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The Moorea Class 2006
Introduction
The Moorea Class, "Biology and Geomorphology of Tropical Islands"
(Environmental Sciences and Policy Management 107 and Integrative Biology 158), is a
unique undergraduate experience. The class lasts an entire semester, nine weeks of
which is spent on the Island of Moorea, just 18 kilometers from Tahiti in French
Polynesia. Moorea is a wonderful place for a field science course; it's a tropical paradise
with much geology, oceanography, anthropology, and biology all around. We take the
Berkeley undergraduates from lecture hall into the world of professional scientists
through the creation, design, and completion of their own original research project. Like
any research expedition, the course includes planning, supply, logistics, field
reconnaissance, field research, and oral and written presentation of the final results.
After three weeks at Berkeley preparing and equipping ourselves, we go to Moorea,
where a week or so is spent exploring all the many environments and research
opportunities on Moorea and nearby Tahiti and Tetiaroa. Students explore the reefs,
rivers, mangrove and marsh swamps, highlands, and shorelines to find their own special
research interest. They encounter unique plants and animals, as well as rock formations,
soils, and human activities spanning 1500 years. Like Captain James Cook and Charles
Darwin who explored these islands centuries before us, the students come away with
V

great insights into scientific subjects, as well as themselves. Back in Berkeley during the
last two weeks of the semester, the students finalize their work and deliver their final
presentations. Their scientific papers are published in this series of books on the
"Biology and Geomorphology of Tropical Islands", which are distributed widely to
libraries and personnel at Berkeley, on Moorea and Tahiti, as well as elsewhere.
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 for a research
facility. Since then the Richard B. Gump South Pacific Research Station benefited
significantly from the Gordon and Betty Moore family and Foundation. The students and
instructors are grateful to these far-sighted people who recognized the importance of
exposing students and researchers to Moorea.
Faculty members and Graduate Student Instructors (from IB and ESPM) with
expertise in terrestrial biology, botany, geology, and marine and freshwater biology teach
the course. Some give lectures at Berkeley while others provide instruction and
assistance on Moorea. Three GSIs work with the class for the entire time on Moorea.
The Moorea course started in 1991 with Professors Roy Caldwell (Integrative
Biology), David Stoddart (Geography), and Vince Resh (ESPM) teaching 13 students at
the newly-completed Gump Research Station. The course was a big success and has
been offered every fall semester since then. Demand for the course is always high. As
the living and research facilities expanded, the class grew larger too, so now 22 students
take part. Over 200 students have done research in the course on their own original
projects. Many students published their research international scientific journals. Many
have also gone on to graduate school and careers as professional scientists.
The 2006 course was also immensely successful. Twenty-two students conducted
careful, original research on plants, animals and physical processes on Moorea. This
book presents the written research results produced by the class of fall 2006.
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Interspecific mutuaiisms between ant and scaie insect species have been wet!
documented as symbiotic reiationships that merit resource acquisition in exchange for protection.
In this study, insect remova) experiments were preformed on the branches of
gM3/#v<? in
order to measure the ejects that insect popuiations have on one another. Five ant removai, five
scale remova) and five contro) trees were treated. Data was taken daity over the course of 18 days.
Ant activity was measured using a one-minute, unidirectional point count and the number of
scates per branch was determined by photographing a sampte of five teaves per branch. Wilcoxon
rank-sum tests found that ant populations differ significantly to that of controls in the absence of
scale insects. Scale insect populations were not significantly aRected by the removal of ants.
Observational ant behavior data was also collected that supports possible tending behavior.
y4/?As (/TyweMop/er#,
Psidium guajava,

77?e#/y bMg; Nipaecoccus nipae,

INTRODUCTION

Mutualisms are commonly found in arthropod
communities.
Social insects, such as ants
(Hymenoptera: Formicidae), are well recognized as
a component with a great amount of influence over
arthropod
communities
(Morrison
1996a,
Krushelynycky 2001). In tropical rainforests ants
have been found to dominate canopy arthropod
fauna (Davidson 1997). Ant herbivory of insect
exudates is believed to be a leading cause for their
overwhelming abundance. The ability to feed off
insect exudates allows ants to benefit from the
highly productive canopy foliage, (Davidson 2006).
There are roughly 7000 scale insect species
worldwide, most of which have mutualisms with
ants, (Eastwood 2004). Through this mutualism,
ant tending provides scale insects with protection
from predation, parasitoidism and reduces exudate
associated fungal growth by removal of honeydew,
overall enhancing scale insect survival rates. In
turn, the honeydew of scale insects provides the
ants with a stable source of energy, (Eastwood,
2004). Little nitrogen is acquired by ants through
scavenging and predation, but rather through the
processing of large amounts of carbohydrate rich,
nitrogen poor insect exudates (Davidson 1997,
Davidson et al. 2003).
Adaptations of particular ant species to feed on
scale insect exudates lead to the dominance of few
ant species in the canopy. High densities of
exudate-feeding ants in the canopy can sustain large
populations of the scale insects they tend (O'Dowd
2003). Those ant species that adapt to specialize
for exudate-feeding have privileged access to

KeHum Estate

FIG. 1.
Polynesia.

Kellum Estate, Mo'orea, French

resources and an advantage over competing species,
improving their success in the environment
(Heckroth et al. 1998). Such specialization has the
potential to threaten faunal heterogeneity (Wilson
and Taylor 1967). The relationships that ants form
with scale insects attract ants to form closer
relationships with plants. These relationships play
an important role to the evolution of
myrmecophytes
(Heckroth
et al.
1998).
Mechanisms relating to interspecific mutualisms
are key to understanding the organization of
community dynamics, evolution and the greater
ecological system.
French Polynesia is hot spot whose
biodiversity is being threatened due partially to
human population and biological invasions. The
ant fauna of French Polynesia are primarily
dominated by tramp species whose increasing

from adjacent branches, for the purpose of
accomplishing complete insect removal without
interference.

