 
pools found

2 54 47.0
3 37 32.1
4 19 16.5
5 5 4.3
Table 2. Abunc 
Point Aroa field

ances of inland stages 2-5 in the 
site.

3.4 MofM TYa/nvr#
The conglomerate platform at Motu 

Tiahura demonstrates a similar visible layering 
to that of the field site at Point Aroa. The surface 
of the platform at Motu Tiahura showed more 
occurrence of the flagstone texture and was 
dotted with many large coral boulder cemented 
on top of the horizontal platform. The lateral 
ends of the platform were broken into island 
structures larger than those at Point Aroa. Many 
pools were filled in with sand and other detrital 
material. Late stage near-lagoon system pools are 
common creating a platform edge that is dotted 
with island structures and small peninsulas.

3.3 MofM /f/n
The conglomerate platform at Motu Ahi 

appears erosionally different than that at Point 
Aroa. Undercutting along the lagoon edge is 
extreme. There is a small back lagoon that occurs 
between the platform and the main motu with 
only small areas where connections are subaerial. 
Karst pooling at Motu Ahi is not common aside 
from small early stage pools on the surface. 
Other erosiona! features appear dominant on this 
platform.

4. Discussion

q/'near-Zagoon
Stage 1 of the near lagoon system 

exhibits the most extreme pitting of all the 
cements seen in this study. This stage is 
occurring on the top most layer of the near 
lagoon platform environment. The algal layer on 
top of this cement may be adding to the 
karstification of the surface on a microscopic 
scale through a phenomenon referred to as 
phytokarst (Patterson and Sweeting, 1983). The 
formation of phytokarst can happen on a very 
short time frame, in as little as four years(James 
and Choquette, 1984). This is an area where new 
clasts originating from the lagoon will be 
deposited and may undergo simultaneous 
lithification and solution (Bourrouilh-Je Jan,



1998). With the possible rapid formation of 
phytokarst and cementation of newly deposited 
clasts, the texture of stage 1 is likely to 
continuously erode and lithify in a rough manner 
with no time for any smoothing of cement. As 
this stage is entirely in the vadose layer, any 
water infiltrating the surface from above will 
flow down due to gravity and porosity and 
therefore it will act to constantly dissolve 
calcium carbonate from the top most layer and 
carry it farther down in the platform to be 
reprecipitated or carried into the lagoon waters 
(Nunn, 1994).

Stage 2 pools in the near lagoon system 
are the product of lower topography. If enough 
water is deposited on top of the platform there 
will be a flow toward the low points. The 
bottoms of these stage 2 pools still reflects the 
morphology of the clasts that form it but as the 
pool is inundated by both fresh water and sea 
water the dissolution and reprecipitation of the 
pool bottom will act to gradually form a 
smoother, less porous bottom cement that is 
characteristic of stage 3 pools. This planed down 
bottom cement may be due to the shallow nature 
of these early stage pools. Early stage pools are 
subject to influx, flushing and evaporation, all of 
which may cause rapid dissolution and 
precipitation. As stage 3 pools erode vertically 
due to the vadose dissolution process described 
by Nunn (1994) it is likely that most 
topographically low pools will receive some 
drainage from neighboring topographically 
higher pools and cause them to combine into 
larger later stage pools. This may explain why 
the abundance of earlier pool stages such as 
stage 2 and 3 is higher than that of the later 
stages 4,5,6, and 7. (Table 1)

As pools evolve between stage 3 and 
stage 4 the volume increases so they are capable 
of holding greater amounts of water. This 
increased volume allows them to erode vertically 
and horizontally as the water moves from the 
pool into the porous surrounding cement. Once 
the pool bottom of stage 3 pools reaches the 
vadose-phreatic boundary the subsequent stage 4 
pool will take advantage of the differences in 
porosity between these layers (Nunn, 1994) and 
drain along the erosional gap. This erosional gap 
provides a new pathway for both influx and 
drainage. A hypothesis is that this pathway 
becomes the favored drainage route for pools of 
this stage which then accounts for the increased 
erosion along this boundary and the window 
structures often associated with stage 5 pools. 
This newly formed window structure in stage 5

pools means that both influx and drainage are 
likely to occur at this point during tidal changes. 
As the platform edge continues to erode 
vertically, a channel is eroded above the window 
structure leading to the morphology of a stage 6 
pool. As wave action physically erodes the pool 
wall above the window structure, rainwater will 
likely continue to erode the overlying channel 
until the two erosional features meet and the pool 
is open to the lagoon in its final stage 7 form. If 
the stage 7 pools occur on a peninsula like 
structure or an area of platform surrounded on 
two sides by water then there is the possibility 
that erosion of the back pool wall will result in 
the formation of island structures like those seen 
in figure 8.

4.2 Evo/Mh'oH of fAe m/anaf
The inland system of karst begins with 

flagstone surface cement defined as stage 1. This 
surface on a large scale is very flat allowing rain 
and lagoon water that infiltrate the system to 
deposit in extensive shallow pools. Water 
directed into these pools by the joint channels of 
the flagstones helps to define the stage 2 pool of 
this system. The early stages of the inland 
system appear to have surface cements of 
relatively low porosity. This is observed both in 
the slow drainage of these pools as well as in 
hand sample. The presence of this well cemented 
cap layer may be due to possible higher 
evaporation rates in these shallow regions with 
large surface area. If these areas are inundated 
with freshwater which will immediately act to 
dissolve the surface layer, and then are subject to 
evaporation that will oversaturate the water 
causing precipitation, then a smoother less 
porous surface cement would be expected. This 
may also explain why there is very little relief of 
individual clasts visible in the early stages of this 
system. Beneath this cap layer is a less 
consolidated poorly cemented layer. This porous 
and poorly consolidated conglomerate layer 
allows stage 4 and 5 pools to erode vertically as 
surface water flows with gravity and 
subsequently erodes this bottom layer. The 
highly porous nature of this layer may be due to 
influx of fresh ground water coming from the 
motu. This can be thought of as the phreatic 
freshwater lens described by James and 
Choquette (1984). The presence of fresh 
groundwater flowing out from the motu may also 
help to explain the erosion of the platform on the 
motu side. The late stage inland system pools at 
Point Aroa very commonly contain rubble-sized 
sediment suggesting simultaneous deposition and
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erosion making it difficult to create a well 
consolidated lithology.

At the conglomerate platform of Motu 
Tiahura most of the surface cement appeared 
similar to that of the inland system at the Point 
Aroa field site. This may be due to the high 
influx of small sand sized sediment into the 
developing pools. Studies in the Bahamas 
showed subaeria! carbonate sediments to cement 
rapidly under tropic conditions. (Davis, 1996) 
Large coral boulders cemented to the top of the 
platform are more common at Motu Tiahura than 
at Point Aroa suggesting that influx of materia! 
from large storms is common here.

The conglomerate platform at Motu Ahi 
shows far less karst pooling than at the other 
platforms in this study. Undercutting on the 
lagoon edge of the platform is extreme 
suggesting that dominant erosion along the 
platform edge is from the bottom up perhaps in 
part due to the longshore current that runs along 
the barrier reef side of Motu Ahi. This 
undercutting may be responsible for collapse of 
platform edges before late stage pools are able to 
develop.

Figure 8. Island structures at northwestern tip of 
Motu Temae. Stage 7 pool present in middle 
island

Conciusions
Structural and lithologic variations 

within a conglomerate platform give rise to 
distinct systems of development in the formation 
of karst pools. Stages within systems may have 
similar traits but overall evolution of a stage 
within a particular system differs depending 
upon the physical structure of the platform at that 
location as well as the dominant intake and 
drainage systems that can be associated with the 
stage. The karst pools occurring at Point Aroa on 
Motu Temae show a systematic evolution that 
starts with surface cement and develops into a 
large scale erosional feature. Karst pools in this 
area can be categorized into stages belonging to 
two distinct evolutionary systems defined as a 
near-lagoon system with 7 distinct stages and an 
inland system with 5 stages. While karst erosion 
on Motu Tiahura and Motu Ahi share some 
similar features with that of Motu Temae, the 
dominant erosional mechanism at Motu Ahi 
appears to be undercutting and collapse of the 
platform edge. Karst pooling is a prominent 
feature at Motu Tiahura but the development of 
the pools looks to be a combination of the two 
systems found at Point Aroa. The majority of the 
surface cement at Motu Tiahura is similar to that 
in the inland system of Point Aroa yet the near­
lagoon layering system is still a prominent 
influence in pool development on Motu Tiahura.

The layering of the platform into the 
vadose and phreatic zones with an erosional gap 
in between acts as a major influential structure to 
the development of both systems at Point Aroa 
and Motu Tiahura.

Future research may be interested to 
investigate the chemistry of the karst erosion of 
the conglomerate platform and how changes in 
rainfall and ocean surface salinity effect the 
development of pools at different times of the 
year. It is also possible that the other Motu of 
Moorea may offer environments that present 
further systems of development of these karst 
pools.
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The Reiationship Between Wave Energy and Features on the Barrier Reef of
Moorea

Jasper Billings
Department of Environmental Science Policy and Management

ABSTRACT. Wave energy correlates to certain features found on barrier reefs. Fourteen sites around Moorea were selected 
based on varying wave intensities. 40 meter transects measured the reef crest and forereef parallel to the barrier reef. The 
forereef transect depth was 4 meters. The features measured on the reef crest are: 1. Width of reef crest, 2. Percent algae cover,
3. Percent turbinaria cover, and 4. Topographic complexity. Four additional features measured on the forereef are: 1. Dominant 
coral growth type, 2. Height of dominant coral, 3. Percent cover of live coral, and 4. Percent presence of spur and groove. Wave 
energy at each site was based on buoy data from the last 3 years that recorded height, period and direction. Using this data, wave 
energy per area was calculated using the equation Ew=l/8(pgH")* The relative contribution to each site from a single wave event 
was then calculated using the wave energy component perpendicular to the shore orientation. Wave energy (the treatment) was 
compared to each measured feature. Based on an analysis of variance, there were significant treatment effects on crest width 
(p=0.0050), topographic complexity (p=0.0006), coral height (p=0.0415), and percent presence of spur and groove (p=0.0009). 
No significant treatment effects were found on algae cover (p=0.3855), or percent cover of live coral (p=0.3214). Turbinaria 
percentages were applied to a non-parametric Kruskal Wallis test, showing no significant treatment effects (p=0.4336).

*Ew = Wave Energy in [j/m̂ ] where:
p=density of sea water, a constant of 1025 kg/nr 
g=acceleration of gravity, a constant 9.8 m/s 
H-wave height

Introduction
M arine environments are heavily shaped and controlled by physical processes (Stoddart 1969). 

Some o f the most influential marine processes are currents, wave action, and upwelling. W ave action is 
one of the most powerful o f these forces, and was chosen for study because it is one of the most 
influential processes on reef environments. M oorea is an ideal location for an analysis of varying wave 
energies due to the fact that the south side of the island receives considerably more wave energy than the 
north. Barrier reefs can be divided into various zones based on biological and physical differences 
(Krupp 2001) In this study the zones chosen for research were the reef crest and the forereef because they 
are the two zones most impacted by high turbidity. Observation o f these zones at several sites showed 
clear visual differences between varying wave intensity sites. From these observed differences I decided 
to base my research on finding a relationship between these visual differences and wave intensity.

Although the geologic history o f barrier reefs is well documented, little is known about the 
current physical processes that shape and control physical and biological features on a smaller time scale. 
Previous studies on major features of reef topography are few and largely unsuccessful due to difficulties 
in Held measurements and calculation of wave energy. (Stoddart 1969) This study began with an initial 
survey of various sites around the island. Based on this initial week-long study, several observations 
were made. These observations primarily include that as wave energy increases: 1. The width of reef crest 
increases, 2. Algal growth is enhanced, 3. Percentages of turbinaria increase, 4. The frequency and size 
spur and groove systems increased, 5. Coral densities increase, 6. Height of corals decreases, 7. 
Topographic complexity increases, 8. The reef crest distance from shore increases, 9. The depth of the 
reef crest increases, and 10. The species richness, or diversity, o f corals on the forereef changes. 
Considering these ten observations, the equipment available, and the feasibility of measurements with a 
time constraint., the following eight features were chosen to serve as the basis o f research: 1.Crest width,
2. Percent cover of algae, 3. Turbinaria percentages, 4. Topographic complexity, 5. Dominant coral 
growth types, 6. Percent presence o f spur and groove, 7. Percent cover of live coral and 8. Height of live
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coral.

Materials and Methods

Fourteen sites were selected around the island. These sites were chosen based on obtaining 
representation of all possible wave intensity areas. Furthermore, the sites selected were in areas free from 
much additional physical influence in order to control for wave energy. Thus, sites were also chosen 
away from passes to decrease the physical influences of such factors as currents, fresh water and nutrient 
input found at and near passes. Sites were predetermined prior to data collection and reached using a 
kayak or a boat. Two 40 meter transects will be done at each site; one on the reef crest and a second one 
just outside the reef crest on the forereef, at a depth of 4 meters. Figure 1-1

Wave Energy:
Exact wave energies were calculated for each site and placed into a categorical scale 1 to 5, from low 

to high. The calculation was based on information received from Meteo France, the weather information 
center of French Polynesia. Three years worth of wave information was obtained including dominant 
height, period, and direction for each day. The first step of obtaining an energy value for each site was to 
plug wave height into a wave energy equation to receive total wave energy [j/mq per area of a sinusoidal 
wave for every day in the three year period. This equation is Ew=(l/8)pgH"

Ew = Wave Energy in [j/m ] where:
p=density of sea water, a constant of 1025 kg/m^ 
g=acceleration of gravity, a constant 9.8 m/s 
H=wave height

The daily energy values are a measurement of 
energy for a given wave front from a given 
direction. Every site has a different shore 
orientation, meaning that a particular site may 
face directly toward a dominant swell 
direction on a given day, therefore receiving a 
full amount of energy from the high exposure 
to the swell event. While one site may receive 
all the energy from this type of swell event, 
another site on the opposite side of the island 
with very little to no exposure to the given 
swell event will receive little to no energy. To

calculate how much of the available energy from a particular wave front (C) reaches a given site (B), the 
shore orientation (in degrees) (A) was subtracted from the direction of the dominant swell event (in 
degrees) (E) to obtain alpha. Alpha is used to derive the component of energy received by the site (D). 
(D) represents the component of energy because alpha and the angle completing the Z shape (where (B) is 
the bottom left point of the Z) are alternate interior angles. This creates two angles equal to each other, 
just as (A) and (D) form equal angles. The equation is completed by evaluating the problem as a right 
triangle, and therefore, solving for the component of energy through geometric means. In the triangle 
above, (E) is the Hypotenus and (A) is the adjacent angle; therefore the cosign function is multiplied to 
alpha and to the energy available in (E). The portion of energy in a given wave front that reaches each 
site on each day was added together to find the total amount of wave energy reaching each site over the 
three-year span. The energy totals for each site were then compared and placed into a categorical scale of 
one to five from lowest to highest total energy value.

Reef Crest:
Materials:
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-40 meter constructed transect tape that doesn 't float because it has large nuts fastened on it at
every meter
-meter stick
-1 meter chain
-1/4 meter quadrat
-dive slat to record data

Topographic Complexity: lm  length of chain is laid parallel to the barrier reef three times per transect at 
0-1 M, 20-21 M, and 40-41 M. This 1 meter chain is rests against the surface in all o f the crevices, cracks 
and bumps on the reef crest so that it is not fully extended. Thus, the chain measurement from the 
beginning to the end results in a distance less than 1 meter. This distance is the measurement of 
topographic complexity.

Width of reef crest: I am choosing to define a reef crest using substrate, slope, and morphological 
structures. On the lagoon side, the reef crest begins where the substrate changes to solid rock (calcium 
carbonate platform). If this point is difficult to distinguish then it will be defined by slope. W hen the 
slope is less than 2%, the reef crest will begin. On the ocean side, the reef crest will end at the first signs 
of spur and groove and/or at a change in slope to greater than 2%. This measurement is taken at 20 M (or 
the middle of the transect).

Algae Cover: A quadrat will be used at nine places every 5 M to determine the percent algae cover on 
solid rock.

Turbinaria Percent: A quadrat will be used to determine the percentage of turbinaria present every five 
meters at the same nine places along the transect as the algae cover procedure. This turbinaria percentage 
is a measurement of the percent of turbinaria present in relation to all algae present.

Forereef:
Materials:
-Transect line- 40 m eter rope with nuts fastened to it every meter 
-M eter stick 
-dive slate

Dominant Coral Growth Type: The dominate coral growth type will be recorded based on visual 
observation from looking down on the transect line every square meter. The dominant coral is the largest 
and productive looking coral within a square meter. There are seven growth types or functional forms to 
choose from: 1. Free living, 2. Encrusting, 3. Columnar, 4. M assive, 5. Branching, 6. Rosettes, and 7. 
Table

Percent Cover o f Live Coral: This will be recorded from above every five meters, or nine times per 
transect. This is a measure o f the percent of live coral present within a meter squared.

Height of Coral: The height of the coral will be measured with a meter stick every five meters which is 
nine times for each transect. This is measured with a m eter stick from the uphill side of the dominant 
coral.

Percent Presence of Spur and Groove: Along each transect, the width and location of each single spur and 
groove feature will be recorded. Based on this data, a percent of spur and groove present within the 40 
meters will be calculated.

Results
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B ased  on an analysis o f  variance, there  w ere s ign ifican t trea tm en t effects on crest w idth  
(p=0.0050), topographic complexity (p=0.0006), coral height (p=0.04)5), and percent presence o f spur 
and groove (p=0.0009). N o significant treatm ent effects w ere found on algae cover (p=0.3855), or 
percent cover of live coral (p=0.3214). Turbinaria percentages were applied to a non-parametric Kruskal 
Wallis test, showing no significant treatment effects (p=0.4336).
Treatment with an analysis of variances was performed for each feature unless variance tests were 
violated. The Krustal Wallis test was used for the turbinaria percentages, which is a non-parametric test 
with a different assumption of variance. The one-way ANOVA test was used to examine the influence of 
wave energy on response variables, accompanied by the post Hawk Tukey test in the case that a 
significant influence was detected. Unlike the ANOVA, The Tukey indicates where the difference 
actually lies. ANOVA revealed a significant influence of wave energy on crest width, topographic 
complexity, coral height, and spur and groove percent (FDFtreatment4,DFerror9, P=0.05). ANOVA revealed 
no significant influence of wave energy on percent algae cover, turbinaria percentages, and live coral 
cover (FDFtreatment4,DFerror9, P=0.05). For turbinaria percentages, the Kruskal-Wallis test (a non-parametric 
test) was also used but failed to reveal significant treatment effects. For dominant coral growth type, 
there was little to no difference between sites, nor was there a difference between growth types present 
due to rosett-type dominance.
See Appendix Tables 1-1 through 1-8 and 2-1 through 2-7 

Discussion

It is important to note that many physical factors apart from wave energy affect each site. There 
is no control, nor measurement, for these factors. Current flow, water temperature, water clarity, salinity, 
upwelling, dominant wind, and surface currents are all physical factors that could potentially have 
variable effects on each site. Effort was made to control for wave energy as much as possible by selecting 
sites away from passes.

Problems or inaccuracies associated with wave energy or buoy data were also found. Firstly, it is 
important to restate that my energy calculations are based on the daily average wave height and the 
dominant swell direction. Therefore, this is not a calculation of the total energy received at each site 
because it does not include energy measurements for every single wave impacting each site each day. 
These calculations are also missing the non-dominant swell information. This means that the final total 
energy values for each site are not actual total energy calculations because they are based on a single 
average wave height from one direction for each day. However, the 3-year data collected is the only 
information obtainable for energy estimations and it is not possible to get actual energy calculations for a 
single site over a long period of time. The information itself could be flawed. This information came 
from an offshore buoy and the location of this buoy could greatly affect the quality of this data. If the 
buoy was very close to an island, there would be a large amount of island shadowing. This results in less 
or smaller wave heights from a specific direction, depending on what side of the island the buoy was 
located. It is also important to know that this information is most likely intended for Tahiti and not 
Moorea. This could also lead to discrepancies in data because Tahiti shadows a lot of the swell energy 
from the east. This means that the intensity values assigned for the east side of Moorea could actually be 
less than their designated amount in this study.

A strong correlation found between crest width and wave energy was clearly seen in the initial 
observational study and proved true through research. The only difficulties with data collection of this 
feature was at sites 12 and 13. Here, reef measurement was difficult because the reef crest was so small 
that there was no clear and defined line to where the crest started on the lagoon side. I speculate that the 
reasoning for a wider crest width in areas with more wave energy is due to the assumption that wave 
energy increases coral growth. This assumption was based on the correlation found between wave energy 
and coral height. Waves bring more nutrients and oxygen, two factors often limiting coral growth
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(Bertics 03). I hypothesize that coral growth is enhanced by wave energy, which increases the overall 
size increase of the reef crest. However, I predicted that the narrowing of the reef crest through erosionat 
processes (spur and groove) would be more rapid process than its overall size increase due to coral 
growth. Spur and groove, which proved to have a correlation with wave energy, is an erosional process 
that carries out the eroded material from shallow water down to the ocean floor. Much of this erosion 
must occur on the reef crest and relate to the overall decrease in size of the reef crest. It can be inferred 
from my study that the balance between the increase and decrease of crest width is more greatly impacted 
by the coral growth or size than erosion. In other words, wave energy assists in the growth and building 
of a barrier reef at a greater rate than its erosional effects.

There was a correlation found for topographic complexity. With the lack of research on this 
particular topic, there is little to be said about why correlation was found between topographic complexity 
and wave energy. Despite the finding of a significant correlation, it was a weak correlation. There would 
have arguab)y been a stronger correlation had a longer chain been used because the topographic 
complexity is more pronounced over a larger scale. In addition, if a longer chain were used, a greater 
amount o f reef would have been surveyed; therefore, increasing the sample area and improving the 
reflection of the natural state.

Turbinaria percentages are affected by wave energy (Denny, 1988) because enough wave energy 
will break them off the substrate and not enough wave energy inhibits growth due to a lack of nutrient 
flow and oxygen. Other factors likely affect turbinaria growth as well as wave energy because no 
correlation was found. W hat ever factors affects their growth, reproduction, or colonization (physical or 
biological factor) must vary at each of my sites. There was a trend and some kind of relationship with 
wave energy that could maybe be shown with lab experiment. 1 was just unable to prove this relationship 
in the field. Various other characteristics of turbinaria such as growth speed of, breaking rates, 
reproduction of, and substrate attachment may be related to wave energy.

Percent Cover o f Algae may be a biological feature fully independent and unrelated to wave 
energy. The growth of and many other characteristics of algae found on reef crests are likely related to 
wave energy however, my study showed that the percent cover of algae is not correlated to wave energy.

The treatment on coral height showed a correlation. Some of the primary environmental factors 
influencing reef growth and distribution are, temperature, oxygen, sahnity, water turbulence, 
sedimentation and nutrient availability. (Stoddart 1969) W aves enrich an area with oxygen and nutrients 
(Sammarco 1991) therefore creating a superior environment for coral growth. The forereef an idea! place 
for coral growth that can withstand high wave action (Cora! Reefs 2002) Some cora! growth types 
cannot withstand high turbidity or do not require high oxygen levels (Bertics 2003) The average of all the 
sites surveyed for growth type found 90% of the dominant coral to be a rosette. The forereef is the zone 
that receives the greatest amount of wave energy, (Krupp 2001) thus, one could infer that rosette corals 
are the most resistant coral growth type to high turbidity areas. Rosette corals may also thrive in these 
areas because they have a larger surface areas than other growth types which means they most likely 
require higher levels of oxygen and nutrients to adequately supply all o f the polyps. The dominant coral 
growth type did not produce any results that could be statistically analyzed because rosette corals had a 
90% or greater prevalence at each site eliminating the possibility o f comparison between growth types or 
comparing differences between sites because they all had almost identical results.

Live Coral Cover percentages found no significant correlation with wave energy. This was an 
unexpected result because during data collection this feature showed the clearest relationship based on 
visual observation. This feature did not demonstrate the expected correlation probably due to a need for 
increased sample size. The ideal conditions created by high wave energy that supported increased coral 
heights should be equally supportive in increasing in coral density.