immigration, eased by modern day technoiogy, has
increased Moorea's ant species diversity (Morrison
!996b, Gittespie and Roderick 2002, Wetterer
2002) . In 1907, Moorea was found to have oniy
13 species of Formicidae (Wheeler 1908). Today
there exists at least 39 naturalized species of
Formicidae (Krushelynycky 2001, Ledoux et a).
2003) . Despite the significance of scale insects to
ecological systems, ant-plant studies have thus far
paid little attention to associations with scale
insects (Heckroth et al. 1998).
The objective of this study is to collect
evidence relating to interspecific mutualism and
tending behavior on the tropical island
environment of Moorea, French Polynesia.
Populations of the scale insect TV/pgectxx'M.y
Maskell, 1983, in the family Pseudococcidae will
be measured in their response to removals of an
unidentified species in the family Formicidae.
Scale insect removal experiments will also be
performed to investigate the eSect TV. nzpae
populations have on associated Formicidae. In
order to establish results, experimental data will
then be compared to data gathered from control
trees where no insect removals were performed. In
order to draw conclusions about tending behavior,
an observational study will examine the behavior
and movement of Formicidae in the presence and
absence of TV. nfpge. The interaction of interest
will be studied exclusively on the underside of
leaves from guava Pyfdn/w gMq/#v# Linn in the
family Myrtaceae.

dayfgM
In order to investigate the eSects that
Formicidae and TV. n/pae populations have on each
other, insect removal experiments were performed.
Ants were removed from a single branch on each of
five trees. TV7p#eco<x%y M/p#e and larvae were
removed from a single branch on each of five trees.
In addition, five trees were treated as controls from
which no insects were removed.
Ants were removed from branches by applying
a Tanglefoot equivalent to the base of each branch
(Eastwood 2004). Tanglefoot is a sticky, paste
barrier designed to prevent crawling insects from
reaching the tops of trees, and is traditionally used
for pest management. Within one to two days ants
were found to be entirely absent from the branch.
TVp#ecoccM.y
and larvae were removed from
each leaf by hand with the use of a small
paintbrush. Control trees were treated by using a
paintbrush to brush each leaf with the intention of
not removing insects.
The control treatment
performed was chosen in order to compensate for
possible confounding factors that leaf brushing
might have on ant prevalence, by either indirectly
influencing ants to leave or by removing natural
plant produced chemicals that attract the ants.
&7/np/;Mg

METHODS

In order to determine ant activity in the
absence of TV. n/p#e, ant activity, unidirectional,
point measurements were performed. On each scale
removal tree a single point at the base of each
treated branch was chosen. Ants walking on to the
branch were counted over the course of one minute.
Ants were counted moving in only one direction
for consistency and in order to avoid multiple
counting of Formicidae individuals.
In order to measure TV
presence on
leaves where ants were no longer present, five
leaves from each ant removal branch were selected
randomly and photographed. Scale insects were
later counted using Photoshop. Control trees were
measured for both ant activity and scale presence.
AH measurements were taken on a daily basis.

The study took place at the Kellum Estate
on the island of Moorea, in French Polynesia (149°
50' West longitude, 17° 32' South latitude). The
Kellum Estate is located approximately 15 meters
above sea level (Fig. 1), and is adjacent to
Mo'orea's main highway. The study site was
located approximately 100 yards from the ocean.
This site was selected because of the high
prevalence of f. gM#/#v# that existed in a single
area of relatively uniform elevation and habitat.
The study site was once used as grazing land and
is now partially cultivated (Marimari Kellum,
personal communication). The study took place
over the course of 18 days, during the months of
October and November in 2006. A total of 15 trees
were selected for treatment based on the criteria that
a) the entirety of the tree was easily accessible
(mainly determined by height), b) the interaction of
interest between Formicidae and TV.
was
present on at least one branch of the tree, and c) the
interaction took place on a branch that was isolated

s/zvdy des/gn
In order to investigate the possible presence of
ant-scale tending behavior, an observational
component was included in this study that
examined ant behavior on leaves of P. gMq/#v#.
Two leaves were selected from each study tree, one
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of which had both Formicidae and TV.
interacting and the other of which had oniy
Formicidae present in the absence of TV.
for a
tota) sampte size of 30 teaves. No teaves occurring
on treated branches were inctuded in the
observationa) study.
Data were recorded once every minute for a
totai of five minutes at each ieaf. At the start of
every minute each Formicidae individuat was
recorded as doing one of six activities, 1) sitting on
scaies (SS), 2) running towards the edge of the ieaf
(RE), 3) running towards the branch of the ieaf
(RB), 4) sitting on the ieaf where there was no
scaie (SL), 5) interacting with another ant (f), or 6)
performing another activity (other). Ants whose
behaviors were categorized as "other" were
generaiiy engaging in rapid movement without
discernibie direction and without ieaving the ieaf.
Leaves where ants occurred without the
presence of scaie insects were rare. Methods for
their observation were aitered siightiy so that the
observation time began the moment an ant was
found, regard iess of the duration of its presence on
the ieaf.

To test for differences in the number of insect
individual according to experimentai treatment,
the totai numbers of insect individuais were
caicuiated.
Because the data found were not
normaiiy distributed, the data was used as the
dependent variabies in Wiicoxon rank-sum tests,
conducted using JMP statisticai anaiysis software.
For aii observationa! data, numbers of Formicidae
individuais performing each behavior over five
minutes intervais were converted into averages, as
were the totai number of Formicidae individuais, in
order to summarize ant behavior. These vaiues
were used as the dependent variabies in Wiicoxon
rank-sum tests.

T reatm en t

Fig. 2 Wiicoxon rank-sum test. Controi
showed no significant difference of number of
scaies from ant removai. P= 0.1966.
2) Influence of scaie insect numbers on ant
popuiations
Ant popuiations on branches where scaies were
removed were found to differ significantiy from
those where scaies were not removed (Fig. 3).
Fewer ants were found on branches where scaie
insects were removed, indicating that there is a
high degree of probabiiity that ant presence is
dependent on scaie presence
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RESULTS

ExperwweM/#/
1) Influence of ant numbers on scaie insect
popuiations
Scaie insect popuiations on branches where
ants were removed were found not to differ from
those where ants were not removed (Fig. 2),
indicating that scaie presence is iikeiy not
dependent on ant presence.