Conclusion

Significant Correlation was found between wave energy, the treatment and four of the recorded 
features. This study showed that as wave energy increased so did the width of the reef crest, the height of
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coral on the forereef, and the percent presence of spur and groove while the topographic complexity 
decreased. While there may still be a relationship between wave energy and algae cover, percent of 
turbinaria, coral density this study was unable to establish a significant correlation. The dominant coral 
growth type found at 4 meters deep on the forereef was an overwhelmingly high percentage of rosette 
corals however did not vary in percentages from site to site.
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ABSTRACT. The distribution of the seagrass Tfa/op/H/# Ostenfeid was mapped in the Pao Pao Bay on Moorea,
French Polynesia. Comparison to a 77. distribution map from 1996 revealed that seagrass beds in the estuary,
particularly in the southeastern portion o f the bay, have shown substantial growth, while beds in the lagoon have shifted 
westward, but have not increased in size. Transplant experiments were subsequently carried out to investigate how sediment, 
irradiance, and plant type affects 7/. survival and growth rates. Seagrass beds were differentiated on the basis of
location and sediment grain size. The first 2 week transplant o f 77. from both lagoon and estuary beds showed
transplanting is more successful with estuary plants, regardless o f the sediment used for transplanting. The second 2 week trial 
revealed that transplant success is not affected by the percentage (7.01%, 17.4%, 56.72%) o f fine grain (<125gm) sediment. 
One o f the primary factors that limits growth in the lagoon bed appears to irradiance caused by light reflecting off o f carbonate 
sediment. Light tolerance transplant experiments conducted over a 50 hour period in uncovered outdoor flow-through tanks 
showed that chlorophyll from lagoon plants degrades more rapidly when transplanted in carbonate sediment (21.17% survival) 
than when transplanted in the terrigenous (72.03% survival). In addition, lagoon plants have a significantly higher survival rate 
in black (53.38% survival) sediment than in carbonate sediment. In addition, estuary plants transplanted in the same manner in 
both terrigenous and carbonate sediments experienced limited chlorophyll degradation. Estuary plants are more adapted to 
fluctuating environmental conditions, and are typically found at shallower depths and would therefore have higher survival 
rates than lagoon plants

Keywords: 77#/qp/H/a transplanting, mapping, irradiance, sediment preference

Introduction
Seagrasses are unique vascular plants in that they are 
monocot angiosperms confined to the marine 
environment. These marine macrophytes contribute 
to the detritus in coastal areas (Cushing 1976, 
Klumpp and Howard 1989), which supports benthic 
diversity and contributes to the buffering and filtering 
of nutrient and chemical inputs and removal of 
ammonia out of sediment (Short and Short 1984, 
Connell 2001). In addition, grasses buffer and 
recycle nutrients that can reduce eutrophication and 
can bind organic pollutants. Seagrass beds contribute 
to highly productive ecosystems that are 
economically important by providing a complex 
physical canopy structure for juvenile fish, and 
support high secondary productivity by providing 
substratum for epiphyte and epifaunal organisms 
(Short 2000 et al.). Seagrasses can be impacted by 
increasing human development along coastal areas, in 
particular through increase of nutrient rich runoff 
which can lead to algal blooms that shade seagrass, 
limiting growth, and out compete seagrass for 
resources.

Seagrass distribution is determined by 
various factors such as turbidity, depth, sediment type

and chemistry, and nutrient loads (English 1997). In 
the South Sulawesi both biogeochemical properties 
of the sediment type and the degree of influence from 
terrigenous run-off have proven to be important 
factors affecting the availability of nutrients to 
seagrass growth and determining the response in 
morphology, biomass and chemical composition of 
the seagrass material (Erftemeijer 1994). Seagrass 
beds are found in varying sediment types and depths 
in coastal areas. Some seagrasses have the ability to 
adjust both structure and function of light harvesting 
apparatus in response to changes in irradiance (Kurtz 
2003). In addition, high light plants can synthesize 
smaller photosynthetic units to prevent photodamage 
(Peralta 2002) and can have a higher photosynthetic 
conductance.
1.2 distribution and
characteristics

In general seagrasses can be found in extensive 
beds off of every continent except for Antarctica 
(World Atlas of Seagrasses 2003), however 
TVa/opAi/a Ostenfeid occurs pan-tropically
(fig. 1.2). On the island of Moorea this seagrass is 
characterized by monotypic beds which can stretch 
from the shallow areas of turbid bays to the deeper,
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clearer waters of the lagoon. This seagrass can also 
favor areas with increased pollution and organic 
material (den Hartog 1989). The morphology is 
highly adaptive to its environment, as shown by 
morphological analyzes of 77. JgcipieiM in varying 
habitats (Vowles 2000, Emmet 1996, Rowderick- 
Jones 1998). In addition, 77a/op/n7a species are well 
adapted to high levels of disturbance because they 
have rapid biomass turnover rates (Walker 1999). 
Between the Potamogetonaceae and 
Hydrocharitaceae family there are approximately 48 
species of marine angiosperms; /V. Jecipiens is one of 
11 species in the 77a/o/?/n7a genus, which is a 
member of the Hydrocharitaceae family, /fa/op/a/a 
JecipieTM is characterized by toothed leaf margins 
that can be seen under a dissecting microscope, 
pubescence on leaf surface, and monoecious with 
male and females flowers on the same floral shoot. 
Photographs taken of this plant were identified as 77. 
JeczpiafM (Kuo 2003).

fig. 1.1 Drawing of TTa/op/afa <7ec;piefM Ostenfeld 
showing toothed leaf margins and pubescence (World 
Atlas of Seagrasses 2003).

OTyecfws
The objectives of this study are
(1) to map 77a/op/u7a <7ec;p;'e?M beds in Pao 

Pao bay and compare the distribution to 
that of beds mapped in 1996.

(2) to compare light tolerance between 
estuary and lagoon populations of 
seagrass

(3) to determine whether sediment 
reflectivity affects light tolerance, in 
terms of plant health

(4) to investigate whether a correlation 
exists between terrigenous and 
carbonate sediment and plant growth

A

Figure 1.2 World-wide distribution of TTa/qp/n/a 
<7ec;pig7M (World Atlas of Seagrasses 2003).

Materials, Methods and Site Description

This study was conducted on the island of 
Moorea, in the Society Island chain of French 
Polynesia at 17°30'S latitude and 149°50'W 
longitude. This volcanic island was formed between
1.5 and 2 million years ago and has since been 
eroding, forming sharp mountain ridges and two 
large bays. This study was conducted in the vicinity 
of Pao Pao Bay in estuary and lagoon environments. 
This bay receives much of the runoff water from the 
Pao Pao valley, via the valley river and various storm 
drains which empty directly into the bay. The lagoon 
area is composed of mostly carbonate sediment 
which is biogenically produced and derived from 
erosion of the reef. The lagoon is not exposed to as 
much runoff or fluctuations in salinity and as those 
seagrass beds directly in the bay and adjacent to land. 
The bay is composed of mainly terrigenous sediment 
which is derived from erosion of the basalt from land, 
and since reef structures are not as prevalent as in the 
lagoon, the sediment is also darker is color.
Mapping

Seagrass beds were first located from 
previous maps (Emmett 1996, Rowderick-Jones
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1998, Hu 2000) by kayaking and snorkeling. Upon 
location of the beds, depth measurements and 
measurements from shore were made while 
snorkeling. Once bed margins had been traced, the 
beds were retraced while in a kayak using hand-held 
GPS equipment with a spatial resolution of 10-17m. 
Initially this project intended to encompass mapping 
of both the Opunohu and Pao Pao Bays, however the 
high turbidity of the Opunohu bay made it difficult to 
survey without the use of SCUBA. GPS coordinates 
were recorded and transferred to a map of Moorea 
where outlines of the beds were subsequently drawn 
and compared to the 1996 survey. The most recent 
formal mapping done of the seagrass beds was a 
study conducted in 2000 (Vowles 2000), however 
when considering seagrass bed growth, the map made 
by Emmett was used for comparison since my 
methods for mapping beds were more similar to 
Emmett's than to Vowles.
Basis for Transplanting

Upon comparison with the map (Emmett 
1996), estuary beds had grown, while the lagoon bed 
had roughly remained the same size. Further 
experiments were conducted to test for sediment type 
and light tolerance as possible limiting factors for 
growth. All plants used in these experiments have 
been removed using a small gardening trowel, and 
only the top 10cm of sediment was collected for 
transplanting and grain size analysis, because root 
growth does not extend beyond this depth (Coles 
1995). In addition all plants were shielded from the 
sun during transport to the lab, and all transplants 
were initiated less than 12 hours after plant 
collection.
Transp!ant Study #1 -  Sediment Preference in 
Relation to Popuiation Type

A comparison of seagrass distribution 
between 1996 and the present, showed more 
extensive growth in the estuary beds (see Results for 
details). This experiment investigates whether or not 
77. sediment influences the growth rate and
transplanting success.

Twenty plants were collected from both the 
interior of estuary and lagoon beds. Ten lagoon and 
10 estuary plants were transplanted into 3-4cm of the 
two sediment types. All transplants were removed 
from their original sediment, as part of the procedural 
control, and placed in a covered outdoor tank for 2 
weeks. An initial leaf count was made prior to 
planting, and a final leaf count was made at the end 
of 2 weeks, after transplants had been removed from 
their sediment. Each transplant had between 28-77 
leaves. From initial and final leaf counts a percent 
survival was calculated to determine plant growth 
rates.

Transplant Study #2 -  Light Toierance in Relation 
to Plant and Sediment Type

Upon initial observations which showed 
leaves of lagoon plants deteriorating in a high light 
environment more rapidly than estuary plants, a 
preliminary transplant study was done with 3 estuary 
transplants in estuary sediment and 3 lagoon 
transplants in lagoon sediment placed in uncovered 
outdoor tanks at approximately lm depth for 50 
hours. When this initial study showed some
difference in light tolerance, it was necessary to 
conduct more extensive trials. To eliminate the 
possibility of estuary sediment influencing the 
success of lagoon transplants, and to specifically test 
for the effect of sediment color on light tolerance, a 
fine layer of black Tahitian sand was used to mimic 
the dark color of estuary sediment.

One-hundred eighty plants were collected from 
the lagoon and 120 plants were collected from the 
estuary beds over the course of this study. 
Transplants were not standardized for this particular 
study. Sixty plants from the estuary were
transplanted into lagoon sediment and 60 were 
transplanted into estuary sediment. Thirty transplants 
from each sediment type were placed in covered 
outdoor tanks, and 30 were placed in an uncovered 
outdoor tank at 1 m depth, and the trials were run for 
50 hours. The same was done for the 180 lagoon 
plants, only there is additional sediment type: lagoon 
sediment with a fine layer of black Tahitian sand. To 
determine light tolerance, leaves were examined at 
the end of the trial and compared with leaves that at 
been kept in the covered aquarium. The ratio of 
number of green leaves to total leaves was used as a 
measure of light tolerance. Those leaves which had 
lost most or all of their green pigmentation were 
considered not green. All plants were transplanted 
within 12 hours of collection to lessen the amount of 
plant degradation taking place before the transplant. 
Transplant Study #3 -  Sediment Preference

Plants were collected from the Gump bed 
for transplanting into 3 different sediment types, 
based on percentage of fine grain sand (< 125pm). 
Sediments used in transplants were taken from the 
lagoon, estuary, and Gump seagrass beds and have 
increasing percentages of fine grain sand, 
respectively. Each transplant was standardized and 
consisted of one strand of seagrass with 8 leaves and 
all roots intact. Plants were transplanted into 
containers in covered outdoor tanks; at the end of two 
weeks plants were dried for 4 hours at 60°C and 
immediately weighed to determine an average dry 
biomass. Growth was measured with a final leaf 
count per transplant. For the purposes of transplant 
#4, all plants were collected from the Gump bed 
because of its close proximately to the station and
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depth at which plants are found, which makes for a 
more efficient collection process.

To determine an average dry biomass to 
compare with the biomass from experimental data, 63 
plants from the Gump bed were collected and an 
average dry biomass was found. If transplants show 
a significant difference in biomass from the 
calculated average of 63 plants, then biomasses will 
be used as another measure of growth in addition to 
leaf counts.
Additional Analyzes

In addition to the mapping and
transplanting, water quality measurements, 
temperature and salinity, were taken for a comparison 
between lab and field settings, as well as for 
confirmation of salinity fluctuations in seagrass beds 
within the bay.

Sediment taken from 10 different sites in 
each of the estuary, lagoon, and Gump seagrass beds 
were analyzed for grain size before sediment was 
used in transplant #4. The following (table 1.1) 
shows the conditions of each type of transplant 
experiment conducted.
Transplanting Conditions
Ita^jaflyB &hwtRdaBtB LkfTHaaiB
dt^oi 2/^6 Situs
ImpBaue 256C 236C
VS&Ĉ fl Tim 1n
caaed Y5 rt)
saiwtdyfi 34m 34m
t̂ PBCf&k UmlhtMii Umlhotii

Table 1.1 Conditions of sediment preference and 
light tolerance transplant experiments.
3. Results 
3.1 Mapping

Map of Pao Pao Bay, shows the boundaries 
of seagrass beds from the 1996 study and from 
current mapping results. The boundaries for the 
lagoon bed have shifted in a westward direction, 
however the area of coverage is roughly equal to 
what it was in 1996. The estuary bed has grown 
considerably since 1996, in particular along the 
eastern edge of the bay and on the western edge 
adjacent to the two churches.

Fig 3.1 Map of Pao Pao Bay showing the distribution 
of 7/. beds in 1996 (Emmett) and 2003.

In terms of environmental and physical 
factors, estuary seagrass beds are found at shallower 
depths, on terrigenous sediment and have more 
disturbances from fluctuating salinity, turbidity, and 
within close proximity to storm drains. The lagoon 
beds are found at greater depths, on carbonate 
sediment, and have more consistent environmental 
conditions.
Environmental Factors

Seagrass Bed Estuary Lagoon
Depth 0.5m -5m 6m - 20m

Salinity fiuctuating (32-39ppth) constant (37-38ppt
Turbidity Ductuating constant
Sediment

Coior dark/terrigenous light/carbonate
Temperature constant (28°C) constant (27°C)
Storm Drains adjacent to beds none

Table 3.1 Comparison of environmental and physical 
factors between lagoon and estuary seagrass beds.
3.2 Plant Type and Sediment Preference

The investigation of plant and sediment type 
in relation to survival shows that estuary plants have 
a higher rate of survival, and that plants seems to 
transplant slightly better into lagoon sediment.
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Fig. 3.2 Percentage survival of estuary and lagoon 
plants transplanted into estuary and lagoon
sediments. Estuary plants have an overall higher 
transplanting success.
3.3 Light Toierance Transpiants

Preliminary transplants studies were
conducted to see if light tolerance varies amongst 
estuary and lagoon plants. Estuary plants had 
63.89% green while lagoon plants only had 11.11%. 
In addition, lagoon plants transplanted into estuary 
sediment appeared to have a slower rate of 
degradation; lagoon plants in estuary sediment had 
78.68% green while lagoon plants in lagoon sediment 
had 33.56% green after the 50 hour study. These 
results are based on 3 replicates of each transplant, 
further investigations include 30 replicates for each 
type of transplant.

Fig. 3.3 Percent of transplants from lagoon and 
estuary retaining green leaves (healthy) after 50 hours 
on sediments of two different irradiance properties. 
Lagoon plants are affected by the reflectivity of the 
carbonate sediments as shown by the lower survival 
rate on lagoon sediment.

The t-test run for estuary plants in lagoon 
and estuary sediment gives a t-ca!cu!ated value of -

0.037 that is lower than the t-critical value of 1.689, 
shows that estuary plants survival is not 
compromised by being transplanted in the light 
colored lagoon sediment.

The t-test run for lagoon plants in lagoon 
and estuary sediment gives a t-calculated value of - 
4.018 which is lower than the critical value of 2.262, 
therefore even though there is a noticeable different 
between the health of lagoon plants when 
transplanted in the carbonate sediment, the t-test 
shows that these results are not significant.

iGtayx^edimeftt

Fig. 3.4 Percent survival of Lagoon plants measured 
as the percentage of green (healthy) leaves after 50 
hours on sediments of two different irradiance 
properties. The less reflective dark sediment allows 
for a higher survival rate than the highly reflective 
lagoon sediment.

Lagoon plants transplanted in lagoon 
sediment with a fine layer of black Tahitian sand 
have a higher light tolerance than when transplanted 
in light colored carbonate lagoon sediment. Since 
transplanting in a dark colored sediment (fig 3.4), and 
estuary sediment (fig 3.3) produced similar results, 
sediment color is the main determinate of light 
tolerance with lagoon plants.

At-test run on lagoon plants in lagoon 
sediment and lagoon plants in dark sediment gives a 
t-calculated of 2.865 and a t-critical one-tailed of 
1.717, therefore it is significant that lagoon plants 
survive better when transplanted into uncovered 
flow-through tanks in dark sediment than in the light 
colored lagoon sediment (Fig 3.4).

3.4 Sediment Preference Transplants 
Grain size analysis _____________

Estuary Lagoon Gump

grain sizes average % std dev average % std dev average % std dev

2mm 6.33 3.14 3.92 2.86 1.61 2.81

500pm 35.61 14.01 34.95 12.41 7.22 9.31

250 pm 13.84 3.96 29.39 5.S 7.97 5.61

125pm 25.76 13.68 24.96 6.1 25.35 9.37

<125pm 17.04 10.57 7.1 3.05 56.72 14.49
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Table 3.2 — A total of 10 sediment samples were 
collected from each bed where seagrass was 
collected. The Gump bed has the highest average 
percentage of line sand (<125pm) with 56.72, 
followed by the estuary bed 17.04, and then lagoon 
bed 7.1.

77. Jccfpiens can growth in a wide range of 
grain sizes and sediment types. The grain size 
analysis shows a difference in the average 
percentages of grains <125pm ranging from 7.1% - 
56.72%.

Dry Biomass

B avera$

G u m p  S e d i m e n t

Fig. 3.5 Average number of leaves in transplants of 
Gump plants into 3 different sediment types. Each 
transplant began with 8 leaves and at the end of the 2 
week study plants in all sediment types have similar 
growth rates.

Plants from the Gump bed transplanted into 
3 different sediment types, based on location and 
grain size (table 3.2) show similar average growth 
rates, which indicates that 77. Jecipfenj will not 
preferentially survive on a particular sediment type. 
Plants in estuary sediment have a slightly higher 
average number of leaves at the end of the study than 
those in Gump and lagoon sediment.

Dry Biomass

Fig 3.5 Comparisons of dry biomass for plants in 
lagoon, estuary, and Gump sediments at the end of 
the 2 week study and a calculated average dry 
biomass derived from 63 plants.

The only transplants with a biomass higher 
than the calculated average are plants in lagoon 
sediment . However, none of the average dry 
biomass calculations for the transplants (fig 3.6) in 
different sediment types are significantly different 
from the calculated average dry biomass. Lagoon and 
average, t-calc is 0.349 and t-crit one-tailed is 1.692, 
Gump and average t-calc is -3.110 and t-crit one- 
tailed is 1.664, and for estuary and average t-calc is - 
2.051 and t-crit one-tailed is 1.663.
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4. Discussion
4.1 Mapping

A comparison of the methods for eartier used for 
mapping done by Vowles(2000) and Emmett(1996), 
mapping with this project indicates that sampling was 
conducted in a manner simitar to Emmett's due to the 
lack of SCUBA equipment, time and resources. 
Although Vowles method of mapping is thorough, 
and is an extensive mapping of both Pao Pao and 
Opunohu bays, this study did fail to recognize the 
presence of at least one bed just outside Pao Pao Bay, 
that was clearly present in 2000 because it was 
sampled for study (Hu 2000). In addition, the 
Vowles study notes that seagrass strands less than 
50m long were not always mapped due to inadequate 
resolution to map in this detail. An advantage of the 
methods used in this current study is that any size bed 
or strand of seagrass can be mapped, provide it is 
within a depth that can be reached through free 
diving. Mapping discrepancies between these two 
techniques shows neither procedure is flawless, and 
that each type of mapping technique has intrinsic 
limitations.

Although there appears to be no marked growth 
since the 2000 study, there has been growth since the 
1996 study, and this growth appears to be legitimate 
because Emmett's mapping methods would have 
shown a presence of seagrass in the shallow and 
continuous beds along the edge of Pao Pao bay, in 
particular in front of the churches in the south 
western portion of the bay, and on the eastern edge of 
the bay

Possible reasons for a change in distribution of 
77. distribution in the estuary include, but
are not limited to, variations in runoff, rainfall, and 
nutrient loading into the bay from year to year. Since 
this mapping study was done at the same time of year 
as the study in 1996, time of year is not the main 
factor influencing distribution, however it is possible 
that sedimentation following heavy rainfalls, 
particularly in the estuary beds, could have caused 
portions of seagrass to be covered and not to be noted 
during mapping in 1996.
4.2 Sediment preference in reiation to piant type

Transplanting success differs between 
estuary and lagoon plants. Estuary plants have a 
higher transplanting success than do lagoon plants. 
Although the difference is slight, it could be 
attributed to estuary plants inhabiting a continually 
fluctuating environment where flexibility and 
adaptability is necessary for survival. Estuary plant 
populations are often in close proximity to storm 
drains, undergo changes in salinity, nutrient inflow, 
and sedimentation. They can survive while covered 
by dense canopies of epiphytic algae and at depths of 
less than one meter. In contrast, plants in the lagoon

bed are found only at depths of 6m or greater, do not 
have a dense covering of algae, and experience 
fluctuations of salinity and turbidity.

Different methods of transplanting provided 
different kinds of useful information. This sediment 
preference study did not regulate plant size based on 
numbers of leaves or presence of roots, and therefore 
the transplants were more successful. The grain size 
transplants were most successful and included 
standardized "plants" each one consisting of a strand 
of 7V. with 8 leaves and all roots intact.
This second method of transplanting revealed less 
variable growth amongst a particular type of plant, 
and an average overall positive change in the number 
of leaves from the start of the experiment. The 
disadvantage to this more successful procedure is that 
many of the plants collected cannot be used, and 
therefore it is necessary to have larger collections 
which are more damaging to seagrass beds.
4.3 Light Toierance in reiation to piant and 
sediment type

Sediment type in terms of irradiance 
properties influences growth significantly. Irradiance 
on carbonate sediments is an important factor 
limiting growth of the lagoonal seagrass beyond its 
current distribution. Controlled lab results (fig 3.3, 
3.4) suggest that reflection of sunlight through the 
clear lagoon water could cause chlorophyll 
breakdown and leaf degradation if lagoon beds 
stretched to shallower depths. In the estuary, 
seagrass is found starting in less than lm of water 
because the leaves are not as sensitive to irradiance 
(fig. 3.3) and are better adapted to living in a high 
stress, and fluctuating environment. In addition, 
irradiance levels are not as high due to the darker 
sediment color.

Other factors may be correlated with 
irradiance to affect survival. Various additional 
environmental factors contribute to lagoon plants 
restricted growth. Herbivory by reef fish 
(Rowderick-Jones 1998) limits seagrass growth from 
encroaching upon the back reef area, growth could 
also be limited by low nutrient availability (Stapel 
1997). The steep slope that separates the back reef 
and the areas where the lagoon bed is found, is 
subject to hydraulic stress from strong currents 
caused by water flowing in and out of the nearby 
channel and from wave action on the reef crest. 
These stresses combined with irradiance could also 
prevent growth into shallower depths.
4.4 Sediment preference including biomass and 
ieaf count change

Sediment type in terms of grain size and 
location does not appear to be affecting colonizing 
ability and survival rates. From these transplants 77.

does not appear to favor a sediment type
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based on grain size, which is further evidence that it 
is a highly piastic species, and able to coionize a wide 
range of sediment types, in addition, the seagrasses 

AewpricAu and 77a4M7o anmorvA were 
uninfiuenced by sediment conditions in transpiant 
experiments (Hojiiia 2001). Because each transpiant 
has such a wide range of dry weights and when the 
plants are dried their biomass is so small, it is 
difficult to compare transplants to an average 
biomass. Since the calculated average that was used 
for comparison was taken from plants that could only 
have theoretically been used in transplants, a more 
accurate measurement of growth would be to actually 
weigh plants before the transplant experiment begins 
using a wet biomass measurement. Provided that 
measurements could be made without causing 
damage to plants, and that plants could be blotted dry 
so that excess water is not falsely attributed to plant 
biomass, using wet biomass might be a more
effective measurement of growth.
4.5 Further Research

TTa/qpMa Jecipie/M can inhabit a wide range of 
environments and can withstand a array of 
environmental variation. 77. <7ec;p;e?M is tolerant of 
salinity fluctuations as is apparent from colonization 
of estuarine environments; future research could 
include transplanting with increasingly hyposaline 
conditions, to determine a minimum salinity
necessary for survival. In addition, comparisons can 
be made between lagoon and estuary plant 
populations to determine whether the estuary
population is more tolerant of hyposaline
environments. 77a/opA:7a ova/A, a species which 
bears close resemblance to 77. (7ecip:cny has been 
rumored to inhabit the areas of Moorea, further 
investigation could focus on locating this other 
species, and from there looking at niche partitioning 
and distribution of the 2 species. In addition, a 
comparative survey of benthic meiofauna and 
macrofauna abundance and diversity in areas of 
seagrass beds and areas without beds, would be 
useful for quantifying the diversity these seagrass 
habitats can support.
5. Conclusion

The distribution of the seagrass beds in Pao 
Pao Bay have changed in some areas since 1996, and 
in particular in the southeastern portion of the bay. 
With the expansion of seagrass beds limited to 
estuarine areas, various factors are limiting growth in 
the lagoon bed. Although herbivory and hydraulic 
stress might prevent seagrass from colonizing the 
shallower back reef area, another major factor 
limiting growth appears to be irradiance from the 
light colored carbonate sediments.

While sediment does not appear to be 
significantly influencing plant survival, the plasticity

within the 77. Jec/pA/M is apparent in how estuary 
and lagoon plants tolerate transplanting, and how fast 
they experience chlorophyll degradation at shallow 
depths. In addition the number of stresses that must 
be endured by estuary plants, including algal growth 
nutrient input and turbidity shows that this population 
of seagrass is highly adaptable, and due to its high 
rate of turnover, able to colonize a much wider range 
of conditions.
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A comparative germination of four coastal strand piants on Moorea, French Poiynesia: with
emphasis on PeMzp/zzs acMfu/a.

Mackenzie Brown
Department of Earth and Pianetary Science 

University of California Berkeiey

ABSTRACT. Pezzzp/zA aczcfzz/a, 7%e.ypes:a popa/wea, &aevo/a yericae and Mariana war/nwa are all coasta) vegetation 
that inhabit the reef islands (motus) of Mo'orea, French Polynesia. Few species of plants can survive on a motu due to 
the high temperature and high salinity conditions. The purpose of the study was to examine the salt tolerance of each 
species during germination and to assess whether salt tolerance during germination affected the distribution of the 
species across the motu. Observations were taken in the field to compare with experimental results. Pew/z/zM 
grows closest to the tide line and was expected to have the highest tolerance to salinity. PAasyas'ia grows farthest from 
the tide line on the motu in the broad leaf tree zone and was expected to have the lowest tolerance to salt. Seeds from 
each species were put in Petri dishes in conditions of varying salinity. The salinities ranged in five degree intervals 
from 0 to 60 practical salinity units (psu). Trials were repeated ten times. Further studies included a heat trial to 
examine temperature influences on germination. Studies were also done to compare the water absorption and seed 
weights. As expected, as salinity increased, germination decreased. PezzyAA aczzA/A? germinated in the most saline 
conditions (20 psu). Soriana and 7Vzaya$zzz tolerated sanities up to 10 psu. While .Scaevo/a only germinated in non­
saline conditions. Salinity does affect germination and the salt tolerance during germination may affect where each 
plants grows on the motu.

Introduction
Mo'orea, part of the Society Islands in 

French Polynesia is known for its lush and 
profuse vegetation. Unfortunately, the coastal 
strand vegetation of Mo'orea is threatened by 
development along the coasts. Coastal strand 
vegetation is a narrow strip of plants that grow in 
the sand and rocks of beaches and coastal ridges 
and often thrives on a motu. A motu is a reef 
island that lies off the coasts of atolls and 
islands. Five motus occur along the barrier reef 
of Mo'orea (Figure one).

The severe conditions of the motu cause 
the vegetation to be low in species diversity, 
mainly dominated by strand vegetation. There is 
a strict zonation of vegetation across the lagoon, 
from the coastal beach to the lagoon (Fosberg 
1949). A freshwater lens lies beneath the porous 
soils of the motu. It is formed when fresh rain 
water seeps through the soils and displaces the 
salt water (Murphy 1993). The lens is dynamic; 
the amount of freshwater is constantly rising and 
falling. The size of the lens also varies for each 
motu. It effects where plants with deeper roots 
grow, however has little effect on strand plants 
which can withstand the salinity stress (Burford 
1994).

Pezz%?/zz.s aczJzz/a, a pioneer species of 
these motus grows on the limestone platform in 
dry and saline conditions. Pezzzp/zA is an 
important part of the environment. It stabilizes 
the platform and protects against wind, wave and

erosional stress. However, the populations of 
Pezzy/zA on the motus are beginning to decrease 
due to development. The most outstanding 
example is on Temae, where only nine 
individuals still thrive.

Figure 1. Motus of Mo'orea

Studies were performed at two motus, 
the Temae and Tiahura motu.

The Tiahura motu (S 17Q°29', W 149° 
54') is on the northwest comer of Mo'orea. Due 
to the availability of boat taxis from major hotels 
and tour groups this motu is a large attractor of 
tourism. However, development is at a
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minimum and the habitat is only modestiy 
disturbed.

The Temae motu (17°29' S, 149°46' W) 
is located at the northeast tip of Mo'orea. Temae 
was originaHy a disconnected motu. Through 
time, the motu grew so !arge that it connected to 
Mo'orea. Temae is an area of concern due to the 
rise in development. A road passes along the 
eastern shore of the motu. There is a hotet near 
the south end, and an airport immediately to the 
southeast. Threats include disturbance from the 
nearby airport, pollution from domestic waste 
and the spread of housing along the coast. There 
are proposals to create an 18-hole golf course in 
the area, and to extend the runway of the nearby 
airport (UNEP 2001). These developments 
cause severe disturbances to the local fauna and 
flora. No efforts for conservation are currently 
taking place. Only nine Pe?Mp/zz<y shrubs are 
found on the Temae motu.

In addition to P̂ zzzp/zẑ  aczJzz/#, the 
included in this study were .s^rzcea,
*Szzrz<3M# and 77zas/7ayz# jPopzz/M̂ z. All
species included in the study are tolerant to salt 
spray, saline soils, dry conditions and wind 
(Fosberg 1949).

P ẑzzp/zzj #cz<%z/# (Lythraceae) is a 
prostrate shrub that grows on the harsh limestone 
platforms. Pe/wp/ng is distributed across tropical 
East Africa to eastern Polynesia and inhabits 
most major archipelagos of Micronesia and 
Polynesia. P^wp/zz^ is an essential part of the 
environment and Polynesian culture. As 
mentioned before, Pemphis stabilizes the beach 
and platform environment by hindering erosion 
and blocking wind. The Polynesians often use 
the hard-wood for building and carving. Fish 
hooks, boat parts and other tools can be 
constructed out of the roots and bark. In the past 
years P^/pp/zz^ has become endangered in several 
regions including Singapore, Thailand and India.

gerzce# (Goodenia) grows on 
sandy beaches and seashores. It originated in 
East Africa, India, Southeast Asia, Australia and 
the Pacific Islands (EPPC 2003). It has globular 
fleshy fruit containing 1-2 seeds and has flowers 
that vary in color from white to violet. *Sb#evo/<3 
leaves are used in native medicine. &xzevo/<3 
grows easily and abundantly. It is highly 
invasive and has become a troublesome weed in 
some areas including South Florida, replacing 
the native vegetation and establishing itself as 
the most common plant.

*Sz/rz<37%z /?%zrz?z/7Z(2 (Surianaceae) is a 
shrub that is exteriorly similar to and often 
confused with P^zpp/zz .̂ The most obvious

difference is that .Szzrzayz# has yellow flowers and 
P̂ zzzp/zẑ  has white flowers. *Szzrz#M# has as 
large global distribution. It is native to southern 
Florida, Bermuda, Bahamas, West Indies,
Eastern Mexico, Brazil, East Africa, tropical 
Asia and the islands within the Pacific and 
Indian oceans (Howards 1988). Like P ẑpp/zẑ , 
*Szzrz<372(3 is essential to the stabilization of 
beaches and platforms. The leaves and bark may 
be used to treat rheumatism and skin ulcers 
(Logier 1990).

77zaspayz# pqpzz/fze# (Malvaceae) is one 
of several trees that populate the strand habitat 
(Mueller-Dombois, Fosberg 1998). Thespesia is 
an evergreen tree with hibiscus-like flowers.
This is one of the reasons it is commonly 
confused with sea hibiscus (Hibiscus tilaceus). 
The specific name means "looks like the 
common plant". 77zaspayz# originated in the Old 
World, most likely the Asiatic tropics and now 
inhabits areas throughout the tropics. It grows 
along sea coasts of bays and islands (Small 
1933).

During this study observations and 
collections were taken at two motus, Tiahura and 
Temae. The strand vegetation of these motus 
grows on or near a coral platform. The 
platform, or upraised reef, forms a limestone 
coast that lies on the north-facing side of the 
motu, parallel to the barrier reef The motu 
habitat is harsh due to salt spray, high 
temperatures and lack of soil (Burford 1994). 
Few species thrive in these difficult conditions. 
This paper will discuss and compare several of 
the plant species that can withstand this 
environment. The purpose is to examine the 
ability of the seeds to germinate, grow, in saline 
conditions. And with this data, to conclude 
whether the seeds tolerance to salt during 
germination affects where the plants grow across 
the motu.

This paper will compare the tolerances 
to salt during germination of the four coastal 
strand plants. The goal of the paper is to reveal 
whether salt tolerance during germination 
determines the distribution of the plants across 
the motu. It is hypothesized that Penzp/zz-s will 
have the highest tolerance to salt during 
germination because it grows closest to the tide­
line. It is then expected that tolerances will 
decrease moving inland. And that TTzaspayz# will 
have the least tolerance to salt because it grows 
farthest from the tide line. Further comparison 
experiments include a heat study, measurements 
of seed weight, and water absorption. Also,
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&xrevo/a and PewpAA were transplanted to soil 
to observe their ability to grow aRer germination.

Material and Methods

Location
Studies were conducted in Mo'orea 

(17°30' S, 149 °50'W), French Polynesia.
Studies were performed Rom September to mid- 
November.

The Tiahura and Temae motus were the 
sites of study. To describe the distribution of the 
plants across the motu, the species were 
classified into three zones. Zone one ranges 
across the limestone platform, the area closest to 
the tide-line. PgwpAA inhabits zone one. Zone 
two is located further away Rom the shore. It is 
a "mixed-shrub" zone (Fosberg 1971). Scaevo/n 
and Mariana inhabit zone two. Zone three is 
inhabited by broad-leaf trees. Zone three lies 
behind the mixed-scrubs. 77:espcjza grows in 
zone three

5ee<7 Co//ccf:on
All seeds collected were mature. Seeds 

of PewpAA aczcMa were collected at the Tiahura 
Motu and Temae Motu. In the lab, Ruit 
capsules were broken open to release numerous 
seeds. Seeds of -Sanana and Scaevo/a were 
collected Rom the plants and sands of the Temae 
motu. 7%e.spc.n'a seeds were collected on the UC 
Berkeley Gump Station and in surrounding areas 
on Cook's Bay. Fruits were broken open in the 
lab to release about ten seeds.

OAservaROM AaRzay
Temae and Tiahura motus were sites of 

observational Reid work. Ground water samples 
were taken within the areas of growth of the 
studied plants. Ground water was reached 
manually with a shovel. A reRactometer was 
used on site to determine salinity. Five samples 
were taken at each motu for Rve days.

Salinity and temperature of the soil 
were measured at various sites. Sites were 
chosen based on abundances of Pemphis, 
Scaevola, Suriana or Thespesia. Samples were 
taken near the roots of the plants. 20 mL of soil 
was mixed with 20 mL of non-saline water. The 
salinity of the water-sediment mix was measured 
with a reRactometer. A thermometer was used 
to measure the temperature at the site. FiReen 
sites were studied on each motu.

.SeeJ IFbzgA?
Seeds of each species were weighed.

Seeds of rAaspasia, PewpAA, -Scaevo/a 
ovK? Si/rAma were used in this experiment. The 
purpose of the experiment is to measure the 
ability of water to permeate the seeds. Water 
absorption of scariRed seeds was compared to 
that of non-scariRed seeds. To scarify a seed, the 
seed coat was nicked with a razor blade. The 
initial weights of both the scariRed and non- 
scariRed seeds were taken. The seeds were then 
placed in Petri dishes atop moistened Rlter paper 
and cotton. The seeds were allowed to absorb 
water over a twelve hour period. Seeds were 
weighed every four hours. The amount of water 
imbibed was calculated using the equation:

Wi = (Wi -  Wd) /Wd

With Wi being the weight of the imbibed seed 
and Wd being the weight of the dry seed (Baskin 
etal. 1998).

Observing the permeability of the seed 
coat to water will help explain the patterns of 
germination. A non-scariRed seed that does not 
grow in saline conditions cannot be assumed to 
be intolerant to salt. The seed coat may be 
protecting the seed Rom sufRcient water 
absorption to germinate to avoid germination in 
unfavorable conditions, although the seed may 
be actually able to tolerate high salinities.

Vaimato bottled water was used in the 
place of distilled water. Sea water was mixed 
with the bottled water to make saline waters 
below the salinity of sea water (38 psu). Sea 
water was boiled to create saline waters greater 
than 38 psu. A reRactometer was used to test 
the salinities of the waters.

The salinity study was performed in a 
dry lab, a controlled environment. Seeds of 
PewpAA, .Scaevo/a, -Sar/ana and PAe^pe^ia were 
used in the germination study. PAg^pe^ia seeds 
were scariRed. For each species of plant, ten 
seeds were put in thirteen different Petri dishes. 
The seeds were placed atop Rlter paper and 
cotton that was moistened with 10 cc of water of 
the various salinities. Due to the scarcity of Petri 
dishes, seeds in the thRd trial were placed in 
plastic plates with the moistened Rlter paper and 
cotton and put in zip-lock bags to prevent 
evaporation. Each Petri dish or plate was 
moistened with a different salinity of water. The 
salinity trials started at 0 psu. The water salinity
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was then increased at five degree intervals for 
each following dish, untit reaching sixty psu.
The triat was repeated ten times and data were 
anatyzed with a t-test anatysis.

Seeds from P^wp/?? ,̂ and
77?aspayz# were used in the heat study. Heat may 
breaks down the seed coat and certain seeds with 
a tough cotytedon may have significantty more 
successful growth in heat. It is atso important to 
see if high temperatures hinder seed growth. The 
seeds were placed in plastic plates atop filter 
paper and cotton moistened with bottled Vaimato 
water and then put in sealable bags to prevent 
evaporation. Ten seeds were used from each 
species of plants. The plates were kept in the 
lab, no less than twelve inches from a heat lamp. 
The lamp was left on twenty-four hours. These 
seeds were to be compared with the control seeds 
(zero salinity) from the salinity study. A t-test 
was run to analyze the data.

Crow?/? 57^6^
Seedlings of P^wp/?/^ and *Scoovo/o 

were grown in soil, outdoors of the lab. After 
germinating in the lab, P^wp/??^ sprouts were 
transferred into trays filled with soil. In each 
tray five P^wp/zz^ sprouts were each individually 
planted in 20 mL of soil.

sprouts were collected from 
the beach at Temae. Sprouts collected had two 
leaves and were no more than 1 cm. over the 
sand. Five ScoevoA? sprouts were put into 
glassware filled with soil. Glassware was used 
because most *Sc<2evo/# sprouts had longer root 
developments than P^z^p/zz  ̂seedlings.

The trays and glassware were 
transferred to an outdoor covered lab. One set of 
samples were placed under a heat lamp. The 
remaining samples were placed in non-heated 
conditions. The seedlings were watered every 
other day with 4 cc of bottled Violator bottled 
water. The experiment was repeated three times. 
The growth was reviewed after four weeks.

Fz(?Z?z/z?y
An experiment was performed to 

observe the ability of P̂ zzzp/zẑ  to grow in the lab. 
P̂ zzzp/zẑ  was grown on moistened filter paper 
and cotton. Ten seeds were placed in each Petri 
dish. The salinity increased at intervals of ten, 
beginning at 0 and ending at 50 psu. Two trials 
were performed. After three weeks the seeds 
that germinated were removed. The seeds that

did not germinate were leR in the Petri dishes for 
another experiment.

The second part of the experiment 
tested the ability of P̂ zzzp/zẑ  to maintain viability 
after soaking in saline conditions. The seeds that 
did not germinate in the initial trials were left in 
the Petri dishes and washed with non-saline 
water. The purpose of the experiment was to 
observe whether the seeds would germinate in 
the secondary experiment after resting in various 
saline conditions for a three week period.

Results

Pze/J
The Tiahura and Temae motus had 

distinct differences in P^wp/zz^ size. On the 
Tiahura motu, P̂ zzzp/zẑ  grew tall and dominated 
the large expanse of coral platform. The 
opposite was observed on Temae where nine 
shorter, shrubbier plants of P̂ zzzp/zẑ  were 
localized on a small strip of the platform.

dominated the mixed scrub 
areas (zone two). In contrast, Suriana was 
sparse. TTzaspayz# was scarce in Temae and not 
observed on Tiahura.

The ground water measurements 
averaged to almost the same salinity as sea water 
(38 psu). In Temae the average was 36.6 psu 
and in Tiahura the average salinity was 38.2 psu 
(Table 1).

Using a t-test, the gross temperature and 
salinity measurements were found to have a low 
correlation (p=0.0313). The measurements were 
not statistically significant. However, the 
maximum and minimum measurements of 
temperature and salinity were consistent with lab 
observations.

Temperature 
( "Fahrenheit)

Salinity (psu)

Minimum 80 0
Maximum 105 12
Mean 89.448 2.833
Standard
Dev.

7.772 2.394

Table 1. Temperature and Salinities observed in 
the Held.
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Pezzzp/zA seeds were the tightest (x=0.064 g) 
(Table 4). &aevo/a, the heaviest, weighed three- 
hundred and eighty times more than Pezzzp/zA

Possibiy the smalt seed size is a mechanism tor 
high dispersal. The seeds are easy to carry by 
wind. They may attach to birds and targer 
insects.

.Sa/zfZz'Zy &zz<7y
As the salinity increased, germination 

decreased. Pezzzp/zA seeds germinated the most 
successfully. Pemphis seeds germinated at the 
highest salinity (20 psu) and with the most 
success in lower salinities (Figure 2). Pezzzp/zA 
was the most tolerable of saline conditions. 3% 
of Pezzzp/zA seeds germinated in saline conditions 
of 20 psu and 20 % germinated in saline 
conditions of 15 psu. No other species 
germinated in these salinities. At 10 psu, 42 % of 
Pezzzp/zA seeds germinated. Both Suriana and 
Scaevola had low germination in comparison to

Pezzzp/zzs (p=0.00) (table 3). ẑzrzazza had 2% 
germination in saline conditions of 10 psu. 
Scaevo/a germinated in non-saline conditions.

Scarified seeds of Thespesia /zaaf the 
second highest number of seed germination after 
Pezzzp/zA. Scarified 77ze.spe.sza germinated up to 
10 % in 10 psu. 77ze.spe.sza populations of 
seeds germinated similar to Pemphis (p=0.069) 
in 10 psu.

There were similar germination 
numbers between Thespesia and the zone two 
shrubs Scaevola (p=0.182) and Suriana 
(p=0.391) at ten psu. 77ze.spe.sfa had population 
germination numbers comparable to other 
species at each level of salinity in which it 
germinated.

Aznazza and Scaevo/a had similar 
population growth patterns. In 10 psu conditions 
the growth patterns are the same (p=0.182).
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Figure 2. Percent Germination of Pezzzp/zA, -Szzrzazza, 77ze.spe.yza and -Scaevo/a in increasing salinity.
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Mean Salinity (psu) Standard Deviations

Temae Tiahura Temae Tiahura

Site 1 38 36 5.700877 4.1833
Site 2 34 36 4.0045 4.0336
Site 3 34 39 4.1833 7.416198
Site 4 39 40 7.905694 2.738613
Site 5 38 40 5.70087 7.905694

Tab!e 2. Ground water salinities observed in the field.

Similarities in germination 
patterns between species

p-value at 
salinity of 
0 psu

p-value at 
salinity of 
5 psu

p-value at 
salinity of 
10 psu

0.001 0 0
Pe/Mp/ng- 77zaspas3# 0.423 0.069 0.069

0 0 0
5̂ 71(37? <3- z# 0.448 0.065 0.391

71̂777 (3-&?â V()/<3 0.001 0.001 0.168
TTzaspayza-iScaevo/a 0.065 0.065 0.182

Table 3. T-test Results of Salinity Experiment

P̂ 77Zp/zẑ &<3̂ V#/<3 &/f3(377<3 77zaspayz<3
A/77277MM7M
weight (g)

0.04 7 9.320 0.960 73.260

A%3XZ7MM7M 
wefg%? (g)

0.03 30.700 7.040 22.730

A%2<372 wezg/z? 0.064 24.262 7.072 73.333

Table 4. Seed Weights

/77?6z6z?Z077
seeds were the only seeds to 

react to scarification (Figure 3). The other 
species showed no significant change in water 
absorption when the seed coat was cut. The 
scarified seeds exceeded that of the non-scarified 
seeds by 220%.

Mean final weight 
scarified

2.35

Mean final weight 
non-scarified

1.062
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The initial purpose of the experiment 
was to test whether Pe??p?AA would germinate in 
the lab. Pe/npAA seeds germinated in 0 and 10 
psu (Table 5). Seeds that germinated in the 
initial experiment were removed.

In the second part of the experiment, no 
seeds germinated in 0 psu and one germinated in 
10 psu. All viable seeds already germinated in 
the non-saline/saline conditions of the initial 
experiment. There is a notable peak in 
germination at 20 and 30 psu. There is a slight 
decrease in germination as the salinities increase 
to 40 and 50 psu (Table 6). Less germination was 
seen in seeds that had been soaked in 50 psu 
conditions.

HaA/Ary

Salinity
(psu)

# seeds 
removed

percent
germination

0 9 45%
10 7 35%

Figure 3. Water imbibition of scarified vs. non- 
scarified seeds of 7Ae.spe.yM?.

No heat heat
Minimum 3.0 3.0
Maximum 8.0 8.0
Mean 5.4 4.8
Standard Dev. 1.667 1.612

Table 5. Initial Pe???pAA Salinity Test
Table 7. Results of Heat trials

Salinity (psu) % germination
0 0
10 5
20 70
30 65
40 50
50 40

Table 6: Viability study: percent germination 
per salinity. Seeds were in saline conditions for 
three weeks.

Grow/? <S7:?<7?e.y
PewpAA did not grow outside of the 

lab. There was a 0% survival rate for Pe/ppAA 
seedlings planted in soil. On the contrary, 
Scaevola seedlings had a 66% survival rate. Five 
plants grew in the heated trial. The plants in the 
heated trial grew a maximum height of 6 inches 
and had a maximum number of twelve leaves. 
The five plants in the non-heated trial had a 
maximum height of only one inch and the most 
leaves observed were three.

Figure 2. Viability of seeds after soaking in 
various saline conditions.

7/e<2? 7r?oP
Heat is not a significant factor for the 

germination of PewpAA. PewpAA germinated in 
the maximum temperature observed in the field 
(105° F). There was no significant relationship 
between the growth of Pe?ppAA seeds in heated 
and non-heat trials (p=0.447) (table 7). The 
mean of the non-heated trials (x=5.4) was higher 
than the heated trials(x=4.8), differing by only 
0.6. Heat is not a crucial factor affecting the 
germination ofPe?ppAA.

In contrast, 7Ae.spg.SM! germinated 
significantly more successfully in heated 
conditions. 7Ae.spe.yK? seeds (non-scarified) 
germinated three times more in heated trials.
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Discussion

As expected, based on fietd 
observations, as the salinity increased, the 
germination decreased. The seeds germinated 
most successfully in non-saline and slightly 
saline conditions. Past studies support the 
preference of salt tolerant plants to less saline 
conditions during germination (Mariko S 1992; 
Williams and Ungar 1972). Lesko (1969) 
confirmed that most salt tolerant plants do not 
germinate in salinities over 1.0%-1.5% (10-15 
psu). Although, plants can tolerate salt spray and 
saline soils, the seeds will not germinate in high 
salinities. The seeds do not germinate in salty 
areas in order to avoid establishment in 
unfavorable environments. As a plant 
develops, it may develop a higher tolerance to 
salt. By becoming less sensitive to salt the plant 
can survive in saline environments.

The maximum salinity measured in the 
field was 12 psu. In experimental results, 
Pewp/zz.y germinated in salinities of 20 psu.

and TTzaspayz# germinated in saline 
waters of 10 psu. The plant species in the lab 
germinated at the highest percentage in 
conditions of lower salinity, between 0 and 5 psu 
which is consistent with the mean salinity of 
2.833, observed in the field.

P^wp/zz^ was the most tolerable of 
saline conditions during germination. P̂ zzzp/zẑ  
germinated in the highest salinity (20 psu). 
Pewp/Hg also maintained viability after being in 
saline conditions of up to 50 psu for three weeks. 
Pe/pp/Mg seeds can therefore withstand sea 
dispersal and will germinate when put in less 
saline conditions.

P^pp/ng was the only species to 
germinate in the higher salinities. P^/ppAz^ had 
20% germination in saline conditions of 15 psu, 
while no other species germinated in salinities 
this high. This indicates that to inhabit zone one 
a species must be able to germinate in high 
salinities. P^wp/zz^' ability to germinate in high 
salinities is a crucial factor for life on the 
platform near the tide line.

No other species germinated in the high 
salinities (both Suriana and Scaevola had notably 
low germination in comparison to PezMp/zZt? 
(p=0.00). Likewise, no other species inhabit the 
platform environment. This further supports the 
proposal that germination in high salinities is 
necessary for a species to inhabit the zone one 
environment.