Sc ate Rem ova!
T re a tm e n t

Fig. 3 Wiicoxon rank-sum test.
Controi
showed significantiy more ants than ant
removai. P< 0.001.

1) Influence of scaie insects on ant popuiations
Totai number of ants on teaves where scaies
were present was found to differ significantiy from
those where scaies were not present. More ants
were present on those teaves where scaies were
present. Very few ants were found on teaves
without scaies (Fig. 5).
Upon muitipie

dominant behavior being running towards the edge
of the ieaf (Fig. 8). Tree 13 was rare in that it was
a controi that was found with five ants on it that
remained stationary for the entire five minutes of
observation.

inspections, no controi teaf coutd be found for tree
3, and the sampte was exctuded Rom anaiysis.

Ant Activity on Leaves with Scaies

d>s
Treatment
Fig. 5 Witcoxon rank-sum test.
Controi
showed significantiy iess ants than interaction.
P< 0.001.
Behavior

2) Influence of scaie insects on ant movement
Ant sitting behavior differs significantiy on
ieaves with scates than Rom those without. Ants
are found to move more on ieaves without scaies
and to remain stationary more on ieaves with scaies
(Fig. 6).

Fig. 7 Ant behavior for interaction ieaves
Ant Activity on Leaves without Scaies

Fig. 8 Ant behavior for controi ieaves
DISCUSSION

Treatment
Fig. 6 Wiicoxon rank-sum test.
Controi
showed significantiy iess sitting than
interaction. P<0.00!.

Resuits support that whiie Formicidae
popuiations on ieaves show a dependence on scaie
presence, JV.
popuiations do not fluctuate
significantiy according to ant presence. Evidence
found in this study supports the occurrence of
commensaiisms between ant and scaie insects,
where ants benefit Rom the resources provided by
scaie insects whiie having no effect on scaie insect
popuiations.

3) Ant Behavior
Ant behavior was divided into six categories.
Ant behavior was Ibund to differ dramaticaiiy by
treatment.
The primary behavior that ants
dispiayed on ieaves with scaies were to sit on those
scaies, the second most common behavior being to
perform another movement activity that did not
resuit in their ieaving the ieaf(Fig. 7).
Ant behaviors found on ieaves without scaies
appeared to be more eveniy distributed, with the

Exper/wenf#/
1) Influence of ant numbers on scale insect
popuiations
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significantty tess movement overatt. This high
occurrence of Formicidae sitting stitt on those
teaves with scales, when they were other wise
moving on those teaves without scates, provides
behaviorat evidence that tending behavior is
occurring.

By removing ants Rom the branches of teaves
where scates existed, one is abie to see whether 7V.
popu tat ions were dependent on Formicidae.
Resutts showed that TV. n/pae popu tat ions were not
significantty attered after the removat of ants.
The degree of this dependence unknown but these
resutts provide evidence that the scate's
retationship to the ant this instance appears to be
facuttative rather than an obtigate one, as the scate
numbers are not affected by the absence of ants
(Heckroth et at. 1998, Eastwood 2004). However,
the brevity of the experiment may have had an effect
on this resutt seeing as how it may take tonger
than 18 days to see changes in herbivory,
parasitoidism or fungat growth.
These ant exctusion experiments also suggest
that ants do not have an effect on scate survivat
rates, therefore tessening the tiketihood of a
mutuatism.
Studies researching protection
behavior woutd be of use in order to further exptore
this possibitity.
Seasonat changes retating to breeding may atso
influence ant effects on scate survivat rates. Antaphid mutuatisms have shown attendant ants to
provide aphid eggs with protection, grooming and
transport to nests, att shown to increase their rates
of survivat (Matsuura and Toshihisa, 2006).

3) Ant Behavior
The individuat behaviors that took ptace on
both ctasses of teaves differed greatty. On teaves
where the interspecific interaction took ptace, ants
were mainty observed sitting on scate insects or
ptaced in the category "other". "Other" ants were
mostty observed moving quickty, with a constant
change of direction, occasionatty pausing before
resuming movement. These ants were typicaHy
found to stop moving once they found a scate
insect on which to sit. The "other" is most likety
a category for ants that are in the process of
setecting a scate on which to sit.
Ants on teaves where scate insects were not
present were mostty observed running towards the
edge, eventuatty teaving the teaf. One exptanation
for this had to do with the sampting technique that
was used. Controt teaves with ants and no scates
were exceptionatty hard to find. As a resutt,
methods for observing controt teaves were changed.
Because controt teaves were difficutt to find, upon
the immediate discovery of an ant on a teaf without
scates the timed observation began regardtess of the
amount of time the ant was present. This mainty
resutted in ants being caught during a quick visit
to a teaf where nothing was of interest, and then
retreating to the edge of the teaf.
Sampte trees were setected random ty.
Coincidentty, controt trees were found to be
disproportionatety tocated in areas of partiat
cuttivation where there was a greater degree of sun
exposure (Fig. 9). Whether or not this factor had
an affect on the resutts found in this study is
unknown. Further research retated to interspecific
insect interactions in retation to cuttivation or sun
exposure woutd of great interest and vatue to many.

2) Influence of scale insect numbers on ant
populations
The numbers of ants found on leaves were
found to be highty dependent on the presence of
scale insects. Ants did not have an attraction to
teaves where scates were not present, suggesting
that scates serve as a resource to the ants, evidence
also supported by the observance of tending
behavior.

1) Influence of scate insects on ant poputations
Observationat
studies
counted
more
Formicidae individual overatt on teaves where
they interacted TV.
When ants were removed
Rom tree branches they succeeded in buitding
bridges made of dirt across the tangte foot on trees
6 and 14. The benefit of these the buitding of the
bridges can be assumed to be worth the energy they
require. These observations provide evidence that
the ants present on P.
teaves are interested
in obtaining resources Rom TV.

Tree Location
C o n tr o t
€
8
11
14
15

2) Influence of scate insects on ant movement
Sitting behavior for ants (both on scates and
on teaf without scates) were combined and those
numbers were averaged for both controt and
interaction trees. When compared, it was found
that those teaves where the interaction occurred had
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(Coccidae) associates of Malaysian ant-plants.
with Formicidae and without TV. H%7<32 were
Journal of Tropical Ecology 14:427-443.
exceptionatty hard to find. A positive corretation
Krushelnycky,
P. 2001. A Distributional survey of
woutd provide evidence supporting the occurrence
ants
of
Moorea,
Tahiti and Raiatea.
of a symbiotic retationship between Formicidae and
Ledoux,
S.,
Y.
AHouche,
J. Y. Meyer, R. Putoa and
TV. nzpae. Evidence provided from this study
H.
Jourdan.
2003.
An
update of the ant fauna
specifies that the tiketihood of that retationship
of Tahiti and Moorea (French Polynesia).
woutd be one of commensatism rather than
Matsuura, K. and T. Yahiro. 2006. Aphid egg
mutuatism.
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MORPHOLOGICAL AND CHEMICAL DIFFERENCES AMONG
POPULATIONS OF HIBISCUS TILIACEUS ALONG AN
ELEVATIONAL GRADIENT IN MOOREA, FRENCH POLYNESIA
THOMAS W. BELL
Dcp#rf7Menf q/TMf<?gr#ifrc Bi'o/ogy, Umrcrsih/ q/C#/f^?rnf#, BcrA:e/(n/, C#/f/bnn# 94720 USA

A&sfr#cf. Environmental variables change over elevationai gradients and can isolate
piant popuiations. Three varieties of H%7iscMS f;7:#ceMS L. exist on an eievationai gradient
in Moorea, French Poiynesia. These variety's morphoiogicai and chemicai characteristics
are associated with the differences between their environments. Leaf and flower
morphological data were collected and analyzed and found significant differences in
petal w idth and length, anther count, burgundy center color, and leaf width and length
between the varieties, particularly between the coastal and mountain types. The
increased rainfall and lower tem peratures of the high mountains lowered net prim ary
production for the m ountain variety as compared to the coastal and mid-mountain
varieties. The mid-mountain variety was found to have greater competition for light than
the other varieties. These can be linked to the significant size differences in leaves and
inflorescence. Chemical differences were analyzed using anti-microbial and anti-cancer
bioscreens. Significant differences were found in the anti-microbial bioscreen between the
m id-m ountain variety, which showed little activity, and both the coastal and m ountain
varieties. The anti-cancer screen showed increased activity from the coastal and
m ountain leaves. Chemical differences are influenced by increased insolation and
chemical protection from microbes in wet conditions. Anthropologica) uses of the
varieties are linked to the greater size of the coastal type. The plant populations studied
are associated with the differences in their environments.
Kq/

Uep#ho?i; cMiMrowmcHf#/ pressures; Mosereeyi; Moore#, French Poh/nesi#; /Zoioer;

/e#/
INTRODUCTION

Ecological variables that inhibit the
transfer of genetic information can lead to
differentiation between members of the same
species (W right 1943). The biological species
concept explains that species are interbreeding
groups that are reproductively isolated from
other groups. They may be separated by
prezygotic isolating factors, which can be
factors such as physical environmental
barriers and pollination by different insects
(Coyne
1992).
Different
environmental
pressures that occur over a variety of habitats
can im pede seed and pollen dispersal, which
may isolate plant populations and drive them
apart genetically. These environmental
pressures can include differences in wind
intensity, insect presence, and proximity to
bodies of w ater (Kudoh and W higham 1997).
Environmental
pressures
change
over
elevationai gradients and can affect the rate of
pollen dispersal (Alonso 2005). The differences
in pollen dispersal rates over elevationai
gradients isolate plant populations at different
elevations (Heywood 1991). For example,

^

^

-

Fig. 1. Sites sampled in this study.
studies have shown differences in taxa of
pollinating insects over elevationai gradients
(Kearns 1992). Use of different insects for
pollination w ould inhibit transfer of genetic
information between different elevationai
populations. In this paper I discuss the
differences in flower morphology, leaf
morphology, medicinal properties, and
anthropological uses in HiNscus f;7i#ccMS L.
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an elevation of 100 - 180 meters. The fifth is
the sample site for H. tiiiaceas var. steriiis, the
high-m ountain variety, at the top of Three
Coconut trail a t an elevation of 394 meters.

and how these differences are related to the
differentiated varieties that have arisen due to
elevational isolation. I chose to study H.
for several reasons.
HiMscas f?7M7CCMS is a tree that grows in a
variety of habitats, from the coastline and
along streams up to 800-meter high m ountain
peaks in the South Pacific. It is a m edium size
tree up to 15 meters high and is common
secondary forest tree. The flowers are 5merous, w ith a yellow corolla, a burgundy
center at the base of each petal, and stamina!
column joined to the base of the ovary (Petard
1986, WHO 1998). HiMscns tiiiacens is reported
to have a variety of medicinal properties that
are used by many peoples in the South Pacific.
Medicinal chemicals in H. fiiiaceas have
positive effects on fractured bones, sprained
muscles, gonorrhea, skin diseases, eye
infections, and stomachaches. The peoples of
over 10 South Pacific island groups use the
tree medicinally (WHO 1998).
Hibiscus fiiiacens occurs in three wild
varieties on the island of Moorea, French
Polynesia. These varieties occur over an
elevational gradient with H. titiaceas var.
occurring along the coastline and
low-mountain streams, H. tiiiaceas var. steriiis
— Pentium friio^afam occurring in the m id
mountain ranges, and H. fi7i%ceMS var. steriiis
occurring on the higher peaks of the island
(Franc
2001).
The
differences
in
environmental pressures along an elevational
gradient have affected the morphology of
these varieties (Petard 1986). Differences in
environments along this elevation gradient are
associated w ith these three varieties. The
following questions are addressed in this
paper: Are populations of H. tiiiaceas along an
elevation gradient differentiated in: (1) flower
morphology, (2) medicinal properties, (3) leaf
morphology, and (4) anthropological uses
between the different varieties.