In contrast, only germinated in
non-saline conditions. Lesko (1969) concluded 
that &xẑ vo/<3 wilt only germinate in fresh water 
conditions although it inhabits saline 
environments. Salt tolerance during germination 
is not a factor for survival in zone two. A

seed may wash up on shore on a rainy 
day and germinate. As the seedling develops, 
&xyevo/<2 will adapt to be more tolerant to salt 
(Mariko 1992). can adapt to any soil
(Gilman, E 1999). This was seen in the high 
level of success of growing in soil
outside of lab. When transplanted into soil,
66% of seedlings survived. The ability
of&xzevo/a to successfully adapt is why it can 
inhabit the zone two, slightly saline 
environments.

The low level of germination of
(1%) is most likely because the seeds 

did not soak in salt water. seeds are
well adapted to floating in the salt water. They 
can travel through the ocean for up to one year 
and still germinate. The best conditions for 
germination are aRer soaking in salt water for 
250 days (Bornhorst 1996). This is most likely 
an adaptation for dispersal of the seeds, and also 
explains why the seeds only germinate in non­
saline environments. The seeds are waiting for 
optimal conditions. Once the seeds have 
germinated, seedlings adapt to the saline soils 
and grow abundantly.

A/rz#;?# tolerates mid-salinity 
conditions. The germination of .SMrzayi# in 
mildly saline conditions is responsible for 
.SMrz(2f7<3  ̂coastal distribution. &/rz<3M<2 had 2% 
germination in saline conditions of 10 psu. 
*SMrz#M(3 does not have a salt tolerance during 
germination high enough to inhabit zone one. 
*SMrz#M<? does not have tolerances or adaptations 
to compete in less saline environments.
Therefore it cannot inhabit zone three, inland 
areas due to out-competition. *Szzrza?K7 is 
restricted to zone two. Zone two competitors, 
such as may not germinate in saline
conditions (Mayer 1982). Therefore, A/rz#;?# 
has an advantage over these competitors. Its 
ability to germinate in salty areas establishes its 
presence when competition is high.

Non-scarified TTzaspayz# did not 
germinate in saline conditions. However, 
scarified TTzaypayz# had the second highest 
amount of germination in saline conditions. In 
imbibition trials, 77za%?a$z<2 was the only species 
to react to scarification (Figure 3). The seed coat 
of TTzaspayz# is more resistant to water 
imbibition than the other species. The weights
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were 220% greater and 400% more water was 
absorbed in scarified seeds. Scarified seeds also 
had a much higher germination. The higher 
percent of germination can be correlated with the 
increase in water absorption. The seeds that had 
been cut had 40 % germination. Non-scarified 
77zas/?g.s7<3 had only 1 % germination. The tough 
seed coat is a means for the seeds to resist water 
absorption to enable longer periods of floating in 
the sea (EPPC 2003). The seed coat provides 
protection against germination in poor 
conditions. For example, 7%asy?aM<3 is known to 
tolerate dry conditions (World Agroforestree 
Centre 2003). The seed coat may protect the 
seeds in these dry areas. Also 77zasy?ayza can 
germinate in higher salinities. The seed coat 
may be a mechanism to prevent germination in 
highly saline areas. The tough seed coat offers 
protection against germination in unfavorable 
areas.

The high salt tolerance was not 
consistent with the proposal that being part of the 
zone three environments, would be
least tolerant of salty conditions during 
germination. This higher tolerance to salinity is 
probably an adaptation for survival along the 
coasts of bays and islands. Like -Soriana, 
7%a%?e,Ha is a poor competitor, often over­
dominated by its look-a-like TVAzAczzy. Its ability 
to germinate in higher salinities may be an 
adaptation to asserting seedling establishment in 
areas of competition. Possibly 77zaspasz<3 does 
not compete well in less saline inland habitats of 
the motu which explains its scarce distribution.

Scarified 7%as%7e.Ha had salt tolerances 
similar to Suriana (p=0.365) at mid-salinities. 
77zaspg.s'z'<2 has a wide distribution along the 
coasts of bays and islands: environments 
characteristic of -Szzrzazza s zone two habitats on 
the motu. The data does not support the proposal 
that based on its zone three distributions within 
the motu Thespesia would have the least 
tolerance to salinity. However, considering other 
environments inhabited by Thespesia, the 
findings are reasonable.

77zĝ pe.s*z'a also germinated more 
successfully in heated conditions. 
seeds (non-scarified) germinated three times 
more in heated trials. TTzasparza is a cold- 
sensitive plant adapted to living in heated, dry 
conditions (World Agroforestree Database 
2003). It is likely that heat is related to the 
amount of water the seed absorbs. Possibly, heat 
treatment loosens the cuticle (seed coat) to 
increase water imbibition (Keeley 1997). This is 
supported by the fact that the heat-treated seeds

have germination numbers similar to scarified 
seeds. Scarified seeds had 30% germination in 
non-saline conditions; heat-treated seeds had 
10% germination. Non-scarified seeds had only 
1 % germination in non-saline conditions. Due to 
the small number of seeds germinated, this 
experiment should be run again with more data 
sets, including sets of heat-treated, scarified 
seeds.

Heat is, however, not a significant 
factor for the germination of Pgzzzjp/zA. Pezzz/z/zA 
can germinate in maximum temperatures; 
however salinity has a stronger influence on the 
distribution of Pazzzp/zA. The species does not 
prefer heat conditions over non-heat conditions. 
There was no significant correlation between the 
heated and non-heat trials (p=0.352) for 
Pezzz/z/zA. The mean of the non-heated trials 
(x=5.6) was higher than the heated tria!s(x=4.8), 
differing by only 0.8 (Table 5). The theory that 
PewpAA seeds would germinate more 
successfully in heat is rejected.

Seedling establishment did have an 
influence on Pewp/zA growth. Seedling 
establishment is dependent on the environment 
and its diversity (Harper 1977). The limestone 
platform is crucial for the development of 
Pewp/zA. No Pewp/zA seedlings grew in potting 
soil or other substrates. After observing the 
growth of Pezzzp/zA following germination, it was 
determined that Pezzzp/zA does not grow in 
substrates or environments other than the 
limestone platform. This suggests specific 
factors of the platform are crucial for the growth 
of Pezzzp/zA. Also, competitors, such as 
.ScaevoA;, block Pemphis from colonizing and 
adapting to other environments in the motu 
beyond the platform.

Possible reasons for Pemphis' 
preference to the platform may be that growth 
and seedling establishment are dependent on the 
characteristics of the rocky limestone substrate. 
Perhaps the platform protects the seedlings from 
the harsh sea spray and wind. The Pezzzp/zA 
seeds are the smallest of all four species (Table
4). Being so small, the seeds may need extra 
support and protection. Perhaps there is a 
mineral dependence. However, more studies 
should be performed on the impact of substrate 
on the growth of Pezzz/z/zA, as well as the other 
species.

Factors of seedling establishment, 
competition and primarily the influences of 
salinity keep Pgzzzp/zA distinctly localized. The 
rise in coastal development is disrupting the 
localities where Aczzzp/zA grows. Only nine
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Pemphis plants were observed on the Temae 
motu. Temae is the most impacted of at) 
Mo'orea's motus. Most of the area has been 
cleared for homes and garden plantations. This 
is unfortunate because Pemphis is important to 
both its community and the Polynesian people.
It stabilizes the platform against wind and wave 
stress and provides wood for the Polynesians. 
Although, this is only the beginning of the 
problem, preventative actions could be helpful to 
prevent the depletion of as has been
seen in other areas of the world. Only one tree 
of Pe/wp/ng grows in Singapore (Yong,
1993). Hopefully studies focusing on Pe/7%?/M.y 
and its sensitivity to its environment will begin 
in the future, taking into consideration manners 
of conservation.

Conclusion
Salinity does have a different effect on 

the germination of each of the four coastal strand 
plants. These varying salt tolerances during 
germination may have an effect on distribution 
of the vegetations across the motu. Studies 
across a wider range, examining salinity, 
germination, distribution as well as substrates 
would build a broader knowledge of these plants.

Future studies examining the growth 
behaviors and preferences ofPeTMp/zM should be 
performed to prevent its endangerment.
However, the ongoing issue of protecting and 
preserving the environment while allowing for 
the inevitable expansion and growth of 
civilization must be taken into account when 
suggesting conservation efforts. The goal 
should be to find a solution that can satisfy both 
sides. By learning more about the plant and 
how it grows, more options and means of 
preservation will develop.
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Factors affecting growth of big-ieaf mahogany,
onMoorea

Brendan Grady
Department of Environmenta) Science, Policy, and Management 
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ABSTRACT. Big leaf mahogany, .Sw/efe??/# wacrop/iy//#, has been planted sporadically on the island of Moorea, 
French Polynesia since the late 1960's. Recently, planting of the species has been more frequent as part of a timber 
program specializing in precious hardwoods. Study plots were placed in plantations from age three to thirty-six in 
order to characterize growth and analyze management and environmental factors affecting growth rates. The site 
quality of plantations on the island ranged from 13 to 47, indicating good sites compared to other plantations in the 
Pacific. Mean Annua! Increment (MAI) for the study sites ranged from 5 to 33 mVha, which is also consistent with 5*. 
wacrop/iy//# plantations in other parts of the world. Regression analysis showed that increased rainfall (p=.057) had a 
significantly positive effect on site quality, while slope, elevation, and density had no effect. Rainfall and plantation 
density (p=.057) did have a significant effect on mean annua! increment. A Student t-test revealed that plantations that 
had been cleared of competing vines such as showed significantly higher MAI than uncleared
plantations. Slope did not have any correlation with growth rate. Permanent plots were also established in order to 
study growth more accurately over a longer time scale.

Introduction

As unsustainable forest management 
has depleted the worldwide timber reserve, many 
countries are turning to plantations as a 
sustainable form of wood production. The 
pressures of logging are felt disproportionately in 
tropica! regions and islands, where poorly 
enforced environmental standards and limited 
area conspire to exhaust natural resources. 
Plantations of commercial timber species can 
alleviate pressure on native forests, and will only 
become more important as current logging 
practices become impossible (Cassells and 
Scheyvens 1999).

Forestry programs were started on the 
island of Moorea in French Polynesia in the 
1960's as an effort to make the island's wood 
consumption selLsupported. Private landowners 
and government agencies such as the Service du 
Developpement Rural (SDR) have experimented 
with plantation-style forestry on Moorea during 
this time, planting tree species from around the 
world. Due to the limited amount of land and 
the almost year-round growing season, a trend 
toward planting so-called precious hardwoods 
has become popular. wacrop/ry/A?, or
big leaf mahogany, is a tree species native to 
Latin America that has become the most widely 
planted of these precious hardwoods. The wood

of this mahogany species is quite valuable due to 
its beautiful color and grain.

This paper attempts to determine the 
growth rate of & macrophylla on Moorea in 
order to estimate standing tree volume, construct 
a growth curve and estimate a rotation age for 
the species on Moorea. Trees characteristically 
grow faster earlier in their life, before slowing 
down and putting on less annual wood as they 
mature. Using the annual growth of plantations 
at different ages, it is possible to determine at 
what age the trees are growing the fastest and 
when their growth slows. This piece of 
information is crucial for managing land 
sustainably and economically. Plantations 
ranging from three years old to thirty-six years 
were studied to determine the size of trees 
throughout their life.

Also, the effect of various factors on & 
growth rates was analyzed. 

Environmental factors such as rainfall, elevation, 
and slope were considered. Human management 
factors such as plantation spacing, plantation 
age, and clearing of competing understory were 
also analyzed. Increased rainfall can assist tree 
growth if water is a limiting resource. Steeper 
slopes usually lead to thinner soil and lower 
growth rates. Young plantations suffer from 
severe competition with understory shrub and 
vine species. The most aggressive of these 
vines, can kill young saplings
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by climbing up the stem and shading the trees' 
foliage. Clearing of these plants is a regular 
practice. While the vine clearing is done mostly 
to prevent tree mortality, here its affect on tree 
growth was studied.

Methods and Materials

Pz/o/ Atzzz/y
An initial pilot study was done to 

determine variability in the plantations. The data 
showed that 20 trees at each plot should yield 
sufficiently significant results.

Rayearc/z A/et/zo<7.y
Measurements of tree diameter and 

height were taken at various plantations in order 
to construct a growth model for & z7zacrqp/zy//a 
on Moorea. At each plantation, a starting point 
was randomly chosen. Then trees were 
measured along the rows of the plantations. 
Diameters were measured at a height of 1.3 
meters using a diameter tape, and heights were 
measured using a clinometer.

Various factors affecting growth of 
plantations were analyzed. At each site, many 
factors possibly affecting growth of & 
zMncz*qp/zy//<3 were determined, including age, 
elevation, slope, vine and brush clearing, and 
annual rainfall. Ages were determined using 
records of plantation dates provided by the SDR. 
Elevation was determined using a handheld GPS 
unit. Slope was found using a clinometer. Tree 
spacing was measured on site. Vine clearing was 
determined visually. Evidence of past brush 
clearing was either the absence of the vine, or 
dead vines wrapped around healthy trees. 
Evidence of untreated stands was live vines 
wrapped around trees. Annual rainfall was 
found using the MeteoFrance weather service.

Ate Daycrzptzoz?
f established study sites at 13 

plantations of A wacrop/zy//a around the island. 
Most plantations were in the Opunohu Valley 
agricultural region, on government land run by 
the Service Developpement Rural. Several 
private plantations in other parts of the island 
were also considered. The plantations ranged in 
age from 3 years old to 36 years old. Refer to 
Figure 1 for a map of the study sites

Site 1, FOJEP 2, was located at S 17° 
31.510', W 149° 49.870' and at an elevation of 
50 meters. A. zzzacrop/zy//a was planted here in 
2000. There was no slope at the sample plot. 
The trees were planted at a 3 meter by 3 meter

spacing. The area has not been cleared of brush 
and vines. This plantation has an annual rainfall 
of 3400 mm/year.

Site 2, Pied du Rotui 1 was located at S 
17° 31.269', W 149° 49.926' at an elevation of 
66m. This plantation was established in 2000. 
There was a 30% slope on the site. The trees 
were planted at a 3 meter by 4 meter spacing. 
The area had been cleared of vines. This 
plantation has an annua! rainfall of 3400 
mm/year.

Site 3, Pied du Rotui 2, was located at S 
17° 31.257', W 149° 49.986' at an elevation of 
67m. This plantation was established in 1999. 
There was a 40% slope on the site, the trees were 
planted at a 3 meter by 4 meter spacing. The 
area had not been cleared of vines. This 
plantation has an annual rainfall of 3400 
mm/year.

)__________<
Figure 1 Map of Moorea indicating location of 
each study site. Refer to text for GPS location of 
each site.

Site 4, Lotissement Rotui 2, was located 
at S 17° 31.288', W 149° 50.354' at an elevation 
of 56m. This plantation was established in 1991. 
There was a 40% slope on the site. The trees 
were planted at a 3 meter by 3 meter spacing. 
The area showed no sign of vine growth. This 
plantation has an annual rainfall of 3400 
mm/year.

Site 5, Colline rouge 2B, was located at 
S 17° 31.786', W 149° 50.945' at an elevation of 
69 meters. This plantation was established in 
1998. There was a 40% slope on the site. The 
trees were planted at a 3 meter by 6 meter 
spacing. The area had been treated for vines. 
This plantation has an annual rainfall of 3400 
mm/year.

Site 6, O 2.70, was located at S 17° 
31.648', W 149°50.917' at an elevation of 53m. 
This plantation was established in 1970. There 
was no slope on the site. The trees were planted
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at a 5 meter by 5 meter spacing. The area 
showed no sign of vine growth. This plantation 
has an annua) rainfall of 3400 mm/year.

Site 7, O 1.67, was located at S 17° 
31.331', W 149° 50.062' and at an elevation of 
33 meters. This plantation was established in 
1967. There was a 30% slope on the site. The 
trees were planted at a 4 meter by 4 meter 
spacing. The area showed no sign of vine 
growth. This plantation has an annual rainfall of 
3400 mm/year.

Site 8, Tetuanui Jean-Pierre, was 
located at S 17° 30.278', W 149° 48.577' at an 
elevation of 55m. This plantation was 
established in 1986. There was a 20% slope on 
the site. The trees were planted at a 3 meter by 3 
meter spacing. The area showed no sign of vine 
growth. This plantation has an average rainfall 
o f 2000 mm/year.

Site 9, Kellum Medford, was located at 
S 17° 30. 647', W 149° 51.036' at an elevation 
of 5 meters. This plantation was established in 
1981. There was a 50% slope on the site. The 
trees were planted at a 5 meter by 5 meter 
spacing. The area showed no sign of vine 
growth. This plantation has an average rainfall 
o f 2350 mm/year.

Site 10, Wilder, was located at S 17° 
29.374', W 149° 49.934 at an elevation of 77m. 
This plantation was established in 1982. There 
was a 30% slope on the site. The trees were 
planted at a 5 meter by 5 meter spacing. The 
area showed no sign of vine growth. This 
plantation has an average rainfall of 1700 
mm/year

Site 11, CAMICA 2, was located at S 
17° 32.012', W 149° 53.569 at an elevation of 
100 meters. This plantation was established in 
1992. There was no slope on the site. The trees 
were planted at a 3 meter by 3 meter spacing. 
The area had been cleared of vines. This 
plantation has an average rainfall of 2050 
mm/year.

Site 12, CAMICA 3, was located at S 
17° 31.901', W 149° 53.614' at an elevation of 
127 meters. This plantation was established in 
1995. There was a 40% slope on the site. The 
trees were planted at a 3 meter by 4 meter 
spacing. The area had not been cleared of vines. 
This plantation has an average rainfall of 2050 
mm/year.

Site 13, CAMICA 98, was located at S 
17° 32.022', W 149°53.639' at an elevation of

108 meters. The plantation had been established 
in 1998. There was a 35% slope on the site. The 
trees were planted at a 3 meter by 4 meter 
spacing. The area had been treated for vines. 
This plantation has an average rainfall of 2050 
mm/year.

Grow?/? A%9<â Ay
Two values were used to represent the 

growth rate at each site: site index and mean 
annual increment. Site index is a value 
representing the dominant height of trees at a 
certain age. See Figure 2 for details. This value 
can be entered into an accompanying growth 
function to characterize height growth over the 
life of the tree. Site index was calculated by 
fitting each site to existing growth curves for & 

from plantations on the island of 
Fiji (Wescom 1979). The Fijian growth function 
for site index curve used was

Hd= S10'\(1.2304-2.7373(A*'-0.1))) (!)

where Hd is Pre-dominant height, or average 
height of 100 trees of largest diameter per 
hectare, A is age and S is site index. In this 
model, site index values were calculated for age 
10. Site index values were used in order to 
remove the variable of age from later analysis of 
environmental factors affecting tree growth.

Figure 2 Graph illustrates method used to 
calculate site index. Lines are existing growth 
curves for plantations in Fiji. Each point 
represents a sample plot on Moorea. Curves best 
fitting each point were interpolated, giving 
individual site index numbers.
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Mean annua! increment was also 
caicutated tor each site. This is a measure of 
average yeariy volume growth, expressed in 
cubic meters per hectare per year. Tree volume 
was estimated using the formula

V = p i(d b h /2 f^  (2)

where V is volume, dbh is diameter at 1.3m, and 
h is height, following the method suggested by 
Yamada and Gohlz (2002). Volume data was 
extrapolated to a per hectare basis.

Mean diameter was plotted with age to 
estimate optimal rotation length. By

extrapolating when the mean diameter of a stand 
will reach harvestable size, a rough estimate of 
rotation age can be determined.

Grow?/; yf Ma/ys'M
Multiple regression tests were run to 

determine any relationships between slope, 
rainfall, and elevation of each site on site index 
and mean annual increment. A Student's t-test 
was run to see any relationship in growth rates of 
sites with and without vine competition.

Figures for Results Section
Site Age (yr) SI MAI
1 3 37 5.32
2 3 47.5 6.82
3 4 27.5 4.26
4 12 19 21.97
5 5 31.5 11.36
6 33 16 13.43
7 36 23 22.37
8 17 16.5 33.80
9 22 19.5 16.36
10 21 15.5 14.64
11 11 17.5 13.34
12 8 15 5.53
13 5 28 8.69
Table 1. Site index values are expected height in 
meters of dominant trees in each site at age 10. 
MAI represents average yearly volume growth, 
in m'/ha/year.

Figure 3 Site index and rainfall of Moorea 5. 
wacropAy/fa plantations. Regression shows a 
positive correlation (R^= .29, p=.057) between 
site index and rainfall.

Figure 2 Mean diameter of each plot against 
age. The fitted line is a preliminary growth 
curve for mahogany on Moorea

Figure 4 Mean annual increment against 
elevation for 5. /Macrcy/zy/Za on Moorea. 
Regression shows a negative (R -.17, p=.057) 
correlation between the two variables.
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Results
The catenated site index and mean 

annua! increment va!ues for each site are given 
in Table 1.

Mean diameter for each stand was 
ptotted against age in order to estimate rotation 
length, as shown in Figure 2. The mean 
diameter per stand reaches 50 cm at age 63.

Multiple regression tests were run 
comparing site index of each site against rainfall, 
elevation, and slope. Only one of these factors 
proved to be statistically significant. Rainfall 
had a positive correlation with site index 
.29, p=.057), as shown in Figure 3.

A multiple regression was also run on 
mean annual increment, comparing the 
correlation of MAI with rainfall, elevation, and 
slope. Again, only one factor proved to be 
significant, although this time it was elevation 
(R^=.17, p=.057). Figure 4 shows the regression 
line.

A Student's t-test compared the mean 
annua! increment of stands that had been cleared 
of vines and underbrush and those stands that 
still had vines. Because stands older than ten 
years had closed canopies that prevented vine 
growth, these sites were excluded from the 
analysis. The only sites considered were young 
stands where vines are a potential problem and 
recent clearing would have taken place. The test 
revealed that those stands without vines had a 
significantly higher MAI (t= 2.85, p=.046).

The environmental factor of slope was 
not found to have a significant effect on either of 
the growth rates.

Discussion
The site index values calculated using 

the adopted growth curve from Fiji ranged from 
a low of 15 to a high 47.5. The range for these 
curves given by Wescom (1979) in Fiji is 10-25. 
While this seems to indicate that the plantations 
in Moorea are growing at an astounding rate, 
enthusiasm must be tempered. Mayhew and 
Newton (1998) wam that such curves are 
designed for older stands, and using them may 
over estimate growth of younger stands. This 
can be seen in the results, as all stands under ten 
years of age have site index values above 25, and 
all older stands have values within the bounds of 
previously published results. The growth 
functions from Fiji were used because they fit 
the Moorea data better than any other published 
models, as well as being the closest 
geographically. Hopefully the permanent plots

established in this study will allow site index 
curves to be established for specifically for 
Moorea.

Mean annual increment for the stands 
on Moorea ranged from 4 to 33 nr/ha/yr. While 
this falls within reported MAI values from 
around the world, this wide range indicates the 
high amount of variability from site to site 
present in the Moorea plantations. Local factors 
such as rainfall, elevation, plantation density and 
soil quality play too big of a role to generalize 
the growth rates for the island.

The minimum stem diameter necessary 
for harvest on Moorea is 50 cm. By 
extrapolating the mean diameter per site data, it 
is possible to estimate when the mean diameter 
of a stand will reach 50, a good substitute for a 
harvest age. The estimated rotation age falls at 
age 63, which compares favorably with other 
published data (Tillier 1995). It must be 
emphasized that these figures are preliminary. 
Because there are no stands of harvestable age 
on the island, it was necessary to forecast outside 
the model. Permanent plot data will provide 
more accurate rotation length figures, and data 
derived from this initial study should not be used 
in any serious planning of rotation length.

Rainfall was shown to have a positive 
correlation with site index. Height growth of & 

in the sample plots is more 
vigorous in areas of higher rainfall. The Re­
value (.29) of this line is low, indicating that the 
data is only weakly correlated. However, the p- 
value (.057) indicates even these weak findings 
have a significant trend. This finding agrees 
with Worbes (1999), who found that monthly 
increment in plantations of 5*. TwacropAy/A? in 
Venezuela had a high correlation with monthly 
precipitation. While rainfall is oRen a benefit to 
plant growth, the relationship specifically on 
Moorea was worth studying. For a rainforest 
tree species such as & TMacrqpAy//#, other 
macronutrients and fertilizers are sometimes the 
limiting factor for tree growth, and water is often 
in abundant supply. In this situation, an increase 
in precipitation may not lead to increased 
growth. The study showed that water is a 
significant factor for growth on Moorea.

In contrast to height growth, the volume 
growth expressed by mean annual increment was 
not found to have a significant correlation with 
rainfall. Worbes (1999) emphasizes that rainfall 
correlates highly with increment growth. 
However, Worbes looked at only diameter-based 
increment using tree ring studies, not the volume 
based increment used in this study. The fact that
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rainfaH was a significant factor in one growth 
rate and not another suggests that further 
sampiing was needed. Additional study sites 
couid have provided more exact numbers and 
better statistical analysis. However, the sites 
available on Moorea proved to be a limitation is 
the study. Mahogany has only recently been 
planted in great numbers on the island, so the 
number of study sites is comparably less than 
studies in areas with natural, native stands or 
greater histories of mahogany plantations.

A negative correlation was seen with 
mean annual increment and elevation, indicating 
that mountain plantations were growing at a 
slower rate (R^=.17, p=.037). As in the rainfall- 
site index regression, the low f r  values indicates 
poor correlation, but the p-values make what 
variation is explained significant. While this 
pattern is not surprising, the scale at which the 
data was significant was interesting. Elevation, 
or latitude, is often used as a surrogate for 
decreased temperature, which can lead to slower 
growth rates. Klinka, et.al., (1996) showed a 
clear decrease in site index for Engelmann 
spruce (Pfcea enge/wM/mu) and subalpine fir 

/asiocarpa) when elevation or latitude 
increase, but this work was done with temperate 
species in Canada, not tropical species. Also, 
Klinka, et.al. sampled a much larger number of 
sites that ranged over several hundred meters in 
elevation, while this study only had a one 
hundred meter range. It should be stressed that 
this analysis shows correlation, not causality, and 
elevation here may only be coinciding with 
another, unrecorded gradient. Alternately, the 
work in Moorea may show that elevation can 
have an impact even over small ranges.

No significant relationship was found 
for slope percentage when compared to site 
index or mean annual increment. This finding is 
not surprising given the general disagreement on 
whether slope affects tree growth. Mayhew and 
Newton (1998) report mahogany trees growing 
either faster or slower on steep slopes, depending 
on other factors. Steep slopes with thin, rapidly 
draining soils can lead to drought conditions for 
roots, leading to slower growth rates. 
Alternately, if flatter planting sites contain soil 
with high clay content, water-logging may occur 
and also negatively affect growth. It seems that 
slope is important only in how it affects soil 
quality. Because no relationship between growth 
and slope was observed, nothing about the 
correlation between soil quality and slope on 
Moorea can be inferred.

Creeping vines such as Aferre/wra 
pe/?a?a and Laatana sp. were found to decrease 
mean annual increment significantly. Young 
plantations that had been cleared of vines 
showed significantly higher growth than 
plantations that had been left alone. Once trees 
reached about ten years of age, the closed canopy 
shaded out any competition from these 
competing vines. This finding is consistent with 
other literature on creeping vines being weeds in 
tropical plantations. Dan-Pratiwi (1991) lists 
these vines as well as ATerrewia Mw?6e//afa as the 
most damaging in industrial forest plantations in 
Indonesia. The vines can lead to wood quality 
deformation in addition to slower growth. The 
practice of vine-clearing is not universal in 
Moorea, perhaps through lack of time or 
resources. The data presented in this paper 
strongly supports more intensive vine-clearing 
for land managers, fn addition to its main 
purpose of preventing mortality in young stands, 
the vine-clearing also increases growth on 
remaining trees.

Conclusions

Rainfall was shown to have a positive 
correlation with height growth of Swzereara 
rwacrop/zy/fa in the form of site index, indicating 
that trees are growing taller in areas of high 
rainfaH. Elevation had a negative correlation 
with mean annual increment, indicating that 
mountain plantations are growing slower than in 
the valleys. Clearing of creeping vines like 
Aferrewra pe/tata sould be strongly encouraged. 
All mahogany growers should adopt the practice, 
as it not only prevent mortality but also increases 
growth. Preliminary indicators of growth rates 
on Moorea show healthy growth compared with 
plantations in other tropical regions, but these 
numbers should be regarded cautiously until 
further work can be done. Avenues for future 
study are clear. Permanent plots have been 
established in order to study growth and yield 
more accurately in the long term (see Appendix 
A). Further research is also recommended for 
other trees in the SDR s precious hardwood 
program, such as small-leaf mahogany, 
Swr'e/eara ma/rogam, and Tamanu, Ca/op^y/fraa
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Appendix A

Pg77M<27!e7!? /?/o?
Permanent plots were set up in order to measure growth data more accurateiy over the iong term. 

The data is recorded here tor use by the SDR and any future researchers. Permanent piots were set up in 
piantations of different ages. 20 trees were marked and numbered with red paint at the given focation. In 
younger stands, 30 trees were marked in anticipation of thinning. Diameters were taken with a diameter 
tape. Heights were taken of 20% of the trees, chosen at random.

Lotissement Rotui O 1.67
planted 1991 plot size(m) 9x28 planted 1967 plot size(m) 16x43
S 17° 31.288', W 149'' 50.354' S 17°3 1.331', W 149° 50.062'
tree diameter at 1,3m (cm) height (m) tree diameter (cm) height (m)
1 17.4 18 1 46.8 31.3
2 25.3 20.6 2 32.6
3 24.8 3 48.9 31.8
4 20.8 4 41.3
5 24.7 5 46.7
6 19.1 6 72.6
7 29.2 7 46.4
8 24.1 8 41.5
9 21.9 18.3 9 42.5 38.6
10 21.3 10 37.6
11 23.2 11 48.5
12 21.3 12 50.8 39.7
13 16.4 13 40.8 33.2
14 19 14 48
15 17.1 12.9 15 37.7
16 35.8 20.6 16 38.3
17 16.9 17 58.4 38.5
18 27.5 18 39.8
19 17.6 19 44.3
20 13.3 20 39.4
21 27.5
22 18.1
23 30.2
24 22.9
25 19.3
26 23.9
27 17.6
28 24.5 15.8
29 22
30 22.8
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PieddeR otui] plot size 22x 12 Colline rouge 2-b plot size 48x10
planted 2000 planted 1999
S17° 31.269', W 149° 49.926' S 17°31.786', W 149° 50.945'
tree diameter height tree diameter height
1 12.1 1 16.1
2 9.7 2 13.6
3 11 3 12.1
4 7.6 4 11.5
5 10.4 10.7 5 15
6 11.6 10.8 6 10.2
7 10.1 7 11.7
8 7.5 8 164 15.8
9 9.9 9 15.9
10 7.3 10 7
1! 9.8 11 6.6 6.6
12 7.5 12 12.3
13 10.6 13 10.5
14 7.2 14 21.3
15 12.4 10 15 20 17.7
16 6.3 16 21.8
17 11.4 8.8 17 15.6
18 10.5 18 13.2
19 11.2 19 8.5
20 8.3 20 13.3
21 5.7 21 16.1
22 11.5 22 8.8
23 11.4 23 17.6
24 9.9 10.1 24 14.2
25 6.9 25 6.3
26 9.8 26 9.8 8.3
27 9.8 27 15.9 12.6
28 8 7.2 28 9.2
29 7.8 29 11.2
30 8 30 8.3 10.8
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plot size 35x150  2.70 
planted 1970
S 17°31.648', W 149°50.917'
tree
1

diameter
43.3

height

2 58.9
3 60.4 218
4 24.2
5 58
6 48.2
7 17 17.5
8 15.7
9 44.4
10 31.1 21.6
11 21.6
12 24.8
13 26.1
14 33.2
15 415
16 515 212
17 21.2
18 45
19 21.5 15.1
20 214 213
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Arthropod Density and Diversity of Mo'orean Tree Groves

John Carey Skinner 
University of California, Berkeley

ABSTRACT. The ironwood tree, Ca-Mian/?# and Caribbean Pine, P/MM.y both support similar
under story flora in French Polynesia. a non-native weed, and Dfc/Yino/ŷ Tiy a native fern,
constitute dominant patches beneath these trees. Sixteen quadrats on the island of Mo'orea were swept with an insect 
net to determine the density and diversity of arthropods present beneath the two species of trees. exhibited a
much higher density of arthropods, but only a slightly higher diversity than the fem. Density and diversity were found 
to be dependent upon the dominant under story plant species and not upon the canopy of trees present.

Introduction
The Caribbean Pine, P/MM.y is

a non-native tree introduced to French Polynesia 
within the last century as a possible source of 
lumber. There is a small contingent within the 
agricultural bureau focused on the harvesting and 
processing of the pine (Grady, B., personal 
correspondence). However, mahogany has come 
to replace pine as the desired plantation tree and 
much of the remaining pine serves the purpose of 
erosion control on numerous steep slopes around 
the island of Mo'orea.

Aito, the ironwood tree, Casaa/iM# 
frequents the shores of French 

Polynesia and was thought to be a native species 
(Chabouts, L. & F.) but may actually have been a 
very early introduction by the Polynesians 
(Meyer, J_Y). Aito has been planted in groves 
that share similar height and canopy cover 
characteristics with the pines. Though an 
angiosperm, the aito's twigs bear a superficial 
resemblance to pine needles and in numerous 
places create a ground cover very similar to that 
beneath the pines.

The under story of these tree groves is 
highly variable and often changes distinctly 
between species within the same grove. W M ^a 
fn/a&afa, a non-native, weedy species that 
frequents nearly all of the disturbed areas on the 
island is one of the most common inhabitants. 
Where established it is often the only species 
present. The native fern, /m^an-y,
is another common species of the under story. 
Like W ^J^'a it may constitute nearly 100 
percent of the ground cover when present and 
relies on vegetative growth to spread.

It is possible that the trees determine the 
organisms beneath them, but more likely that the 
under story vegetation dictates arthropod 
diversity and presence. Few insects are known to

feed upon fem -  thus, the density and diversity 
of insects found upon the D^ranapfeTiy are 
expected to be drastically less than those found 
on the WMa/^a. Alternatively, elevation, 
percentage canopy cover, depth of under story 
vegetation, and site location may all be factors 
that dictate arthropod diversity more so than the 
plant species present.

Methods and Materials 

M̂ ?Aa<iy
Three sites were chosen within the 

northern valleys of Mo'orea where sampling 
occurred. Site locations and the number of 
quadrats performed at each site follow. Each 
quadrat was a 10 meter by 10 meter area 
delineated by field tape. For a total of six 
minutes each quadrat was swept with an insect 
net. The arthropods and plant matter collected in 
the net were then deposited into a labeled bag 
and returned to the field station for prompt 
freezing. After sweeping, the depth of the plant 
species (from top leaves or fronds to the ground 
surface) that dominated the under story was 
measured. The canopy cover was estimated, and 
the relative percentages of plant species 
constituting the quadrat were calculated.

For each tree species, a total of 8 
quadrats were performed — 4 quadrats where 
W ^M a occupied more than 90 percent of the 
ground cover, and 4 quadrats where 

did the same. Quadrats were 
chosen so as to allow for a variety of depths and 
canopy covers to be tested. After freezing, plant 
and arthropod specimens were separated and 
described. Arthropods to be used as type 
specimens were preserved in alcohol.
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5r7c
1. Site one is located 2 km into the Pao Pao 

Vailey. 10 quadrats.
2. Site two is located 1 km into the Opunohu 

Valley. 3 quadrats.
3. Site 3 is located at a site .5 km from the 

Belvedere. 3 quadrats

Results
There was not a distinct difference 

between the density of arthropods found beneath 
the two species of trees. The total number and 
general type of arthropods found is very similar 
beneath aito and Caribbean Pine as Figure 1 and 
2 illustrate. Wiedg/m supports a much
higher overall density of arthropods than the 
native fern, DicraMopfcrA h'nearM.

Though a much lower density of insects 
was found upon the fem, the number of 
individual species present, to be used as an index 
of diversity, was found to be similar in the fem 
and the non-native weed. The number of 
different species found upon and
DicranopterM is seen in Figure 3 and 4, again 
separated as to the trees above. The similarity 
between the diversity of arthropods found 
despite the tree present is evident.

Discussion

Aito and Caribbean Pine do not appear 
to dictate the arthropod density and diversity that 
exists beneath them. Instead, both density and

diversity are easily correlated to the plant species 
that compose the under story. Whether it lives 
under pine or aito, Dicranoptenj supports a far 
fewer number of arthropods per unit space than

does. Though it may be related to age of 
the grove or amount of time since last 
disturbance it can also be inferred that aito and 
pine do not exhibit an effective allelopathy, or 
chemical composition of their detritus, that 
affects the arthropod life that lives upon and 
within it.

The chemical composition of fern 
fronds has made them a difficult food item for 
many arthropod species, but this does not affect 
the ability of DicranopterA to support an 
arthropod diversity nearly equal to that of the 
non-native weed. Truly, the total number of 
insects present upon the fem is greatly reduced 
in comparison, but the number of individual 
species gathered suggests the native fem is 
usable habitat for certain species, and does not 
prevent other species from using it as a 
temporary place to reside. Underneath the pine, 
the number of spiders present was nearly 
identical upon both WieJchu and D/cranopfgrA, 
suggesting that not all arthropods show the same 
density preferences.

rn/o&ata is an invasive species 
able to support much higher densities of 
arthropods than the native fern. However, the 
number of different individual species that reside 
in this weed is not distinctly higher than the 
number found in the fem. It is also quite possible

Pine's Arthropod Densih

Figure 1 and Figure 2. The columns on the left of each chart represent the total number of arthropods 
found on 400 square meters of WeJeha and the columns on the right are the total found on D;'cr<2Mop;<?rA.
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Aito's Diversity Pine's Diversity

Wedetia Diryannnteri

Figure 3 and Figure 4. The number of individual species of arthropods found upon each plant.

that the high density of insects found on 
are primarily invasive, non-native species 
themselves, but closer identification and better 
records of native insect species would be 
required to fully ascertain this viability.

Conctusion
Ca-yMarma and

car/ba^a support very similar plant and 
arthropod communities. The under story species 
that flourish beneath these two trees are what 
dictate the species and density of arthropods 
present. WbJ^ba fn/abafa poses a threat to 
tropical environs the world over in its ability to 
spread and easily dominate disturbed areas, such 
as recently planted tree groves. The high density 
of possibly deleterious arthropods that reside 
upon WM^ba may make this plant an even more 
dangerous invasive. Further studies could 
possibly show what percentage of the arthropods 
present are actually feeding upon the WbJ^ba 
and thus slowing its spread. D fcranap^nj 
/bt^afiy is a native fern on a tropical island 
system threatened by countless invasive species 
and thus must be monitored and protected. The 
fact that it supports a low density of insect life is 
tempered by the diversity present, and like 
WbJ^ba, its predation by the arthropods upon it 
deserves further research.
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Invasion of the Giassy-winged Sharpshooter

In the Society Islands, French Poiynesia: 
Host Species and Egg Survival

Leti Kaz PameH
Department of Integrative Bioiogy 
University of California, Berkeley

12-14-2003

ABSTRACT. /fowa/o^Mca congM/ata (Hemiptera: Cicadellidae) is a vector for the xylem dogging bacterium, Ay/g//a 
yayhdioM that causes scorching diseases in plant crops. Nowa/o^Lca coaga/ata was introduced into Tahiti in the 
Society Islands, French Polynesia in 1999 and has spread to Moorea, and Huahine. It was not recorded horn Raiatea or 
Bora Bora as of November 2003. Host species of //oMa/ô ;'.s'ca coaga/ata were surveyed in a series of habitat types in 
Moorea: lowland ornamentals, lowland strand vegetation, mid and high elevation ridge-crest vegetation. A list of plant 
species was formulated from these findings. Leaves with emerged and pre-emerged egg masses were collected from 
each host species and survival rates were shown statistically to vary among collection site. Overall the survival rate of 
eggs in egg masses was high and was not influenced greatly by parasitism or predation.

Introduction
The glassy-winged sharpshooter 

(GWSS), //owa/o<&'ca coaga/afa, is one of the 
largest leafhoppers in the family Cicadellidae 
(Hemiptera). It is a polyphagus xylem feeder that 
is a vector of Ay/e//a /a.sA'Jio.sa, a bacterium that 
causes "scorching" diseases in plant crops such 
as, Pierce's Disease in wine grapes and Phony 
Peach Disease in peaches (Hoddle, personal 
communication). It was introduced into southern 
California in the late 1980's (Sorensen and Gil, 
1996) from its native range of SE United States 
and NE Mexico (Turner and Pollard, 1959). #. 
coaga/afa x presence in California has serious 
economic concerns to the viticulture industry 
because of its ability to vector Pierce's Disease 
that was responsible for destroying wine crops in 
Temecula, CA in the mid 1990's 
(www.eppo.oraf. The distribution of their 
geographic range has been limited in more 
northern California habitats because they are not 
tolerant to cold, dry climates (Hoddle, personal 
communication).

In Ventura, California, a resident 
parasitic wasp was found in the eggs of H  
ccaga/ata and more recently, a potential 
biological control agent, a wasp from Texas and 
Northern Mexico, Gonatoceras frfgaffafa^ has 
been introduced into Southern California to try 
and reduce the numbers of //. coaga/afa 
(Conklin and Mizell, 2002). The tiny wasp lays 
its eggs inside the egg mass of # . coaga/ata and

this destroys the egg (Triapitsyn and Phillips,
2000).

Ff. coaga/afa was introduced into Tahiti 
in the late 1990's possibly by egg masses on an 
ornamental plant shipped from California 
(Hoddle, personal communication). This study 
examines whether numbers of EL coaga/ata are 
limited by any native parasitic wasps or egg 
mass predators on Moorea, FP, and if predation 
differs among habitats where they can lay their 
eggs. It is hypothesized that GWSS is not 
limited in different habitats, lowland strand 
vegetation, planted ornamentals, and higher 
elevation flora, for their host species. It is 
possible that optimal environmental conditions 
and low parasite numbers allow for large GWSS 
populations, which may lead to an expanded 
habitat range. The survival rates of their egg 
masses are thought to be high, but variable 
depending on their location, with their predation 
numbers and parasitoid rates being low. This 
study will test these effects. This study also 
looks at the presence and absence of FT 
ccaga/afa on other islands within the Society 
Archipelago and tests the hypothesis that they 
have spread beyond the Windward Islands and 
into the Leeward Islands
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Methods

//#772#/#J2^c# co#gM/#/# is 12-14 mm in length 
as an adult. They have five nymph instar stages 
that are wingless and gray with bulging red eyes 
and take ^ 45 days to reach adulthood. The 
adults are dorsally brown with black and off 
white markings on their abdomen. The females 
are larger than the males and have a noticeable 
slant on the terminal end of their abdomen with 
an ovipositor located on the center of their last 
few abdominal segments that appears as a thick 
black line (Hoddle, personal communication). 
The adults are good flyers compared to other 
leafhoppers in the family Cicadellidae and for 
this reason have a larger geographic feeding 
range.
The female lays her eggs by depositing them 

into the plant tissue (usually on the underside of 
the leaf) and covering them with a hydrophobic 
white powder consisting of brochosomes. The 
female can lay anywhere from 1-28 eggs/mass 
(Conklin and Mizell 2002). GWSS drink from 
the xylem of the plant stems ingesting up to 300 
times their body weight per day and excrete 
copious amounts of fluid as they are feeding. The 
fluid expelled is made up of mostly water, some 
organic compounds and ammonia. If very high 
numbers of sharpshooters are feeding, the tree in 
which they are feeding upon will look as if it is 
raining beneath it and is nicknamed the "pissing 
fly" by the people in French Polynesia.

Rotui (899m) and Mt. Mouaputa (830m) were 
chosen for their vegetation along their trails and 
ridge crests (lonely planet, 2000) and one mid 
elevation site in Pao Pao Valley (63m)
(see fig. 3).

Fig.l
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Moorea is part of the Society Islands that makes 

up the Windward Islands in French Polynesia. It 
is a high elevation volcanic Island ^1.2 million 
years old and is surrounded by coral reefs (Resh 
et al. 1990). 11 sites were designated as search 
sites for the host species of # . co#g#/#?#. 2 
motus (coral islands) were chosen for their native 
strand vegetation, Motu Tiahura and Motu 
Temae (see fig. 1). Motu Temae (included off 
road vegetation and coastal vegetation) has been 
partly filled in and is connected to the main 
island of Moorea. It has roads and is fairly 
populated. The vegetation is similar to Motu 
Tiahura that has no roads and has a total of five 
people living on it. Five villages were chosen for 
their large varieties of planted ornamentals; 
Maharepa, Temae, Afareaitu, Vaiare and Haapiti 
(see fig. 2). Two high elevation mountains, Mt.

v
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Fig. 4
Rotu Rom

Fig. 3

ybr //. coagu/ata 7n ?Ag 
LcewarJ D/anJ.s (Isegyig. 4)

1. Huahine is 170 km from the largest island in 
the Societies, Tahiti (A=1045knr, population 
150,000). Huahine is made up of Huahine Nui 
and Huahine iti and its tallest peak is 669m. Its 
area is 75 kmt and has a population of 5411 
(Lonely Planet, 2000).
2. Raiatea is 220 km NW of Tahiti and is the 
largest of the Leeward Islands, the tallest peak 
isl017m and its area isl70 km (this includes 
Tahaa, which is 5 km away). The population is 
10,057 and has the second largest city, Uturoa, to 
Tahiti's Papeete (Lonely Planet, 2000). It has the 
deepest bay and abundant rainforests and the 
only navigable river in French Polynesia 
twww.tahiti.com. 12-13-03).
3. Bora Bora is 260 km from Tahiti and its total 
area is 38 km? with a population of 5,767. The 
highest peak is 727m (Lonely Planet, 2000).

„ . MdahM) Raiatea

The S&aniv ]s!an&

Collection 7ecAni<yMe.s

At each site every reachable leaf of 
every species of plant was inspected for egg 
masses. For village sites the roads were walked 
from one village to the next. For high elevation 
mountains the trails were walked up to the peaks. 
For motus the coastline was walked along with 
the interior roads and trails. If egg masses were 
found on a plant, the leaf was picked and stored 
in a plastic re-seal bag to store for further 
analysis. For unidentified plant species, pictures 
were taken of all distinctive parts i.e. flower, 
fruits, leaf, and trunk..

Do to

The egg masses were taken back to the 
lab and the numbers of eggs within the egg 
masses were determined by counting the heads 
(black dots) of the larva visible through the egg 
casing of eggs that had not yet emerged. The 
eggs were counted once successfully hatched out 
and this number was recorded as survived. If the 
eggs had already emerged then the number was 
determined by counting the impressions of the 
individual eggs within the mass. If the egg 
masses were preyed upon, then the number of 
eggs were determined by how many times a 
.5mm piece of pencil led, which was used to 
represent the width of one egg, would fit into the 
mass vertically. The egg mass was determined to 
be preyed upon if all or part of the outer covering 
was ripped away. Parasites were determined by 
the presence of a small hole in an egg sac. AH 
holes represented one parasite and one egg death.
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All data was placed in table form and a total 
number of egg survivals and egg deaths were 
calculated. Counts of eggs preyed upon or 
parasitized were examined at for each site. The 
survival rates across sites were tested using a 
Chi-square ^ )  test of independence to see if 
different sites differed in egg survival. The sites 
were grouped by similarity in vegetation and 
survival rates were examined in the same format 
as for individual sites.

Huahine and Raiatea were visited for a 
total of four days and Bora Bora a total of two. 
The islands lowland perimeter was surveyed for 
any sign of # . cpagM/af#. Known plants that they 
fed upon due to prior observations on the islands 
of Tahiti and Moorea were swept with an insect 
net. Plants were physically observed and leaves 
were turned over to check for egg masses on 
known host species.

Results

Host species were found in every site. 
7V. cpagiv/a?# seem to be occupying every niche 
available on Moorea and have a very wide range 
of host species that is not limited to high 
elevation, coastal regions and urban villages. 
Over 40 families were identified. Fabaceae was 
the most frequent of the entire host species 
observed. Nearly 100 species were observed as 
host species. All sizes of leaves were found to be 
adequate for egg laying. Some leaves, like 

(^15-25cm in length and 25- 
30cm in width) had multiple egg masses per leaf, 
whereas others, like PeTM/7/n.y (^Tcm in
length and 2-4mm in width) had only one egg 
per leaf.

These observations reject the null 
hypothesis that they are limited to certain 
habitats and support the hypothesis that they are 
not limited as to where they will lay their eggs. 
Fabaceae was the most frequent family of host 
species (see Appendix 1. List of Observed Host 
Species for GWSS on Moorea, French 
Polynesia)

% Eggs Survived vs. % Died 
(individua! Sites)

Fig.5

Specific Collection Sites
l=Temae Beach 7=Temae Village
2=Tiahura 8=Haapiti
3=Mt. Rotui 9=Afereaitu Village
4=Temae Mats 10=Mt. Mouaputa
5=Opunahu Valley 1 l=Vaiare Village
6=Maharepa Village

Egg survival differed across sites (p < 
.05, df=10.0, 7^=232.158 ). This rejects the null 
hypothesis that different sites have the same 
survival rates and supports the hypothesis that 
the survival rates vary across different sites. The 
Temae mats (site 4) had a much larger collection 
size and this shows up as having a larger survival 
rate than the other sites. Mt. Mouaputa (site 10) 
was the only site that showed more deaths than 
survivorship.
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Fig. 6

% Eggs Survived vs. % died 
(Grouped Sites)

Specific Collection Sites

!=Lowland Villages 
(planted ornamentals)

3=High Elevation 
Mountains (<800m)

2=Motus (strand 
vegetation)

4=Mid Elevation 
(0>100m)

The collection sites were grouped 
together by similar species of flora; native strand 
vegetation (1,2, 4), planted ornamentals (5, 6, 7, 
8, 9, 11), high elevation (3, 10) and one mid 
elevation valley (5). Egg survival differed for 
sites with similar vegetation (p<.05, df=3.0, 
7^=61.78).
This rejects the null that similar plant species 
have the same egg mass survival rates. A higher 
survival rate is seen in native strand vegetation 
and lowland villages compared to high elevation 
mountains.