Flower morp/ioiogy
Flowers were collected from each of the
five study sites between the hours of 11AM
and 4PM over the course of m ultiple days.
Approximately 15 trees were sam pled of each
variety except for H. f^i'aceMS var. stores Parifiani friio&afa?M, in which 10 trees were
sampled due to the difficulty of finding this
variety. 25 flowers were collected from each
species by hand picking, using a noose
attached to PVC piping, or collecting after
dropping from treetops. The petals were
removed from each flower and maximum
petal length and petal w idth w as recorded.
The m aximum length and m axim um w idth
were recorded for the burgundy center area
on each petal. The direction of petal curve was
recorded for each petal. The anthers were
removed from the stam inal column and
counted for each flower. The separation or
closure of the five stigma parts w as also
recorded for each flower.
Data for each aspect of the flower were
analyzed with JMP software and a one-way
ANOVA and student's t-test w as used to
determine
means,
standard
deviation,
standard error, and p values.
Eea/^yworp/io/ogy
Leaves were collected from each of the
five study sites between the hours 9AM and
2PM over the time period of a week. 50 leaves
were collected from each variety using at least
10 trees from each variety. No more than 5
leaves came from any one single tree. Leaves
were all exposed to full sunlight and were at
similar stages of m ature developm ent.
Maximum length and w idth m easurem ents
were taken from each leaf.
Data for each aspect of the leaf were
analyzed w ith JMP software and a one-way
ANOVA and student's t-test w as used to
determ ine
means,
standard
deviation,
standard error, and p values.

METHODS

Five study sites were used for this study.
The first three are sample sites for H. fiiiaceas
var. ^enn/anas, the coastal and stream variety
(Fig. 1). The first is adjacent to the Gump
Station on the coast. The second is on the
Viaroro Stream 300 meters from the coast. The
third is 1000 meters north of the Viaroro
Stream at the intersection of a small stream
and the coast. The fourth is the sample site for
H. tiiiaceas var. steriiis friiobatani, the
m id-m ountain range variety, adjacent to
Marae Tetiiroa near the Belvedere lookout at

Me^iciaai properties
Extract preparation. Leaf and flower
samples were collected from each of the three
varieties of H. tiiiaceas. All plant material was
air-dried and then ground into a fine powder.
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The leaf and flower pow der was each weighed
and extracted w ith 70%; ethanol to attain a
.lg /m L concentration of plant extract
(Vlietinck
1995). The leaf and flower
suspensions from each variety were each
stored at 4°C for the period of 3 days.

wind sample. JMP software was used to
determine means and standard deviations.
Ayif/iropo/ogi'c#/ uses
Local healers were consulted to determine
w hether the Polynesians used each of the
three varieties of H.
in different ways
or for different medicinal purposes.

AMf!-c%7iccr Moscrecn. Brine shrimp were
hatched and aged 48 hours. lOmL of salt-water
and 20 brine shrim p were added to 9, 100mm
Petri dishes. 0.2 mL of the leaf and flower
extracts of each variety were added to
different Petri dishes. 0.2 mL of 70%; ethanol
was run as a negative control and 0.2mL of
resets extract, a proven anti
cancer plant prepared in the same fashion as
the leaf and flower extracts, was run as a
positive control. After a period of 24 hours the
num ber of brine shrim p kilted in each Petri
dish was recorded. This test was replicated 6
times.

RESULTS

Eloper morp/io/ogy
The average petal w idth ranged between
5.4 cm and 7.5 cm (Fig. 2). Petal w idth is
significantly different at p < .01 between the
coastal,
m id-mountain,
and
mountain
varieties. The average petal length ranged
between 6.5 cm and 8.0 cm (Fig. 2). The
m ountain petal length is significantly different
at p < .01 from the coastal and mid-mountain
varieties, which are not significantly different
from each other.

Moscrec??. 20 mL of sterilized
liquid peptone agar was added to each of 24,
100 mm Petri dishes and stored at 4^C. The
Petri dishes were inoculated with a sterile
suspension of yeast. 5mm filter paper disks
were inoculated with 0.2 ml of each of the 6
plant extracts or control substances. The plant
extract disks from each variety were placed on
different dishes inoculated with yeast
(Dimayuga and Garcia 1991). A disk of
evaporated ethanol was used as a negative
contro) and a disk of Ciprofloxacin was used
as a positive control. All plates were incubated
at 3/ C for 24 hours. The zones of inhibition
around the disk were measured at the end of
the period. This test was replicated 9 times.
Data for each aspect of the medicinal
bioscreens were analyzed with JMP software
and a one-way ANOVA and student's t-test
was used to determine means, standard
deviation, standard error, and p values.

Peta! Width/Length

Fig. 2. Average petal w idth decreases as
population site elevation increases, all
varieties are significantly different. M ountain
petal length is significantly smaller than the
m id-m ountain and mountain varieties, which
are not significantly different.

Environmental data were collected over a
3-week period from late October to midNovember. Sites 1, 4, and 5 were sampled for
the three varieties in the form of light (lux),
wind speed (m / s), soil tem perature (degrees
Celsius), and air tem perature (degrees
Celsius). Data were collected over the period
of five different days between the hours of
10AM and 3PM. Three data collections were
competed each day w ith at least 2 minutes
separating the samples. Maximums and
minimum s were recorded for each light and

The average burgundy center w idth
ranged from 14 mm to 18 mm (Fig. 3). The
m ountain
burgundy
center
w idth
is
significantly different at p < .01 from the
coastal and m id-mountain varieties, which are
not significantly different from each other. The
average burgundy center length ranged from
17 mm to 23 mm (Fig. 3). Burgundy center
length is significantly different at p < .01
between the coastal, mid-mountain, and
m ountain varieties.
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Burgundy Center Width/Length

% Stigma Parts Open
120
100

M 20

Mountain Mid-Mountain Coasta!

Mountain Mid-Mountain Coastai
W L
W L
W L

Fig. 5. The coastal percentile of stigma
parts open is significantly different from both
the m ountain and m id-m ountain varieties,
which are not significantly different from each
other.