The parasites that were found were not 
grouped at only one location; they were spread 
throughout the sites with no pattern of vegetation 
or location similarity. The Chi-Squared test 
shows significance (p< .05, df=10.0, 7^=96.867) 
but more than 1/5 of the data is sparse. This does 
not necessarily reject the null, or support the 
hypothesis that parasite numbers differ at 
different locations. The rates of parasitism are 
low and are probably not influencing or reducing 
the survival rates of the egg masses.

Fig. 8________________________________

% Preyed upon vs. % Not Preyed upon

Specific collection sites same as Fig. 6

The sites are grouped by similar types of flora 
and predation rates were found to differ across 
these similar types of vegetation (p <. 05, df=3.0, 
7^=93.24). This rejects the null that sites with 
similar flora have the same predation rates and 
supports the hypothesis that there is unequal 
predation of egg masses at different sites that 
have similar flora. Predation rates are 
independent of location and flora and this could 
make it difficult to figure out what is eating the 
egg masses.
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Dfyfrz&MfzoM q 7  R . zzz f/ze 5*ocz^^

Island Present Absent
Tahiti X
Moorea X
Huahine X
Raiatea X
Bora Bora X

//ow^/oJz^c^ co^zgM/^^ was found on Tahiti, 
Moorea and Huahine during the months of 
September-November of 2003. Adults, juveniles 
and egg masses were found on a large Tiare 
shrub in a house garden in Fare Village. The 
spreading to Huahine indicates that the 7/. 
co#gM/af# has not been successfully contained to 
Tahiti and Moorea since its recent introduction 
into Tahiti in 1999. This supports the hypothesis 
that 7/. co#gM/%/a is colonizing other islands in 
the Societies.

Discussion 

7V#.y? .specza?
The host species that TV. coagM/%?# has occupied 
in Moorea is very extensive. They are found in 
every type of habitat investigated from lowland 
coastal native plants to high elevation ridge-crest 
plants. The invasion of many niches may be due 
to the very large number of sharpshooters 
competing for plant space. An article published 
by the University of Florida Institute of Food and 
Agricultural Sciences in 2003 by Conklin and 
Mizell states that the female sharpshooter lays 3- 
28 eggs on well-chosen leaves and that they have 
preferred plants for oviposition. The preference 
is affiliated with the nutrient needs of the 
juveniles once they hatch out and begin feeding.

Their large numbers and island- 
colonizing success may be decreasing their host 
species preferences and pushing them into less 
tolerant environments for oviposition. Being 
pushed out of their preferred host species range 
could explain why they laid eggs on leaves that 
were so small that only one egg fit per leaf.

If their adult population numbers 
continue to increase then their egg mass and 
juvenile survival rates may begin to decline. This 
decline could come about because they have to 
lay their eggs on plants that are not nutritionally 
supportive for juvenile growth. A study in 1990 
by Brodbeck et al examined the preferences that

adult /V had on four different host
species based on their seasonal amino acid make­
up. The xylem fluid was extracted during times 
of excessive and low-moderate times and the 
amino acid content was analyzed.

A similar examination could be done 
for host species in Moorea that have emergent 
egg masses on leaves, but are absent of juveniles. 
This could look more at the survival rates of the 
nymph instars and their tolerance to a nutrient 
poor host species. It is likely that even if the 
numbers of juveniles are being reduced by 
intolerant host species the impact is small and 
not sufficient enough to control the number of 
juveniles that do make it to adulthood.

*S*Mrvzv%/

7/. survival rates vary at
each site depending on location. Even though 
their success is high they are not having equal 
egg hatching success throughout all niches. This 
could be that they are laying their eggs in areas 
that are less desirable because their population 
numbers are so high and the competition for 
feeding and ovipositing is fierce. A less desirable 
place could be defined by an increased number 
of egg predators, or egg parasites. It could also 
be that the eggs do not do well in hot and moist 
climates like that of the tropical riparian habitats.

By not having all the same survival 
rates it is possible that there are areas that could 
have more predation and that the predators that 
are feeding off of the egg masses of the 
sharpshooter may increase and may spread to 
other areas and decrease the number of 
sharpshooters throughout the islands. To test 
this, it would be necessary to observe any 
predation on the egg masses and identify specific 
species of predators.

Presently the survival rates are high in 
Moorea, FP compared to Florida, USA where 
researchers Triapitsyn, Serguei et al have found 
an increase in the number of species of mymarid 
wasp egg parasites. No known species of egg 
parasite has been identified on Moorea as of 
November 2003. The data collected suggests that 
parasite numbers are still very low and that they 
are not impacting the survival rate of the 
sharpshooters significantly. The low numbers 
could be because the sharpshooters have only 
been in French Polynesia for four years and that 
has not been enough time to increase the 
numbers of the egg parasites. In general, the 
wasp parasites do not have large populations and 
would have to be farmed (www.calacademv.ors)
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and released in larger numbers to make a 
significant decline in survival rates of the 
sharpshooter's egg masses.

Co/omzaPoM o/ otAer PLmJ.s in PP

Huahine is the closest of the Leeward 
Islands to the already invaded Windward Islands, 
Tahiti and Moorea. It is likely that Huahine was 
first to be invaded due to this close proximity 
and that the remaining Society Islands will be 
invaded by sharpshooters in time. It could be that 
they are already on other islands, but in small 
enough numbers that they have not yet been 
found.

The Cargo ships, ferries, planes and 
private boats visit all of the islands in French 
Polynesia. There are not many ways of 
preventing the spread of the sharpshooter 
throughout French Polynesia. The islands are 
close enough that an adult could stay alive for 
any of the travel durations and egg masses could 
certainly travel safely throughout the 
archipelagos.

CoMc/MSiOH

It is likely that some form of biological 
control will need to be implemented to decrease 
the large populations of the sharpshooters and 
discourage their spreading. Their normal climatic 
limitations are not a factor in the warm, wet 
climatic regions of the South Pacific. The 
parasite numbers are too low to make any 
nominal differences at this time and there are 
enough plant species for them to feed and 
oviposite on without any habitat limitations.
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A ppendix  1. L ist o f  O bserved H ost Species for 
G W SS on M oorea, F rench Polynesia

7Vzaabazgza araa?a-A can thaceae  
P /aazaa/a ^p. A gavaceae 
y4Paz*aaa?Aara sassP y-A m aran thaceae  
Crzaaza xaaPzapA yPaza-A m aryH idaceae 
M aagz/ara  zaPzaa-A nacardiaceae 
6paaPza^ zaazabza-A nacardiaceae 
P^aaParaafAazaaza aarra^Aar^zz-Apocynaceae 
( C hinese lan tern )

y tPazaaaPa aa^A arPaa-A pocynaceae 
y4/yxza ^/aPafa-A pocynaceae 
CarPy/zzza y raP aa^a-A qauaceae  
5*Aâ /7az*a aaPzza/b/za-A ra)iaceae 
Pa/y^aza^ gazZ/by/az-Arabaceae 
iSyagrMtS z*azzzaaza//zaaa-Arecaceae 
(queen palm )
*SpAagzzaPaa/a ;z-Paba?a-A steraceae (w edelia) 
PzPazz^ ^p -A ste raceae  
G/zrzazPza ^^pzazzz-Boraginaceae 
(cleomile -B ra ss icaceae )
C arPza ^abaaz*Pa^a-Boraginaceae 
7aMz*zza/bz*Pa a rg aa^aa-B orag inaceae  
7arzzzzzza/za aa /ap p a -C o m b re taceae  
C alophyllum - C iusiaceae 
U n k n o w n  -C o m b re ta c e ae  
Tpazzzaaa zzzzarazz^Aa-Convo!vu!aceae 
Tpozzioaa yz^^a/a^a-Convu!vu!aceae 
D za^aaraa bM/bz/az*a-Dioscoraceae 
Codiaeum  variegatum  -  E u p h o rb iaceae  
ytaa/ypAa AzlspzPa-Euphorbiaceae 
CaPzazzPra ^arzzzazzzazz^z^-Fabaceae 
C assia  a la ta-F abaceae  
/taaaza  gp F abaceae 
C aesalp in ia pu lcherrim a-F abaceae  
CaPzazzPra ^arzzzazzzazz^z^-Fabaceae 
C assia a la ta -F abaceae  
C ro?a/arza paP zP a-F abaceae 
Da/azzzx ragza-F abaceae 
Pfaz*oaazpa^ zzzPzaa^-Fabaceae 
AfarzzazzPza zzyzzzpAaa/b/za-Fabaceae 
Lazvaaazia /aaaaaapA a/a-F abaceae 
M exican lilac- F ab aceae  
.Sazzzza ^az*a^azz^z^-Fabaceae 
*S*apAara ^azzzazzfa^a-Fabaceae 
*S*azzzazzaa ^azzzazz-Fabaceae (m onkey  pod) 
U nknow n  F abaceae 
Ay/a^azzza ^abarA zaa/az^Ftacourtiaceae 
*S*aaava/a ^az*zaaa ?)-G oodenaceae  
N a/zaaaza ^p -H ebcon iaceae 
Caz*Py/zaa y raP aa^a-L i!iaceae 
P a g ra a a  baz*^az*aaaa-Loganiaceae

PazzzpAẑ  aazPa/a-Lythraceae 
P^zPzaza gaa/ava-Myrtaceae 
ytagzap^arz^ avaa^a-Mara!tiaceae 
Pzaa^ ^p.- Moraceae 
PAa^pa^za papa/aaa-Ma!vaceae (milo)
Afzbz^aa  ̂ra^a^zaaa^z^-Ma!vaceae 
Afzbz^aa  ̂P/zaaaaa^-Ma)vaceae 
Ma/vavz^aaj paaPa/z/ara^-Ma!vaceae 
(turks cap)

*S*nza/aaza zaaarapAy/a-Me!iaceae (Mahaeonv)
Ma?ra.yz(7aro.y ^p. -Myrtaceae
Myr ẑzza ^p.-Myrsinaceae
PaagazzzvzPaa ^p.-Nyctaginaceae
GaAaa /Aazzza^zaaa-Ochnaceae Mickey Mouse
Plant)
PaziPazza ^p (c!imbing)-Pandanaceae 
Pa^z/Zara ybaPPa-Passitloraceae 
Colubrina asiatica-Rhamnaceae 
Gra^a^(y/z.y (turks cap)-Rhizophoraceae 
GarPaaza aagaz^^z/b/za-Rubiaceae 
MarzaPa aPrz/b/za-Rubiaceae 
Unknown Rubiaceae 
Gaz*Paaza Pa^aa^z^-Rubiaceae 
*S7z*a/Pzza ragzaaa?^-Strebtziaceae 
C/araPaaPrazzz ^Aaza^aaaa-Verbanaceae 
P a ra n a  aazaara-Verbanaceae 
Gaz//azzzza pazpaz*a/a -Zingerberaceae 
y4z*aaa aa^Aawa
/t^y^^za ^a/zaz/b/za-Acanthaceae 
PazaaPa pzaaafa 
7gaa ybazPaz 
Caa^Aaaaa^Aa^ zwaag 
Ga/Aaaa^Aa^ ra^aa^-(malphisia)
Ma&yaaaPa pAz/zppzaa 
PAyzaa^ara5' g ra^a^
Daraa^a araafa 
/xara ^p.
GPaAaPzaa 
GaaParPa .spaazasa 
Ja^rapAa zaaPz/zPa 
Pagaz*̂ ẑ*azaza zaPzaa 
Pagarsfrazaza ^paaza^a 
*S*Aa//7ara aaZzapy//a-(octopus tree)
Unkown palm 1 
Unknown leaf 1 
Unknown tree 1 
Unknown tree 2 (weimania?)
Unknown vine 1 
Unknown vine 2 
Unknown flower 1 
Unknown flower 2 
Unknown flower 3
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Factors influencing survivorship of larval CM/ax in the carbonate
platform pools of Mo'orea, French Polynesia.

Jessie Standish
Department of Integrative Biology 

University of California, Berkeley, 94720

A B ST R A C T . Cn/ax is a relatively unstudied mosquito species endemic to French Polynesia. Larval 
populations were observed living in karst pool formations on the carbonate platforms of Mo'orea, French Polynesia. 
This study sought to identify the factors influencing survivorship of C. in these salt-water pools, including
ability to survive high densities, salinity change, and desiccation. The average density of 4 chosen pools on the Tiahura 
motu during three weeks of sampling, was 3927 larva per up or 53636 larvae per m^. In a lab-based trial, C. 
can inhabit water with salinity levels ranging from fresh water (0 ppt) to salt water measuring 60 ppt. C. rojefH can 
osmoregulate within this range to adapt to abrupt or gradual change in salinity. In a heat shock trial, C. survived
water temperature up to 49° C. In lab-based trials, C. endure 2 hours, 20 minutes without water during tidal 
fluctuations as long as they remain slightly moist.

Introduction
High densities of (Belkin)

were found living in the salt water pools on 
Tiahura motu. At times, the larvae appeared to 
darken the water with their intense biomass.
This density was not only visually stunning but 
also of scientific interest as C. has been
previously recorded as a fresh-water organism. 
(Belkin 1962, Riviere etal. 1986a) Fluctuating 
salinity, water temperature and tide levels make 
the pools these larvae inhabit a severe and 
dynamic environment. For this reason, I was 
amazed to find these "fresh water organisms" not 
only surviving but thriving in high densities.

This study sought to quantify the 
densities of these larvae and the physical 
parameters of their natural habitat. It also sought 
to determine the extent of C. Twem's tolerance 
to extreme salinities, high temperature and 
desiccation.

I hypothesized that in lab-based tests, C. 
larvae would survive even more variable 

parameters than those observed in the field. If 
my hypothesis is true, it may account for the 
abundance of larvae.

Methods and materials

The Tiahura motu is located off the 
northwestern coast of Mo'orea, French Polynesia 
(17° 30' S 149° 50'). A motu is a small island

formed by coral debris depositing through storm 
activity on the barrier reef of a larger island. On 
the Tiahura motu the island formed its own reef 
which was cemented to a "platform" over time 
and then exposed to air during global changes in 
sea-level. The pools used for this study are 
formed in this exposed carbonate platform. They 
are situated on the northern side (Figure 1) of the 
motu. (17° 29.179' S 149° 54.723' W)

C. larvae take advantage of a
geological formation on the carbonate platform 
of the Tiahura motu. The geological formations 
in which these larvae live have been described as 
karst pools. This is because these formations are 
formed by the dissolution of calcium carbonate, 
called the karst process. On the motu, these 
"karst pool" formations are carved out of the 
vadose and phreatic layers. These two layers 
have a porous layer in between them which 
subterraneous! y connects the karst pool to the 
ocean. (Figure 2) (Waljeski, pers. comm.)
Larvae are not at risk of being sucked into the 
ocean because a sandy substrate protects them 
from this porous layer.

Karst pools, with subterranean ocean 
connections, have several advantages for the C. 
rosem larvae. (These karst pools will be referred 
to as "pools" for the remainder of the paper.) The 
pools are not connected to the ocean above 
ground, except through occasional wave swells, 
and therefore possibly avoid being colonized by 
larvivorous tide-pool fish during day to day tidal
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variation. The pools also never dry completely, 
as equally sized "closed system" pools do in 
Mo'orea's hot weather. Pool permanency has a 
notable affect on the type and density of larvae 
that are able to live in that environment (Laird 
1988, Russell, pers. comm.). As well, these 
pools are uncolonized by other mosquito larvae, 
as other mosquitoes on Mo'orea are incapable of 
withstanding such high salinities in their larval 
stage. (Navarro 2003, Riviere 1987, Patrick et al. 
2001)

Four pools were used for this study. 
The pools were chosen for roughly equal size 
(about 2m by 4m and 20 cm deep) and the 
presence of C. rcwni larvae. The pools were all 
within 100m of each other and averaged about 
13 meters from the ocean shore.

C. ro.s'cn/ larvae were not studied on 
other parts of the Tiahura motu or Mo'orea. C. 
rosgn: is not as abundant as other mosquitoes on 
the island. An earlier paper on ovipositioning 
preference noted that C. roycw/ was only present 
in 1 % of the egg rafts collected throughout 
Mo'orea. (Nguyen 2002)

Larval Density Sampling
To quantify the larval density in the 4 

pools, a sub-sampling technique (Russell, per. 
comm.) was used. First, the surface area of the 
pools was calculated. All pools were roughly 
elliptical with sloping floors. The equation (ab7t) 
was used. With a and b being the foci measured 
on the surface of the pool, (figure 3).

The surface area was then divided by 
two, giving me the number of times I would 
sample mosquito larvae from each pool. The 
pools were sampled at roughly 12 p.m. for five 
days. These sampling days were each about three 
days apart.

For each individual sample, mosquito 
larvae were calculated with "fish tank" style nets 
with a "mouth" measuring 15 cm by 12.5 cm. 
These nets were submerged and quickly dragged 
roughly 15 cm through the water parallel to the 
surface.

The volume of the water sampled for 
larvae with each pass was calculated (equation: 
volume=(height)(width)(length)) to be 
approximately 0028 mL The larvae were placed 
into a bucket with water and taken back to the 
lab for counting.

Population density of each pool was 
then extrapolated using the larval counts from 
the sub-sampling and the pool volumes.

(l/3((ab7t)(c))) (See figure 3. a=foci b=foci 
c=height)

Density was measured as the number of 
larvae per meter squared of surface area, because 
access to air is a limiting factor for the larvae. 
(Resh, pers. comm.) Density was also measured 
in meters cubed for comparison to other pertinent 
larval density studies.

PAy.sica/ cAaract^rAacy of natara/ popa/arZoax

Larva/ â/ZnZty to/eraacc
In order to determine the level of 

salinity tolerable by C. rojeni larvae, I 
transferred larvae from a pool with salt 
concentration 30ppt water to experimental cells 
with salinities ranging form Oppt to 90 ppt, in 
steps of ten. Salinity was measured using a 
"Lecia" hand-held refractometer. Experimental 
cell salinity was prepared by dilution or heat- 
assisted evaporation of ocean water collected at 
the study site, except in the 0 ppt cells. 0 ppt 
concentration was obtained using non- 
chlorinated tap water. 40 cups were prepared 
with 20 larvae in each experimental cell.
(Figure 4)

The volume of water in each cup was 
40 ml so that larvae had adequate living space. 
(Russell, pers. comm.) Larvae were used that had 
been collected from pool 3 for density 
measurements. On the day of collection, pool 3 
had a salt concentration of 30 ppt. The larvae 
from this sample were subdivided into four 
larval instar stages. Instar stages were 
determined by size.

Cell maintenance was performed daily 
in the following manner:
1. Larvae were fed an aliquot of yeast and water
2. Cell salinity was measured with the hand held 
refractometer and adjusted to compensate for 
evaporative losses.
3. All dead larvae were removed.

On density sub-sampling days the 
salinity of each pool was measured.
The range of natural salinity fluctuations 

occurring at the study site were determined by 
taking salinity measurements at 2 hour intervals 
for 24 hours on November 5 .

Larva/ tg/npcratarc fo/craace
The range of natural temperature 

fluctuations occurring in the field were 
determined by recording pool temperature at 1 
hour intervals for 24 hours. Pool temperature 
was recorded at the top and bottom of the water
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column. Ambient temperature was also 
recorded.

In order to determine the temperature 
tolerance of C. larvae, heat shock tests 
were performed using five larvae from each of 
the four instar levels. These groups of five were 
placed in a beaker containing water of given 
temperature. The desired water temperature was 
kept constant for at least a minute. Upon total 
survival (LDo), a new larval group was utilized 
and the temperature increased by 1°C. The 
highest temperature in which all larvae survived 
was recorded as the tolerance of C. fYwm.

Larva/ J&y/ccaaan fa/^rance.
During low tide, significant decreases in 

the water level in the tidal pools were observed. 
At very low tide, such as that occurring on 
November 5, 2003, nearly half the volume of 
each pool drained into the ocean leaving larvae 
stranded on the side of the pool. To characterize 
the ability of the larvae to tolerate such 
desiccation, controlled experiments were 
conducted. The bottom of 18 trays were filled 
with sediment from the natural pools. The trays 
were filled with sea water (salinity = 35 ppt) and 
20 larvae (5 from each instar). The trays were 
slowly drained and then placed in the sun. Every 
20 minutes for 3 hours 1 of the trays was 
rehydrated and relocated to the shade. Larval 
survival was recorded upon rehydration and once 
again after a 24 hour recuperation period.

Results

Larva/ gawip/ing
The highest larval density sampled at a 

pool on any given day was 11,711/m ,̂ the lowest 
104/m2, and the (mean) average 3928/ m .̂
(figure 5)

An analysis of variants (ANOVA) test 
found no statistically significant difference 
between densities of samples on the five 
sampling days. (P = 0.5389) (chart A)

An analysis of variants (ANOVA) test 
found no statistically significant difference 
between the densities of a pool (larvae per m )̂ 
and pool's surface area.( m )̂ (P -  0.1245)
(chart B)

An analysis of variants (ANOVA) test 
found no statistically significant difference 
between the densities of a pool (larvae per nP) 
and pool's volume.( nP) (P =0.0545) (chart C)

Larva/ ga/m/fy fa/^raac^
AH instar stages placed in the salinities 

ranging from 60 ppt to 90 ppt died within the 
first day.

Stage 1 instars, (figure 6) were the most 
susceptible to salinity change.
A Kolmogorov-Smirnov test was run on the 
larval salinity tolerance data which showed that 
the larvae experienced significantly different 
mortality rates between fresh water and 50 ppt,
(P = .059) and 30 ppt and 50 ppt (P = .059). 
There was also a nearly significant difference 
between 50 ppt and 10 ppt (P= .003) and 50 ppt 
and 20ppt (P = .023) This developmental stage 
experienced higher rates of mortality than the 
other three stages. For stage 2 instars (figure 7), 
the larvae in the 50 ppt water had significantly 
different survival rates (P = 0.0) than the other 
salinities. (P = 1.0) In stage 3 instars (figure 8), 
there was no significant difference in survival 
between the salinities.

For stage 4 instars, (figure 9) the larvae 
in the 50ppt had significantly different survival 
rates (P = .023) than the other salinities. (P = 
.954)

The salinity of pool 2 during the 24 
hour trial (figure 10) varied by I ppt throughout 
the day in connection to the tide, with higher 
salinity when the tide came in.

Larva/ f^fnjp^rafMre fa/^ranc^
Average pool temperature (of the 4 

pools) measured at the top of the water column 
varied between 23 and 34 °C. Average pool 
temperature at the bottom of the water column 
varied between 23 and 34 °C.

During the 24-hour temperature 
measurements on November 5^ and 6^ , the 
thermometer was accidentally broken with 5 
hours left to go. Therefore, the 24-hour 
measurements for temperature became a 19-hour 
measurement.

Ambient temperature was observed as 
being consistently lower than pool temperature, 
(figure 11) As the tide went out the temperature 
on the top of the pool was higher. As the tide 
came in the temperature on the bottom of the 
water column was higher.

Larvae of all stages withstood a 
maximum temperature of 49° C (LDo) in the lab 
for a full minute. At 50° C they experienced total 
mortality. (LDioo)
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Lorva/ rfes/ccaf/on to/eraoce
Larvae seemed to survive weii for 

about two hours in the sun. Larvae showed a 
notabie drop in survival (figure 12) as sediment 
temperature reached 37° C and ambient 
temperatures reached 39° C. (figure 13) As long 
as there was visible moisture on the larvae they 
were able to survive but once they were dried, 
mortality was imminent.

Discussion

Lava/ <7en.S!!y so/wp/mg
The larval density of these pools is 

relatively high for mosquito larvae, although 
other mosquito species have been recorded in 
higher densities, notably Cu/ex y/ne/M and Aedes 
v:'g:/ax. (Webb, pers. comm.)

Of the 5 days at the 4 pools, the highest 
density measurement for any pool was 
11,711/mL the lowest 104/rrP, and the (mean) 
average 3928/ mL What natural parameters aide 
support high larval density?

An ANOVA test suggested no 
correlation between surface area and density 
(chart A) or pool volume and density (chart B). 
Analysis of variants (ANOVA)(chart C) 
suggested that larval density remained constant 
regardless of date sampled. One might construe 
from this information, that the C. rosen: 
population in the study area is fairly stable.

Why does C. royen/ live in such high 
densities? Perhaps this is a sign that it is thriving 
in this environment. However, a high density 
environment can also cause stress for the 
individual leading to stunted growth, depleted 
health and increasing competition for food. 
Unfortunately, tests of percentage survival 
within the pools were not conducted and 
therefore it is difficult to say whether the high 
densities are detrimental to the individual larvae. 
However, possible strategies for survival can be 
considered from observations in the field and in 
the lab.

For example, how does this population 
self-regulate if density becomes too high? Is the 
availability of food a problem? One observation 
in the lab brought up an interesting possibility. 
The phenomenon of "clustering" was observed 
several times in the lab but not in the field. 
Clustering was often observed when larvae were 
left out in buckets with no food as they awaited 
counting. Several times, a large number of 
larvae would congregate in a relatively tight 
cluster in one comer of the container. When

closely observed the larvae were seen working 
their mouthparts over each other in continuous 
movement.

Perhaps what I observed was the 
larvae feeding on other larvae. When the clusters 
scattered in response to my movement, several 
dead larvae could be found remaining behind. 
The clustering larvae might have been eating 
these dead larvae or the bacteria attracted to their 
remains. Indeed, C. royen: larvae have been 
observed in the lab opportunistically eating other 
weak or dead larvae.

The larvae might also cluster in order to 
feed off of each others' molted skin.
An interesting combination of both actions has 

been observed in crayfish populations. 
(Orconectey rnyt/cMy) (9. rayf/cay have been 
recorded clustering around a molting individual 
of their same species. They sense this individual 
by olfaction and take advantage of their 
weakened condition to attack and eat the 
individual. (Adams 2000)

Perhaps a similar behavior is happening 
among C. royen: larvae.

If C. royen/ are indeed cannibalistic, it is 
possible that the larvae actually benefit 
nutritionally from high densities. Many other 
animal young have been known to eat their 
brothers and sisters in response to stressful 
environments such as high density. For 
example, the young Tengmalms owl, Aego/iny 
/Mnereny, will eat their brethren when a large 
clutch is raised in an inadequately sized hole 
(Korpimaki 1984) In addition, Post-larvae 
A7ocroZ?rac/:iM/H royenZ/erg::, a species of 
crawdad, are never packed in high densities for 
shipment to fisheries due to extensive 
cannibalism. (Alias, 1988)

In the pools on the Tiahura motu, 
cannibalism has the possibility of being a large 
source of nourishment in a seemingly nutrient- 
limited environment.

/Larva/ yn/Znify to/erance
C. royen/ has been most commonly 

recorded as a fresh-water organism (Belkin 1962, 
Riviere et al. 1986a) However, the larvae in the 
(karst) pools were capable of surviving at 
salinities ranging from fresh to 65 ppt.

Some C. ro.se/!! larval stages are more 
susceptible than others to salinity changes. 
Among the larvae that underwent the salinity 
trial, the first level instars fared significantly 
poorer than the other larvae. This was expected
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as the young stage of many mosquito species are 
commonty the least resilient. (Belkin 1962)

From these salinity trials it appeared 
that larvae could not survive the threshold from 
30 to 60 ppt or higher. However, the test 
situation which utilized a sudden transfer from 
one salinity to another, was not realistic to the 
natural environment. Therefore, C. 
larvae were also left in trays of 30 ppt water to 
acclimatize to the salinity as the water naturally 
evaporated. Some larvae in these trays were 
capable of surviving from 30 ppt to 65 ppt. 
Possibly the survival of the larvae is more 
limited by the sudden transfer than the level of 
the salinity.

Indeed, gradual changing is more 
relevant to what I observed in the field. During 
the 24 hour trial, the salinity of pool 1 was 
observed to fluctuate from 30 ppt as the tide 
came in, to 29 ppt as the tide went out.

The highest salinity observed in the 
field was 45 ppt and the lowest salinity was 8 
ppt; in lab observations, the larvae were more 
than capable of surviving these two extremes.

But why does a "fresh water organism" 
(Belkin 1962, Riviere et al 1986) why to survive 
so well in salt water? Perhaps these salt water 
pools exclude interspecies competition. Of the 
other mosquito species present on Mo'orea, none 
were able to survive in salt water except A. 
po/yn&y/̂ M.y/.y. (Navarro 2003, Riviere 1987, 
Patrick et al 2001) A. po/yn^y/^n^/j shows some 
ability to live in salt water (crab holes) near the 
ocean. However the limit for these larvae was 30 
ppt (Riviere 1987) which is commonly surpassed 
in the carbonate platforms pools inhabited by C.

These parameters, and the knowledge 
that C. has previously been found in
freshwater habitats lead one to speculate that 
perhaps C. ro-ŷ nZ has chosen this ecological 
niche out of interspecies competition. However, 
no experiments were conducted with larval 
competition, so this is only a guess. Regardless, 
C. rp-ŷ nZ has "capitalized" on a habitat which is 
possibly inhospitable to other local mosquito 
species.

Larva/ f^mpera/Mre fa/erance
In the lab, C. ra^m  larvae were capable 

of surviving temperatures up to 49° C. Upon 
pouring the 49° C into their container they were 
stunned and went stiff for about six seconds 
before slowly twitching back to normal behavior.

However water temperature in the field never 
measured to exceeded 37° C so C. rajen/ are 
more than physiologically equipped for handling 
these temperatures. C. rajem showed a greater 
ability to survive heat than most mosquito larvae 
which can commonly tolerate 34° C. (Benedict et 
al. 1991), (Russell, pers. comm.)

In the field, C. ra^ n / was only seen 
emerging and laying at night. Perhaps this 
behavior is temperature dependent. Other 
mosquito species show similar temperature 
dependent growth. In C%/Z.ye?<3 ZncZ^nj 
populations, molting has been observed to be 
temperature-dependent, with higher temperatures 
accelerating development and molting. C. 
ZMcZ<7eM.y larvae and pupae experience lower 
mortality and higher molting success at lower 
temperatures. (Su, 2001). In CM/ax mar/iaf# the 
time of day when emergence occurred was found 
to correlate strongly with fluctuations in water 
temperature. (Barnard et al. 1977)

Larva/ J^y/ccaf/aa fa/^raac^
Tidal fluctuation at the field site was 

observed to leave part of the pool substrate 
exposed for up to eight hours. In the lab, C. 
ra^an/ larvae experienced total death (L D ^) 
after 2 hours and twenty minutes of exposure.
Of course the length of survival also has other 
factors besides exposure to air. Larvae left in a 
covered container without water were capable of 
surviving more than 24 hours.

It also must be noted that larvae were 
not commonly observed stranded on the pool 
sides. When the larvae were seen stranded they 
often fell prey to ants. At low tide at pool 3 on 
November 6th the exposed parts of the pool were 
crawling with small red 3b/̂ M0p.yZ.y g /̂MZnafa 
ants. This fire ant is invasive throughout the 
tropics. (Foltz, pers. comm.) These ants would 
pull C. larvae of their own size out of the
tiny indentations of water. & g^MZna?# were also 
seen climbing out onto algae mats and clearing 
away compacted filamentous algae at the pool 
surface. After they had cleared a small area they 
would pull out the larvae trapped in the "net" of 
algae.

Ants have previously been observed 
pulling mosquito larvae directly from the water 
(Clarke 1995) and capturing newly stranded 
larvae. (Laird 1988)
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Conclusion

The physiology of C. ro^ani larvae 
seems to be well suited to the karst pool 
formations on the Tiahura motu. C. rosen; were 
observed in statistically constant densities over 
time which suggests that they are able to 
maintain their population in the area despite 
salinity fluctuations, high temperatures, 
desiccation and the densities themselves. C. 
rosani can survive wide salinity ranges and 
higher and faster salinity changes in the lab than 
what they commonly encounter in the field 
environment. They can survive temperatures 
higher than the field conditions 1 observed, and 
may lay and emerge at night to ovoid these high 
temperatures. Larvae are rarely stranded, but 
when they are, they can survive exposure to air 
fairly well especially in the absence of intense 
heat or larvivorous ants.

Future Research

Future research might include 
examining rates of successful emergence from 
karst pools; do the high densities effect growth 
and survival?

Interspecies competition trials between 
A a. po/ynay;'aniM and C. wsani. could lead to 
interesting observations on mosquito niche 
habitats.

Increasing the pool density of C. rosam 
larvae artificially may lead to enlightening 
observations on "clustering," cannibalism and 
population health.
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Poo) measurement:
an eiipse with a descending cone

Figure 3. pools were measured as being elliptical with a cone descending from them

3pg% tO p&t 38ppt 43pg3to o o)  O O ^

O  ^
o  o  o  o  o  o

- < 0 0 0 0 0  o

?3ppt 80pp( sappt

O O O O

O O O O
O O O

O O O
Figure 4. experimental cells used to test instar 
survival in various salinities

Figure 5: larval density on five sampling days
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Figure 6: Instar 1 survival in variable salinity 
concentrations
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Figure 7: Instar 2 survival in variable salinity 
concentrations
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Figure 8: Instar 3 survival in variable salinity 
concentrations
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instar 4 surviva!
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Figure 9: Instar 4 survival in variabie salinity 
concentrations

Figure 10: Salinity variance over a 24 hour 
period measured on Nov. 5'** and 6^

Figure 12: Larvae survival over time during the 
desiccation trial. Note that each "dot" represents 
the survival of a unique set of larvae.
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Figure 13: Ambient temperature in degrees 
Celsius during larval desiccation trial
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Attractant Response, Species Distribution, and Diurna! Activity Levels 
of Mosquitoes (AcJcs tzcgypf!, Acdes

%MMz%Mc/ascMifMs) in Mo orea, French Polynesia

Jeffrey P. Stanley 
Department of Integrative Biology 
University of California, Berkeley 

Berkeley, CA 94720

ABSTRACT. Mosquito-bome diseases such as malaria, dengue fever, and yellow fever kill miliions of people each 
year. Efforts to understand and control these diseases hinge on reliable and effective methods to monitor the 
mosquitoes that serve as vectors. This study explored the population distribution of mosquito species on Mo'orea, 
French Polynesia and the response of these species to commonly used attractants. Three trap treatments, containing the 
attractants carbon dioxide and octenol alone and in combination, were set at seven locations to investigate mosquito 
species distribution and preference for attractants. ANOVA revealed a significant response to attractant type but not 
site by A^Jay /70/yMaŷ MM.y. Carbon dioxide-baited traps collected significantly more A. po/ynaŷ M.y/.y than octenol - 
baited traps, while the results from the combination of CO2 plus octenol were statistically indistinguishable from either 
attractant alone. These results were not supported by laboratory dual-port olfactometer tests, in which A. po/ynaŷ M.yf.y 
showed no significant attractant preference. A follow-up study on the diurnal activity patterns of A. po/yn^/^y/^ 
revealed a mid-day peak with the highest activity at 1400 h and the lowest activity from 0600-0800 h and 1600-1800 h. 
A comparison of human-bait aspiration and attractant-baited traps showed a significant increase in the numbers of A. 
po/ynaŷ M.y/.y captured by aspirator over traps. Similar studies on attractant response and species distribution should be 
undertaken during periods of increased precipitation to maximize catches and better understand the mosquito species 
on Mo'orea.

KEYWORDS: A&%ay a^gypa, Aeday Cn/ex %Mm<7M̂3.ycMifM.y, carbon dioxide, octenol, diurnal,
olfactometer.

Introduction

As vectors for pathogens such as malaria, 
yellow fever, dengue, and West Nile virus, 
mosquitoes are responsible for millions of deaths 
per year. Billions of dollars are spent on control 
efforts, such as the destruction of breeding 
habitats and the use of pesticides, to combat the 
transmission of these diseases (Spielman and 
D Antonio 2001). In order to design and 
implement effective methods for the control of 
mosquito-borne diseases, a thorough 
understanding of the habitats, population 
dynamics, and behaviors of mosquito vectors are 
needed. Many past efforts at mosquito control 
have failed due to a lack of knowledge of the 
basic biology of mosquito species. This was 
seen in a study by Focks and Sacket (1976), 
which found that 7bxarAyncA^^^ a?M&MM̂M.yLy, 
an introduced mosquito with predatory larvae, 
was ineffective in the control of the disease 
vectors Â<%̂.y p a /y n ^ ^ n j^  and Ae<%e.y a^gypa, 
due to a difference in breeding habitats. Reliable 
information concerning habitat distribution, 
disease prevalence, and activity patterns can

allow public health officials to design control 
efforts which accurately target disease vector 
mosquitoes. Effective surveillance methods are 
necessary in order to gain an understanding of 
mosquito populations.

A common method for adult mosquito 
surveillance is the use of attractant-baited traps, 
such as the Encephalitis Vector Surveillance 
(EVS) and Center for Disease Control (CDC) 
traps (Kemme a/. 1993). Attractant-baited 
traps are used to gather information concerning 
species distribution, population abundance, and 
disease prevalence in mosquito populations. The 
attractants used in the traps mimic airborne 
chemical cues by which female mosquitoes 
locate hosts for bloodfeeding. Carbon dioxide, 
in the form of dry ice, is used to mimic the CO2 

contained in the exhaled breath of animals. 
Octenol, formally l-octen-3-ol, is a volatile 
emanation isolated from human sweat and from 
ox breath (Clements 1999). Studies in 
Queensland, Australia and Florida, USA have 
shown the effectiveness of traps baited with CO2 

and octenol in capturing various mosquito 
species (Kline a/. 1991, Takken and Kline
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1989, Van Essen <?; a/. 1994). These studies 
found that the addition of octenol to C02-baited 
traps caused a significant increase in the capture 
of three species in the Aetfes genus: 4. /Mneruy,
4. vtgi/ax, and A. taenior/tync/tm. No such 
effect was seen for mosquitoes in the genus 
Cn/ex.

The island of Mo'orea, French Polynesi a is 
home to seven mosquito species. The three most 
abundant species in larval studies by Becker 
(1994) and Nguyen (2002) were AgJc^ 
po/yne^ign^A, Aetfes acgypti, and Ctt/<?x

The most abundant species, A. 
po/yne.s';'en.st'.s, is diurnally active and is known to 
transmit the filarial parasite Wuc/terer:# 
&<3Mcrq/h, responsible for elephantiasis 
(Jochowski and Otto 1951). Laboratory results 
have also shown that A. po/yne^i^tMts is an 
effective vector for Ross River Virus, the agent 
of epidemic polyarthritis, a disease in Australia 
and Fiji (Mitchell and Gubler 1987). Aetfes 
aegypf: is a nocturnally active species, known to 
breed in containers near human dwellings. Agtf&y 
aegypn is the vector for yellow fever in many 
parts of the world and carries dengue fever in 
French Polynesia. The final species in this 
study, C. is a nocturnally
active species,also known to transmit IV.

(Debenham 1987).
Research was conducted on the island of 

Moorea, French Polynesia between October 11'" 
and November 11"\ 2003. This study 
investigated the response of three mosquito 
species to attractants commonly used in 
mosquito surveillance. Attractants were tested 
and compared both in baited traps and in 
laboratory trials. This study also investigated 
differences in mosquito species distribution and 
abundance among different sites and habitat 
types on Mo'orea. Finally, the diurnal activity 
patterns of the dominant species on Mo'orea, A. 
po/ync^ten.s'A, were examined.

Materials and Methods

Sample Sites
Seven sample sites were arrayed along the 

northern portion of Mo'orea, encompassing a 
variety of habitat types. Sampling was 
conducted at sites such as inland, coastal, urban, 
salt marsh, and high altitude. Site locations and 
descriptions are shown in Table 1 and Figure 1.

# Site Habitat Description GPS
Coordinates

1 Gump Station Coastal Hibiscus and 
Coconut

S 17°29.425' 
W 149°49.596'

2 Microbial
Mats

Trees
bordering
marsh

Coconut and 
Mangroves

S 17°28.840' 
W 149°46.113'

3 Paopao
Valley

Inland Inocarpus,
heavy
understory

S 17°31.322' 
W 149.49.915' 
Elev. 94 m

4 Morai
Temple

Inland Inocarpus 
and Hibiscus

S 17°32.257' 
W 149°49.731' 
Elev. 176 m

5 Opunohu Coastal Hibiscus and 
Coconut, 
heavy 
understory

S 17°30.586' 
W 149°51.079'

6 Motu Coastal Coconut, 
Hibiscus, near 
coral platform

S 17°29.!79' 
W 149°54.723'

7 Paopao Urban Coconut and 
Hibiscus

S 17°30.303' 
W 149°48.924'

Table 1. Table of sites, descriptions and GPS 
coordinates.

Figure 1. Map of Mo'orea, French Polynesia, 
indicating locations of seven study sites.
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/?ey/7anŷ  ?a A^raa^aaf-jBaa^ Trapy
Three attractant treatments were tested at each 

site. Traps were placed 30 m apart and hung 
from a tree branch to a height of 1 m off the 
ground. Traps were arranged perpendicular to 
any detectable wind to avoid interaction between 
attractant odor plumes (Van Essen ef a/. 1994). 
Battery-powered EVS and CDC traps, operated 
without a lightbulb, were used with the following 
attractant treatments: (1) EVS trap with CO2 , (2) 
EVS trap with CO2 and octenol, and (3) CDC 
trap with octenol . Traps were operated for two 
nights per site, and trap position was rotated so 
that each trap occupied a different linear position 
from the previous night. Traps were run 
overnight from 1600 to 0900 hours in order to 
capture both nocturnally and diurnally active 
species.
The CO2 bait for EVS traps was released from 

an insulated container situated above the trap 
opening, filled with 1 kg of dry ice. Octenol bait 
was released from a microreaction vial, modified 
with a 2-mm hole drilled in the top. A cotton 
wick was inserted through the hole and extended 
7-8 mm outside the vial to release octenol into 
the air (Kemme a/. 1993). The microreaction 
vials were attached to both CDC and EVS traps 
with tape.

La%?arafafy AMraafan? Raypanya
Laboratory trials were conducted, using a 

dual-port olfactometer, 4o investigate the 
response of A. pa/yaay/aay/y to the attractants 
C02and octenol (Clements 1999). The dual-port 
olfactomer was constructed from 10 cm diameter 
PVC piping (Figure 2). Collections of 
approximately 20 A. pa/ynay/any/y were released 
into the entrance from a plastic collection cup. 
Mosquitoes flew from the entrance towards two 
possible collection cages containing different 
attractants.

In the first set of laboratory trials, CO2 was 
compared with octenol. 50 g of dry ice was 
placed adjacent to Exit A and a piece of tissue 
paper doused with octanol was placed adjacent to 
Exit B. A notebook was used to fan the 
attractants into the pipes, and 5 minutes passed 
before the mosquitoes were released into the 
apparatus. After 30 minutes, the cages were 
placed in a deep freezer, and the mosquitoes 
were counted. Four trials were run, and the 
position of the attractants was alternated between 
exits A and B to account for any directional 
preference of the mosquitoes. An hour passed 
between successive trials in order to allow

used in laboratory trials.

residual attractants in the olfactometer to 
dissipate.

In the second set of trials, CO2 alone was 
compared with CO2 plus octenol. The same 
procedures from the first set of trials were 
followed, except 50 g of dry ice was placed in 
one cage, and the combination of 50 g of dry ice 
and an octenol-soaked tissue was placed in the 
other. Four trials were run, alternating attractant 
position.

D/ama/ Aafhafy Lava/y
Human-bait aspirator collections were made at 

the Gump Station site, a forested area dominated 
by coconut and hibiscus trees. Collections were 
conducted by one investigator, wearing clothing 
to cover the upper body completely, and shorts 
to expose the legs and feet. Mosquitoes were 
collected as they landed on the investigator, 
using a breath-powered aspirator (Rakai af a/. 
1974). Mosquitoes were deposited in a container 
and frozen, after which species were identified 
using a reference text by Belkin (1962) and 
counted. Only A. pa/yaay/aay/y totals were 
recorded.

Aspirator collections were conducted on four 
days at the Gump station site, on October 26 , 
and November 2"**, 8'**, and l l ' \  Aspirating was 
conducted for 15 minute increments beginning 
every hour, on the hour, from 0600 to 1800 h.

Ayp/rafar aaaf Trap Campanian
To compare attractant-baited traps with 

human-bait aspirator catches, trapping was 
conducted from 0600 to 1800 h at the Gump 
Station site on November 6^ and 8^. The same 
procedures from night trapping trials were
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followed, altering only the time at which the 
traps were operated. The total yields from the 
three traps over two days were compared with 
aspirator catches from the diurnal activity 
research on November 2"** and 11'\

Data Analysis
The data from 14 nights of trapping was 

square-root transformed and analyzed using a 
two-way ANOVA test. Attractant treatments 
were compared using a Tukey-Kramer test of 
pairwise mean differences. The results from the 
4 days of human-bait aspirating trials were 
analyzed using a repeated measures analysis.
The numbers of mosquitoes captured via human- 
bait aspirating and attractant-baited traps were 
compared using a t-test. All statistical analysis 
was done using Systat 7.0.

Results

Response fo Artractant-RaiieJ Traps
A total of 82 mosquitoes were caught during 

14 nights of sampling. Three species of 
mosquito (C. <yM:'n<yMc/asciatMS, A. aegyph, and 
A. paiynesAnsis) were captured (Figure 3, 5). 
Caicx ^Min^ae/asciafas and A. aegyph were 
found only at the urban site, while A. 
poiynesiensis was found at all sites. Of the three 
species captured, only A. poiynesiensis was 
captured in numbers sufficient for statistical 
analysis. Therefore, the following statistical 
results refer only to A. poiyngsiensis.

Two-way ANOVA (Table 2) revealed a 
significant effect of attractant treatment (T^t = 
6.613; P = 0.006), but not site (T ^i = 1-865, P= 
0.135) and no site-treatment interaction 
(P,2,2]=1-234 ; P=0.325).

A Tukey-Kramer test of pairwise mean 
differences between attractant treatments 
revealed that CO2 caught significantly more than 
octenol (p=0.002), and that C0 2 plus octenol was 
indistinguishable from either attractant alone.

Ta&orafory Attractant Pc.spon.se
A paired samples t-test revealed that A. 

pofyne.nen.s:.s exhibited no significant preference 
in dual-port olfactometer trials comparing CO2 

vs. octenol or CO2 vs. CO2 plus octenol (p= 
0.678, p= 0.219, respectively).

Diurnal Activity Teveis
Repeated measures analysis of daytime

aspirator data revealed a statistically significant 
correlation between the numbers of A. 
polynesiensis captured and the time (p=0.001). 
Examination of total mosquito collections from 
four aspirating trials clearly demonstrated 
increased activity between 0900 and 1600 h, 
with a peak at 1400 h (Figure 6, 7). A decrease 
in activity was seen near dawn and dusk, from 
0600-0800 h and 1600-1800 h. The highest total 
number of A. polyngsiensis was collected on 
November 2*"*.

Aspirator and Trap Ca?wpan^on
A t-test confirmed that a significantly larger 

number of mosquitoes were captured via human- 
bait aspirating than by attractant-baited traps (p = 
0.05). A total of 296 mosquitoes were caught 
over two days using a human-bait aspirator, 
while daytime trapping with attractant-baited 
traps captured 22. The average catches for both 
methods are shown in Figure 4.

Figure 3: #of mosquitoes (A. polyncsiensis, A. 
acgyph, C. <?Min<yMe/asciafMS) caught in all three 
traps by date

Source SS df MS F P
Site 2.944 6 0.491 1.865 0.135
Treatment 3.480 2 1.740 6.613 0.006

Site & 
Treatment

3.897 12 0.325 1.234 0.325

Error 5.526 21 0.263
Tabie 2. Results from two-way ANOVA 
comparing sites, attractant treatments, and 
interactions between these factors.
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Capture Method
Figure 4. Average # of mosquitoes caught per 
day by traps and by human-bait aspirator.

Figure 6. Hourly aspirating totals from 4 days 
of aspirating trials.

Figure 5. Average # of mosquitoes caught per 
day by traps and by human-bait aspirator.
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Discussion
The results from this study revealed that 

carbon dioxide is an effective attractant in 
surveillance of A. pofyncyfen^M. Octenol, 
however, is ineffective as an attractant. Traps 
baited with octenol alone did not catch a single 
mosquito throughout the course of this study. 
Contrary to a prior study on mosquitoes in the 

genus (Kline and Wood 1991), the 
addition of octenol to C02-baited traps did not 
cause a significant increase in the numbers of A. 
pofyng.sien.sA captured. A slight decrease in 
catch numbers was actually seen when octenol 
was added.

Ae<7e.s pofyne.siensi.s' lack of response to 
octenol may be due to an anatomical deficiency 
of specific chemical receptors. Mosquito species 
responsive to octenol have been found to contain 
octenol-sensitive neurones in the peg sensilla of 
the maxillary palps (Clements 1999). It is 
possible that A. pofyne.sien.sis lacks these 
neurones or that they are specialized for the 
detection of other chemical cues. Further 
studies involving anatomical comparison to 
species sensitive to octenol could determine the 
validity of this hypothesis.

Due to the availability of traps at the Gump 
Research Station, two trap types, EVS and CDC, 
were used in this study. It is possible that trap 
type could have affected the numbers of 
mosquitoes captured. However, steps were taken 
to minimize trap differences. Both traps were 
operated without a lightbulb, as the light strength 
differed between traps. Both traps use a simple 
fan to capture mosquitoes. Future studies should 
use only EVS traps, to avoid any confounding 
variables.

Site location was not shown to have a 
significant effect on the numbers of A. 
pofynesiensis captured during this study. These 
findings are in agreement with Nguyen's (2002) 
larval study, in which she failed to find a 
significant effect of site on larval species 
distribution. Mo'orea may be too small (130 
krn ), to observe appreciable habitat differences 
between inland and coastal sites, or diminished 
populations may have made any differences 
difficult to detect.