Fig. 3. Burgundy center w idth and iength
are largest in the mid-mountain variety. The
width in the mountain variety is significantly
smaller than the mid-mountain and coasta!
varieties. The lengths of all varieties are
significantly different.

The rightw ard petal direction percentage
ranges from 40% to 64% (Fig. 6). The varieties
are not significantly different.

The average anther count ranges from 82
anthers to 92 anthers (Fig. 4). The coastal and
m ountain varieties are significantly different
at p < .01, while the coastal and mid-mountain
varieties are at p < .05. The m id-mountain and
mountain varieties are not significantly
different.

% Rightward Direction of Petai
70
C 60

O
$

50

*o
g3.

Average Anther Count

o* 20
CE

120

$3 io
Mountain Mid-Mountain Coastai
Fig. 6. The percentile of rightw ard
direction of petal curve is not significantly
different between the varieties.
Mountain Mid-Mountain Coastai
Fig. 4. Average anther count
population elevation increases.
variety average anther count is
different from the mountain
mountain varieties, which are not
different from each other.

The average leaf w idth ranges from 16.2
cm to 22.0 cm (Fig. 7). The m ountain variety is
significantly different at p < .01 from both the
coastal and m id-mountain varieties, which are
not significantly different from each other. The
average leaf length ranges from 16.5 cm to 21.9
cm (Fig. 7). The m ountain variety is
significantly different at p < .01 from both the
coastal and m id-mountain varieties, w hich are
not significantly different from each other.

decreases as
The coastal
significantly
and m id
significantly

The open stigma parts average ranges
from 4% to 96% (Fig. 5). The coastal variety is
significantly different at p < .01 from both the
mountain and mid-mountain varieties, which
are not significantly different from each other.
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m ountain and coastai
significantly different.

Leaf Width/Length

varieties

are

not

30

Afifi-c#MCfr bioscreen. The average percent
brine shrimp kiiied for the fiower varieties
ranged from 53% to 67% (Fig. 9). The varieties
are not significantiy different. The average
percent brine shrimp kiiied for the ieaf
varieties ranged from 60% to 87% (Fig. 9). The
m ountain variety is significantiy different
from the mid-mountain variety at p < .01, and
the coastai variety at p < .05. The m id
m ountain and coastai varieties are not
significantiy different.
Fig. 7. The w idth and length
m ountain variety are significantiy
than both the m id-m ountain and
varieties, whose w idths and iengths
significantiy different from each other.

of the
smaiier
coastai
are not

Average % Brine Shrimp Kiiied

properties
Average Zone of inhibition
20

CL MML ML

CL MML ML

CF MMF MF

C-

C+

Fig. 8. Average zone of inhibition for the
m id-mountain ieaf was significantiy iess than
the coastai and m ountain varieties, which
were not significantiy different. Average zone
of inhibition for the m ountain fiower was
significantiy greater than both the m id
m ountain and coastai varieties, which were
not significantiy different from each other.
Anii-micro&i%/ &ioscra??i. The average
radius of the zone of inhibition for the fiower
varieties ranges from .22 mm to 2.8 mm (Fig.
8). The m ountain variety fiower effectiveness
is significantiy different from the mid
m ountain variety at p < .01 and coastai at p <
.05. The coastai and m id-m ountain varieties
are not significantiy different. The average
radius of the zone of inhibition for the ieaf
varieties ranges from .22 mm to 1.6 mm (Fig.
8). The coastai and m ountain varieties ieaf
effectiveness is significantiy different from the
mid-mountain variety at p < .01. The

CF MMF MF

C-

C+

Fig. 9. Average percent brine shrimp
kiiied for the fiower varieties was not
significantiy different for any variety. Average
percent brine shrim p kiiied for the mountain
ieaf variety was significantiy different than the
m id-m ountain and coastai varieties, which
were not significantiy different from each
other.

The average and standard deviation for
iight (iux) measurements for the coastai site is
542 iux (318), mid-mountain 290 iux (241),
m ountain 559 iux (360). The average wind
speed (m / s) and standard deviation for the
coastai site is 1.2 m /s (1.0), m id-mountain .59
m /s (.70), m ountain 1.1 m /s (1.8).
The
average soii tem perature (°C) and standard
deviation for the coastai site is 27.6 °C (2.0),
m id-m ountain 23.8
(1.4), mountain 23.2 °C
(1.7). The average tem perature (°C) and
standard deviation for the coastai site is 31.1
°C (5.0), mid-mountain 29.0
(2.9), mountain
29.2 °C (2.5).

including lower overall tem peratures and
greater rainfall. The environm ental data
collected showed that average tem perature
and soil tem perature were lower by 2 degrees
and 4 degrees Celsius respectively. Light data
was similar b u t yearlong data show s less light
over the course of the year rather than a 3
week period (Mueller-Dombois and Fosberg
1998). This means that overall the m ountain
peaks present a cooler environm ent that
stresses the plant with heavy rain and low
light levels. This w ould explain w hy the
m ountain variety has significantly smaller
leaves than the other varieties.
The m id-m ountain leaves are similar in
w idth and length to the coastal leaves but
occur at a higher elevation. The coastal variety
is one of the tallest trees on the coasta! habitat
while the m id-mountain variety faces greater
competition for sunlight from taller trees such
as the Tahitian Chestnut. It has been shown
that with decreasing insolation leaf size
increases, and the m id-m ountain variety has
large leaves in order to be exposed to as much
sunlight as possible (Ackerly, Knight, Weiss,
Buron, and Starmer 2002).
Overall the average lengths and w idths of
the petals can determine flower size. The petal
w idth w as shown to decrease as elevation
increases and all three varieties were
significantly different. Petal length showed
similar m easurem ents for the coasta! and m id
m ountain varieties with significantly smaller
measurem ents for the m ountain flowers.
Again, since the m ountain conditions are
stressful and prim ary productivity is less,
smaller flower size can be anticipated. Mid
m ountain flowers are overall smaller than the
coastal
flowers
because
the
greater
competition experienced at the m id-m ountain
ranges leaves less energy for floral size. The
coastal variety has more energy to devote to
reproductive organs. A nther count closely
mirrors trends seen in petal w idth and overall
flower size. The petals protect and house the
staminal column. The size of the staminal
column is therefore a result of flower size and
the num ber of anthers that can fit on a smaller
staminal column is less than the am ount that
can fit on a larger one. A nther counts on a
smaller flower will be less than that of a larger
flower. The rightward or leftw ard curve of the
petals in a flower is the same for all the petals
in a specific flower. The overall percentage of
rightw ard or leftward curve in the petals of a
variety are not significantly different from one
another. This is a random effect that does not