While small catches of AeJes oegypti and 
Cnfex <ynin<yne/h.sciatn.s precluded formal 
statistical analysis, it should be noted that these 
species were only found at the Paopao urban site. 
This was expected, as both species are known to 
be anthrophillic and to live near dwellings 
(Debenham 1987). The urban site contained a 
number of containers with standing water, the

preferred ovipositioning locations for both of 
these species. Future studies should include a 
number of urban sites to test if this trend is seen 
throughout Mo'orea.

The results from the habitat preference and 
attractant response sections of this study should 
be interpreted with caution, as mosquito 
populations were small during the course of the 
study. Dry weather during the months of 
September and October led to an absence of 
standing water and thus a lack of larval habitats 
for mosquitoes (Nguyen 2002). While larval 
numbers tend to increase soon after a rainfall, it 
may take months for adult mosquito populations 
to increase substantially. This is due to a larval 
maturation time of two weeks for most species.
It often requires several generations of adults 
before a large population increase is observed 
(Russell pers. com.). As the rainy season in 
Mo'orea begins in November, it is likely that the 
mosquito populations lacked the time to reach 
large proportions. The diminished mosquito 
population may have led to the small trap catches 
seen in this study. The lack of mosquito 
abundance caused difficulties in statistical 
analysis, thus limiting the predictive power of 
this study. Future studies conducted during 
periods of increased rainfall should yield more 
conclusive results regarding habitat distribution 
and attractant preference.

The dual-port olfactometer experiments failed 
to reveal a significant attractant preference of A. 
pofynesiensis. The clear preference of A. 
pofyne.sien.sis for CO2 over octenol seen in the 
field could not be recreated in the first set of 
laboratory trials. The results from the second set 
of trials, CO2 vs. CO2 plus octenol, were 
consistent with trap data, as A. pofynesiensis 
failed to show a significant attractant preference. 
It seems likely, however, that this agreement was 
coincidental, as the dual-port olfactometer did 
not appear to effectively mimic natural 
conditions. In a natural setting, mosquitoes 
locate hosts through trace, wind-blown scents 
given off by the host (Clements 1999). In the 
olfactometer, little fresh air flowed into the pipes 
and both octenol and CO2 may have been present 
at concentrations repellant to mosquitoes 
(Russell pers. com.). Thus, the results of these 
trials may reflect mosquitoes attempting to 
escape from the experimental apparatus, rather 
than flying towards a particular attractant. 
Further studies, using larger-diameter pipes, a 
controlled air flow system, and an adjustable 
attractant release should be used to test the
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attractant response of A. under
more realistic conditions.

The low catch numbers from overnight 
trapping led to an investigation of the daytime 
activity levels of the mosquitoes on Mo'orea.
The results from daytime aspirator trials revealed 
a mid-day peak in the diurnal activity of A.

A previous study by Jachowski 
and Otto (1951) had revealed a diurnal activity 
pattern in A. However, the results
of the present study contradict Jachowski and 
Otto's findings that biting activity was highest 
near dusk and dawn, with peak activity between 
1500 and 1800 h. The present study revealed 
lower activity near dusk and dawn, with a peak 
between 1200 and 1400 h (Figure 6 , 7). The 
number of mosquitoes captured increased in the 
hours following dawn, stayed relatively stable, 
and began to decline at 1500h. Fluctuations 
were seen between hours on individual days, 
generally corresponding to wind or the presence 
of light rain. This was seen clearly on October 
2 6 '\ when high winds from 1100  to 1300 h 
caused a severe dip in the number of mosquitoes 
captured. Despite these fluctuations, the overall 
trend remained clear.

A possible source of error in the human-bait 
aspirating trials was the practice of conducting 
catches in consecutive hours throughout the day. 
Local depletion of the mosquito population could 
have taken place, since mosquitoes were 
captured and removed as they were caught. It is 
possible that the decreased number of 
mosquitoes at the end of the day was due to a 
lack of available specimens in the area, not a 
decrease in activity. Conversely, returning to the 
same site throughout the day may have allowed 
mosquitoes from the surrounding area to become 
localized to the study site, thereby increasing 
mosquito density. To verify the results of this 
study, aspirator catches should be conducted at 
random times throughout the day, over a longer 
period of time, in order to account for any local 
depletion or localized population increases.

In this study, human-bait aspirating was 
shown to be a significantly more effective 
method for capture of A. than
attractant-baited trapping. These results are not 
surprising, as a human host emanates numerous 
chemical cues that mosquitoes have evolved to 
detect. The mosquito for
instance, has been shown to respond to over 15 
chemical constituents in human sweat (Cork and 
Park 1996). The attractant-baited traps in this

study used only two chemical cues, CO2 and 
octenol. Mosquitoes also use sight and heat 
sensing for host location. It is likely that the 
combination of chemical cues, heat production 
and appearance make a human host much more 
attractive to mosquitoes than the traps. Another 
factor that could account for a discrepancy in 
mosquito catches is the capture mechanism. The 
traps use a small fan, requiring mosquitoes to fly 
close to the fan before they can be captured. In 
aspirator collections, however, the mosquito 
needs only land on the researcher in order to be 
aspirated and captured.

While human-bait aspirating was clearly the 
most efficient method for mosquito capture in 
this study, the utility of this method must be 
weighed against possible health risks. During 
times of disease outbreak, it may be unsafe to 
conduct human-bait aspirator collections, as this 
could expose researchers to an elevated risk of 
disease contraction. The local prevalence of 
disease and the risks of increased exposure 
should be considered before human-bait aspirator 
trials are conducted.

Conclusions
In attractant-baited trapping of the species 

A^f&y carbon dioxide was found
to be an effective attractant. The addition of 
octenol to CO2 -baited traps did not cause a 
significant increase in the numbers captured. 
Human-bait aspirating was found to be 
significantly more effective at capturing A.

than attractant-baited trapping. 
A ^ ^  /70/yĤ .Ĥ fi.H.y, a diurnally active species, 
displayed an activity peak in the afternoon, with 
decreased activity near dusk and dawn. A 
similar study conducted during the wet season 
could reveal the habitat preferences and 
attractant responses of the other mosquito 
species on Mo'orea.
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Factors Influencing the Fate of Prey in Communal Webs of
and the "Klcptoparasitic"

Yujiro Stone 
U.C. Berkeley

Materials Science and Engineering

ABSTRACT. Two species of spiders, Cyr;qp/zon2 and y4rgyro6fay coexist on the communal
webs spun by the former. The prey capture behavior of both species was investigated by means of a field experiment 
that introduced prey items of varying size and vigor into communal webs occupied by both species. The experiment 
was carried out over the period 4 Oct 2003 to 15 Nov 2003 on the island of M o'orea, French Polynesia. In general, 
active prey items were recovered by Cyrfop/ion? wo/ucceM-SLy (24/25) and passive prey items were recovered by 
,4rgyroJay argenfafK-y (25/38). CyrfapAora readily recovered passive prey items by responding to signals
generated by attempted ytrgyro^f&s argeafafa.? recoveries. In this way the relationship between the host and 
"kleptoparasite" showed mutualistic qualities.

Introduction

Certain spiders of the orb-weaver family build large communal webs (). These 
webs provide a large surface area which facilitates other species o f spiders as possible 
competitors. In the case of Cy/Top/ion? two different species have been
reported to use this surface area in different ways: Pholcid, Argyrodes (Keeney, 2002) 

Due to these various spiders living in close proximity, the communal webs 
become a very interesting place to study symbiosis and ask ecological questions 
concerning the interaction and impact between species.

There are three different types of symbiosis one can examine here: mutualism, 
commensalisms, and parasitism. Let us, for the purposes of this paper, define mutualism 
as the symbiosis in which both parties benefit (+/+). Commensalism then shall be defined 
as the symbiosis in which one party benefits and the other is unaffected (+/0). Finally, 
Parasitism shall be defined as the symbiosis in which one party benefits and the other is 
harmed in some way (+/-).

"Kleptoparasitism" is a unique form of parasitism and is defined as the 
phenomena in which one partner in a symbiosis benefits from the other by stealing its 
food or other resources." (Keeney, 2002). A  argenhihAs has been classified as a 
kleptoparasite, but the relationship between A  and C.wo/MccewA is very
complex and dynamic. Their relationship has even been shown to be plastic, changing 
from kleptoparasite/host to predator/host. The exact nature of their relationship is not 
clearly defined and the affect of the kleptoparasite on the wellbeing of the host has been 
identified as an area that deserves attention (Whitehouse et al. 2001). This study aims to 
investigate the nature if their relationship.

The inspiration for this study developed out of an interesting initial observation at
the study site:

I first noticed that the majority of entangled prey items were recovered and 
consumed by the host species, The one exception to this trend was
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an instance w here a particu larly  sm all p rey  item , a juven ile  leafhopper, becam e 
entangled and lay static in the w eb (generating  little disturbance). This prey  item  
w as initially  ignored by  the host and a retrieval attem pt by  the k leptoparasite,

soon ensued. Som ew here in its retrieval process, the k lep toparasite 
created a disturbance and alerted the host to its position. The host then m oved in 
on the le a f  hopper, chased the k leptoparasite aw ay, and recovered the prey  item.

B ased on this interaction the follow ing questions arose: A re the tw o  species 
d irectly  com peting for food or is there a difference in food types sought by  each (i.e. 
niche partition ing)? I f  there is a d ifference in food types, w hat is this d ifference based  on?

To begin to  answ er these questions it becam e necessary  to chose possib le  p rey  
characteristics that could p rovide a basis for n iche partitioning. Since a survey  o f  every 
possib le prey  type by  order, size, and v igor w as far ou t o f  the scope o f  tim e and resources 
allotted for this study, I chose to  focus on a single o rder o f  prey  and sim ply exam ine the 
effect o f  prey size crossed w ith  vigor. I hypothesized  tha t the distribution o f  resources 
w as not random , that the m echanism  allow ing these tw o species to coexist w as resource 
partition ing  (W ise, 1993), and that the basis o f  the partition ing  lay in som e com bination 
o f  the prey  characteristics chosen for this study.

Experimental Design: Materials and Methods

The basic experim ental design w as the in troduction  o f  test p rey  item s o f  different 
characteristics to look for ev idence o f  niche partitioning. The characteristics varied  w ere 
size (sm all, m edium , and large) crossed w ith v ita lity  (active and passive).

P rey  /tew  &'ze C ategories

T he introduced prey item s w ere split up into three size classes: sm all, m edium , 
and large. Sm all p rey  item s w ere defined as those flies that m easured 2-4 m m  in length*. 
M edium  prey item s w ere defined as those flies that w eighed  betw een 0.003 — 0.014 g, 
m easuring betw een 4-6 m m  in length. Large prey  item s w eighed  0.030 -  0.042 g and 
m easured 7-9 m m  in length. N ote: The three size classes w ere com prised o f  three 
different species o f  D iptera. The d ifference in species com position w as not determ ined.

*The weight of smaii prey items could not be determined.

Each o f  these three w eight classes w ere b roken  up into active and passive 
subgroups. In the active case, the fly w as captured b y  net at the study site, apprehended, 
and one w ing rem oved to prevent escape. In the passive case, flies w ere captured  by net 
and killed.
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prey.* Dzp?er<3
In regards to introduced prey items I chose to locus on a single order, Diptera, 

which based on personal observation, comprised the most abundant, natural prey type. I 
subdivided this order into 3 morpho-types based on quantitative size and qualitative 
vitality.

5fM(7y

Preliminary scouting surveys were carried out from 12 Sept 2003 
to 26 Sept 2003 around the island o f Mo'orea, PF, during which the 
study population along the Belvedere Creek Trail was located. More 
extensive surveys, to search out additional populations, were conducted 
from 1 Oct 2003 to 8 Oct 2003 to no avail. The Viare-Pao Pao trail was 
traversed and no populations were found despite being previously 
reported (Keeney, 2002). The Belvedere overlook trail was also 
traversed, searching several offshoot trails along the way, finding 
nothing. The Belvedere creek bed (south of the Belvedere Three Coconuts 
traversed and no additional populations were found.

A ^ J y  PopM/an'ofi

The population studied was located less than 2 miles from the Belvedere Lookout 
(UTM coordinates E 199,915.98 N 8,060,539.65) at the intersection of the Belvedere 
Creek and the Belvedere Creek Trail. The communal webs sat in an open area 
immediately over Belvedere Creek. The structural strands of the barrier webs were 
anchored to hibiscus tree branches, spanning a volume of roughly 2m by 3m by 5m. The 
stream bed below consisted of a basalt substrate covered in moss, littered with hibiscus 
detritus. The surrounding canopy cover was a mixture of Hibiscus and Tahitian Chestnut, 
providing approximately 75% coverage.

Behavioral observations at the Belvedere Population were carried out from 11 Oct 
2003 to 4 Nov 2003, for total period of 80 hours. The observer sat on a rock 2 to 3 m 
from the base of the colony during daytime hours. Prey items were introduced into the 
webs by standing atop this rock and allowing the prey item to fall into a chosen orb-web. 
Orb-webs were varied and chosen at random.

Terrarium observations were carried out from 14 Oct 2003 to 2 Nov 2003. Three 
juvenile hosts and two kleptos were placed in a terrarium measuring 30 X 50 X 30 cm. 
After 4 days o f acclimating, all three hosts had spun webs. Active prey items were 
introduced into the terrarium in the morning and checked midday and evening to look for 
evidence of secondary feeding by kleptos. This was performed in order to obtain long 
term data on feeding behavior ( post-host feeding).

Figure 1. Map of Study Site
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Resuits:
Tabie 1. R aw  D ata fbr host and klepto recoveries w hen presented  w ith prey  
item s o f  varying size and vitaiity.

Active Passive
smaH m edium large sm all m edium large

10/11/2003 H H H K H(k),K,K
10/12/2003 H(k) H(i),K,K
10/13/2003 H H,H K,K
10/14/2003 H H H
10/15/2003
10/16/2003
10/17/2003 H,H,H H
10/18/2003
10/19/2003 H*,K H(a),K H(a),K
10/20/2003
10/21/2003 K
10/22/2003 H(k) K H(i)
10/23/2003 H H K,K

10/24/2003 H,K H(k) H(k)
H(i),
H(k),K

10/25/2003 K,K
10/26/2003
10/27/2003
10/28/2003
10/29/2003 H H H(i),K K K
10/30/2003 H H H K K
10/31/2003 H,H
11/1/2003
11/2/2003
11/3/2003 H K,K K
11/4/2003 H H(a),H(k)

K: klepto recovery 
H: host recovery
H(a): host recovery by active localization 
H(i): host recovery on initial impact 
H(k): klepto-assisted host recovery

AatMfzc#/ 71as7ybr TVo/t-Parawetr/c Duf/af Ay CAt-

2 0 2



Active Passive Total

Host 24 ..13 i 37

Klepto 1 25 26

Total 25 38 63

Degrees of freedom: 1 
Chi-square = 21.3921901528014 
p  is less than or equal to 0.001. 
The distribution is significant.

Discussion

7/o.sV .Recoveries (14c?ive)
Active prey items are generally recovered and consumed by hosts. For example, 

24 o f the 25 total introduced active prey items were recovered by hosts. This was 
observed through all size categories: all of the large and medium active prey items 
introduced into the webs were recovered by hosts; all but one of the small active 
introduced prey items were host recovered. AH of the naturally occurring prey 
entanglements observed were also recovered by hosts, with the exception of one leaf 
hopper*. Although exact times were not recorded for every instance, active recoveries by 
the host were generally achieved in less than 5 seconds.

* Although the leaf hopper was active, the signal generated by this entrapment was negligible

Ray? T ^covenay
Hosts were able to recover passive prey items but only if they could employ the 

following techniques:

1. Initial impact signal: This is where the host was able to use the impact signal 
generated by the introduction of the passive prey item to locate it. The impact 
signal generated by the passive prey was strong enough and continued for a 
sufficient amount of time to elicit investigation and location by the host. This 
happened more for the large passive prey items. It would have been 
advantageous to devise a prey introduction method that didn't produce such a 
significant signal upon impact. This was difficult because some platforms 
were deep within the web and the only way to get a prey item to them was to 
allow the prey item to drop from a distance or throw it. Four of the 13 passive 
prey host recoveries were due to initial impact disturbance signal.

2. Active Localization: If C. was unable to locate passive prey
items on the initial impact, it would actively shake the entire web in order to 
continue and amplify the disturbance signal generated by the static item. 
Active localization has been previously described by Barth and shown to be a 
common technique employed by orb weavers (Liesenfeld, 1956). Three of the 
13 passive prey recoveries by a host were due to active localization.

J?. Klepto-assisted recoveries: This is where host would use disturbance signals 
generated by attempted retrievals by to home in on the location
of passive prey. This would occur when the klepto made an error its retrieval 
process: when kleptos would compete amongst each other for a passive item,
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or (in the active case) w hen the kiepto w ould  induce m ovem ent in an 
entrapped prey item. Six o f  the 13 passive prey  recoveries by a host w ere due 
to k lepto-assisted  recoveries.

R /epfo Recoveries' ^4c?ive)

Tw o instances o f  active prey recovery by klep toparasites w ere recorded: one 
introduced and one naturally  occurring. In both cases, the prey  item s w ere sm all and the 
generated disturbance signals w ere negligible. B esides being  alive, these prey  item s w ere 
basically  passive in the web.

A7cpio R ecoveries (Passive)
Passive prey  item s introduced into the w ebs w ere generally  recovered by  kleptos: 

25 out o f  the total 38 introduced passive prey  item s w ere k lepto-recovered. T his also 
occurred through all size categories.

P assive  p re y  re iriev a i Ay /l rgyro  Je s  argew iaias:
A. argentatus exhibited  a h ighly  developed process o f  passive prey  retrieval. This 

process has previously  been described as prey "g lean ing" (W hitehouse et al, 2001). I 
distinguished the fo llow ing five steps in the g leaning process during m y field 
observations: location, cutting, extraction, tethering, securing, and feeding. These steps 
are illustrated below :

Location

Figure 1. A. argentatus locating passive prey item. Little is known 
about what mechanisms A.argentatus uses to locate passive prey. In 
this experiment, A.argentatus seemed much more able or willing to 
locate passive prey.
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C u ttin g

Figure 2. A. argentatus will carefully snip the separate mesh 
sections surrounding the prey. They have been shown to guard 
against the sudden retease of tension by applying an opposing force 
with its front tegs to the cut radius, then stowty releasing (Vollrath, 
1979)

Extraction



T ethering

Figure 3 a,b. A. argentatus extracts the prey out of the orb web.

Figure 4. After a successfui extraction, A. argentatus tethers the 
prey item beiow itseif. Perhaps this is to avoid any further 
transmission of prey-generated disturbance signal (shouid it be 
active) to the orb web.

Securing
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Figure 5. When the k)epto has reached the periphery of the web, it 
secures the prey item to the structural strands of the communal web 
with silk of its own.

Figure 6. A <27̂ 72?#?%.$ will then feed on the 
secured prey item where it is safe.

It is u sefu l to  describe  these  techn iques o f  passive  p rey  retrieval: study ing  these  
fo rag ing  behav io rs  can  shed ligh t on the evo lu tion  o f  k lep toparasitism  b y  p rov id ing  a link  
to  sp iders tha t exh ib it s im ilar fo rag ing  behav iors.

Do/funa?!? P re y

T he d o m inan t p rey  charac teristic  in  de term in ing  w hich  species reco v ered  it w as 
the  s ignal genera tion  o f  the p rey  item  and  n o t size. A ctive, signal genera ting  p rey  item s 
w ere  reco v ered  by  the  h ost 94%  o f  the  tim e. P assive , non -signal genera ting  p reys w ere 
recovered  by  k lep tob ion ts  66%  o f  the  tim e. T hose  passive  p rey  item s th a t w ere  recovered  
by  hosts  w ere cases in w h ich  recovery  w as ach ieved  on the  in troducto ry  im pact signal or 
w here  it w as po ssib le  to  induce som e sort o f  s ignal from  th em  ex ternally  (i.e. active 
loca liza tion  o r k lep to -g en era ted  d istu rbance).
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v4.<27 êKfa?M.y has prev iously  been classified  as a k lep toparasite based on the fact 
that it captures all o f  its food in w ebs spun by  a host (Li cited by  W hitehouse et al, 2001). 
A t the very least, the results o f  this experim ent dem onstrate that there is little com petition 
betw een host and klep toparasite for active food item s in the experim ental size and w eight 
ranges for dipteran specim ens. The host received 24 o f  the 25 active p rey  item s 
introduced into the w ebs, suggesting that a food n iche loosely characterized by  active, 
signal generating p rey  w as exclusive to  the host species and basically  untouched  by 4 .

in this experim ent. This w ould  go against the definition o f  k leptoparasitism  
suggesting that is no t derogatory to the w ell being o f  the host, and w ould
support a com m ensal view  o f  the ir relationship  p rov ided  adequate availab ilities o f  active 
prey.

There is, how ever, com petition  suggested for passive prey  item s in the 
experim ent: 25 out o f  38 passive prey  item s w ere recovered  by  kleptos; 13 out o f  38 w ere 
recovered by hosts. T he klepto  clearly  benefits in tha t it receives food at all from  the 
h o s t's  web. W hether o r not this com petition  has a negative effect on the host is open to 
interpretation. O ne possib le interpretation that fo llow s is that the host is positively  
affected by receiv ing  prey w ith  the assistance o f  k lep to-generated  disturbance signals. I 
failed to observe any evidence that w ould  support the idea that the host had the ability  to 
eventually  locate passive, static prey  item s. In this regard , the rela tionship  can be 
interpreted as m utualistic.

Based on the data collected  in the field experim ent, I conclude that in the active 
case there w as evidence strongly  supporting niche partitioning. T he k leptoparasitic  

did no t d irectly  com pete for the active in troduced prey  item s.

W hile active prey  item s w ere generally  recovered  by  hosts, the m ajority  o f  
passive prey item s w ere recovered by kleptoparasites. This im plied a d ifference in food 
type and its basis w as the signal generation o f  the p rey  in question. T here w as clearly  no 
diet overlap betw een host and klepto  parasite in the active case. The die t overlap in the 
passive case w as due to the h o sts ' ability  to either:

1. In terpret passive, non-signal generating p rey  item s as active, signal-generating 
prey item s (as in the case o f  initial im pact recoveries and k lepto-assisted  
recoveries).

or

2. M anipulate the passive prey  item into an active, signal-generating prey item  
(active localization).
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Both cases could be interpreted (if one was feeling bold) as the host taking food 
items characteristic of the kleptos' food niche (passive prey) and manipulating them to 
be included in the hosts' food niche (active prey). So if one could loosely define food 
type by vitality alone, this would be a clear case of niche partitioning and could explain 
the mechanism that permits the coexistence o f the two species in communal webs.

To truly explain the real mechanisms, however, one would need to examine the 
natural prey spectrum coming into these communal webs and document the observed 
prey distribution. One could then more accurately define the food niche o f each species 
and the degree of diet overlap between the two. This study looked for evidence of niche 
partitioning in an experimental context. The differences found in food types as they've 
been defined do not reflect or support niche partitioning in the true sense.

They do however suggest a possible difference in the search behavior or strategies 
between C. andv4.#rge?3?<2?M.y. In regards to passive prey recovery, where
does the kleptoparasites' apparent advantage come from?

Clearly the host will consume passive prey if given the opportunity (evidence: 
initial impact and klepto-assisted recoveries). So where does the apparent advantage 
come from? In considering the apparent advantage one may make the following logical 
speculations as to the possible sources:

1. Differences in resting positions o f host and klepto: Tension in the radial threads 
of the orb web has been shown to vary as one move from the center outward 
(Barth, 1985). Perhaps the kleptoparasite is able to use its position along the 
periphery o f the orb web to its advantage. Perhaps the slacker, outside lines are 
better at detecting dead weight in the web.
2. Gross morphological differences: Perhaps the kleptoparasites posses chemo- 
sensory structures or sight structures that are superior to that of the host.

A possible future study could plot the relative positions of host and klepto during 
prey recoveries to see if  this sheds some light on 1. Gross morphological investigations 
could be investigated by SEM.

I would first like to thank the spiders of M o'orea and all of their relatives for 
allowing me to study and spend time with them. I especially want to thank Blake Suttle, 
Rosie Gillespie, and Vince Resh for their continued enthusiasm and assistance. This 
entire project rides on the wings o f your guidance and support. I would like to thank 
Heather Proctor for her correspondence and general pleasantness. A big Maruruu to Jerry 
Lippps, George Rodrick, and Carole Hickman and the entire Gump Station staff for 
being the nuts and bolts o f all this chaos. Thank you to Jan and Curtis for your 
understanding and patience. Thank you to the 2003 class.
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Swimming with the Whaies

Humpback wha!es migrate annuatiy from Antarctic seas to French 
Poiynesia to breed, give birth and care for their caives. They can be 
seen spy-hopping and jumping off the reef at Moorea during the 
southern spring. Picture by Victoria Bertics