Anfliropo/ogMr#/ sfM^tes

Two interviews were conducted in
Moorea on the different medicinal and
anthropological uses of H.
varieties.
The coasta! variety is most used by the native
peopies due to its iarge size. The iarge
am ounts of wood are best for boat buiiding
and the large leaves can serve purposes for
cooking, eating, and use as bandages. The
smaller m ountain flowers were not used for
these purposes due to their small size and
remote comparative location. The coastal
flowers can be used to make a boiling water
infusion, which is cooled until w arm and
drank for a period of three days. This can be
used as a remedy for menstrual abnormalities.
The m id-mountain variety bark can be used to
make
rope
(Papa
Mita,
personal
communication, Nov. 4, 2006). The coastal
variety roots can be pulverized and used as a
salve for eye infections. Coastal flowers can
also be boiled and the resulting gel can be
applied to the skin to treat itching, infections,
and jellyfish stings. The varieties are
recognized by the native peoples as being
different types of hibiscus, however the
cuttings are used rather than seeds due to the
frequency of the tree not inheriting the
morphology of the parent tree (Hinano
M urphy, personal communication, Nov. 10,
2006).
DISCUSSION

The differentiated varieties of H. fz/MiccMS
on Moorea show many statistically significant
differences in morphology and chemical
effectiveness. The environmental conditions
that change from the coastline to the
m ountaintops has had a large influence on
plant characteristics (Korner 1989).
The leaf averages of length and w idth
show coastal and mid-mountain leaves both
significantly larger than the m ountain variety.
Leaf size has been shown to decrease with
increasing elevation (Velfzquez-Rosas, Meave,
and Vfzquez-Santana
2002). N et primary
productivity decreases as mean annual
precipitation increases in tropical islands
(Schurr and Matson 2001). The average
rainfall of the m ountaintops in Moorea is 4.7
times greater than at the coast (800 cm /year
mountains, 170 cm /year coast) (MuellerDombois and Fosberg 1998).
This would
explain why the mountain variety has smaller
overall leaf size. Mountain conditions are
usually more extreme over the course of a year
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seem to be influenced by environmental
factors.
The yeast and brine shrim p bioscreens
show increased toxicity for the coastai and
m ountain variety ieaves and ftowers.
Statistically the coastal and m ountain leaves
showed the greatest degree of significant
separation of the bioscreens w hen measuring
the effectiveness against yeast. M ountain and
coastal leaves also showed increased toxicity
in the brine shrim p bioscreen. The mountain
and coastal varieties have little competition
and therefore the leaves receive a large
am ount of direct UV-B light in periods of low
cloud cover (Sullivan, Teramura, and Ziska
1992). Leaves may expel salts and toxins from
the interior of the leaf to protect the inner
tissue from extreme insolation (Karimi and
Ungar 1989). This leads to higher overall
toxicity in leaves exposed to increased
sunlight.
The extract of the m ountain flower
showed significantly increased anti-microbial
activity. Anti-oxidants such as DPPH have
been found in the flowers of ThNscMS
L. (Tseng, Kao, Chu, Chou, Lin Wu, and Wang
1997). This antioxidant has been shown to
have anti-microbial effects (Yildirim, Mavi,
and Kara 2003). The ethanol extracts may have
attracted non-polar phenolic com pounds from
the flower material, which could have also
played a role in the anti-microbial bioscreen.
The mountain flower in particular could have
contained more of these anti-oxidants and
phenolic com pounds in order for increased
disease resistance due to the heavy rainfall
and stressful conditions of the mountain
ridges (Nicholson and Ham m erschm itt 1992).
The anthropological uses of the different
varieties seem to be limited to the location of
the people. The great majority of Moorean
people live near the coast, and almost all of
the uses of the tree are limited to the coastal
variety. The coastal tree is larger and can
provide better uses for cooking and
boatbuilding than the smaller mountain
variety. The coastal variety can grow larger
due to the increase in prim ary productivity
(Schurr and Matson 2001). The shoots of the
m id-m ountain variety are straight and have
smooth bark, which is ideal to strip and make
rope. These shoots may exist to climb straight
up tow ards the sky in an effort to collect more
sunlight due to competition. Medicinally the
use of the coastal variety could be because the
local knowledge of the m ountain variety was
lost after the population moved to the coast, or

the other varieties do not present greater
medicinal value for the afflictions treated.
The use of cuttings instead of seeds may
present insights into w hether the varieties are
genetically different or merely ecophenotypes,
in which all the trees have the same genotype
but differ phenotypically due to the
environment. Further studies should be
conducted to investigate.
The variation in morphology and
medicinal effects of H. h7!#ceMS across an
elevational gradient in Moorea can provide
insights into gene flow and perhaps plant
plasticity.
The
different environmental
pressures placed on genetically isolated
populations eventually lead to adaptations
and differences between them. In the case of
this species, sea-dispersed seeds have
populated the tropical regions of the world
with H/MscMS species that have differentiated
from each other after gene flow between the
populations have ceased (Takayama, Kajita,
Murata, and Tateishi 2006).
In conclusion, this is a classic case of
observing
differences between
isolated
populations due to differing environmental
pressures. It is interesting because the three
microhabitats, which forced this single species
into three distinct varieties, can all be accessed
and studied in a single day. Further studies in
plasticity, and perhaps self-pollination in the
varieties presenting significant stigma parts
closure should be investigated.
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PREDATOR DEFENSE MECHANISMS IN SHALLOW WATER SEA
CUCUMBERS (HOLOTHUROIDEA)

JESSICA A . CASTILLO

Enuiroiinientu/ Science PoEcy mid Management, University q/CaZi/brnia, BerA:e/ey, Ca/i/bmia 94720 LISA
Abstract. The various predator defense mechanisms possessed by shallow w ater sea
cucumbers were surveyed in twelve different species and morphs. While m any defense
mechanisms such as the presence of Cuverian tubules, toxic secretions, and
unpalatability have been identified in holothurians, I hypothesized that the possession of
these traits as well as the degree to which they are utilized varies from species to species.
The observed defense mechanisms w ere com pared against a previously-derived
phylogeny of the sea cucumbers of Moorea. Furthermore, I hypothesized that w hile the
presence of such structures is m ost likely a result of the species' placem ent on a
phylogenetic tree, the degree to which they utilize such structures and their physical
behavior are influenced by their individual ecologies. The presence of a red liquid
secretion was restricted to individuals of the genus EMottinna (Linnaeus 1767) how ever
not all members of the genus exhibited this trait. With the exception of H. /eiicospilof#,
which possessed both Cuverian tubules and a red secretion, Cuverian tubules w ere
observed in members of the genus Botiaitsetiia (Ostergren 1896). In accordance w ith the
hypothesis, both the phylogenetics and individual ecology appear to influence predator
defense mechanisms. However, even closely related species of similar ecology may differ
considerably.
Key words; tioiottinrians; de/ense; toxicity; Cuverian tunnies; Moorea, Frencti Polynesia
(Sakthivel et. Al, 1994). Approxim ately 20
species in two families and five genera,
including Hoiotininn, Botindsciiin, and TTienetota,
are traded internationally (Anonymous, 2003).
The topic of overhavesting and sustainable
aquaculture has become increasing im portant
in recent years.
Studies have noted that predation plays a
major role in influencing com m unity structure
as well as spatial and tem poral distribution of
marine
invertebrates
(Bingham,
1986;
Francour, 1997). Predators of holothurians
include
fish,
crustaceans,
and
m ost
im portantly sea stars (Francour, 1997).
Because of the shape and structure of sea
cucumbers, either a portion of the sea
cucumber m ust be bitten off by the predator,
or the individual m ust be ingested whole
(Lawrence, 1987). In response to predation
pressures, sea cucumbers possess a w ide
variety of defense mechiansms. Such defenses
include toxicity, thickened body wall,

INTRODUCTION

Sea cucumbers belong to the phylum
Echinodermata and the class Holothuroidea.
Echinoderms are distinguished by having a
coelomic, w ater vascular system
and
pentaradial symmetry. Holothurians in turn
are characterized by having feeding tentacles
that extend from a circumoral ring.
Individuals can range in size from 10 to
2000mm
in
length
(Lawrence,
1897).
Holothurians come in many shapes and sizes
and inhabit a w ide variety of habitats from the
intertidal zone to the deep sea (Anonymous,
2003).
Holothurians are im portant ecologically
as well as economically and culturally. Sea
cucumbers have been collected and utilized as
a food item, especially in Southeast Asia, for
generations. Food products include dried
gonads, dried body meat and longitudinal
muscles, and salted fermented intestine
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evisceration, autotom y cryptic behavior,
unpaiatabiiity, and swimming or other active
avoidance of the predator (Bingham, 1986).
A toxic secretion has been identified in
species beionging to the genus Ho/of/mW#,
particularly H.
This secretion is burgundy
in color and is thought to be a toxin that was
used by inhabitants of the Pacific to poison
fish, thus it is m ost likely utilized as a defense
mechanism by the sea cucumber (Deha, 1977).
Possibly the most studied defense
mechanism is the expulsion of Cuverian
tubules. Cuverian tubules are found in several
species belonging exclusively to the family
H olothuriidae (Flammang et. al, 2005). The
tubules are white, intracoelomic caeca
attached to the basal part of the left
respiratory tree (Van Den Spiegel, 1987).
W hen
physically
stim ulated,
the
sea
cucumbers expel a few tubules through the
anus which become adhesive as they elongate
and stick to almost any surface (Flammang,
2003). The expulsion is directed tow ard the
point of stim ulus and the num ber of tubules
expelled is proportional to the intensity of
stim ulation (Hamel, 2000). The tubules can
elongate to up to 30 times their original
length, or approximately 60cm depending on
the species, and can maintain both their
strength and adhesiveness for several days
(Van Den Spiegel, 1995).
Cuverian tubules are particularly effective
against fish as the fish become entangled and
immobilized in the tubules (DeMoor, et. al,
2003). Furthermore, it is thought that the
presence of Cuverian tubules is correlated
w ith a higher degree of fish predation
observed at lower latitudes (Lawrence, 1987).
This study includes a survey of the sea
cucumbers in shallow waters surrounding
Moorea, as well as an assessment of their
predator defense mechanisms. I investigated
the possible relationships between defense
mechanisms and habitat and life histories as
well as phytogeny and relatedness of species.
While an attem pt was m ade to qualify all
defense machanisms exhibited, I focused on
the following: presence of Cuverian tubules
and or a liquid secretion, toxicity, body

structure and texture, coloration, and
behavior.
I
expect that individuals will exhibit
multiple defense mechanisms and that not all
mechanisms will be expressed to the same
extent. Additionally, I expect to see some
similarities among closely related species, but
it is likely that the individuals' life histories
will also influence the way they respond to
potential predators.
METHODS

CoHechon and unh'%/
I surveyed shallow water sites on the
northern and western sides of Moorea for sea
cucumbers. Sites were reached either by
swimming, snorkeling, or boat. The collection
sites include Temae (1), Cook's Bay directly off
of the Gump Station (2), Cook's Bay near
Pihaena Point (3), a reef just offshore between
PK 14 and PK 15 (4), three sites at the Motu on
the northw est side of the island (5), and the
Mangrove Marsh near H aapiti (6) (Figure 1). I
also observed and collected sea cucumbers on
Tetearoa; an atoll approximately 59km to the
North of Papeete, Tahiti. I picked u p the
individual sea cucumbers gently with rubber
coated gloves and placed them in a plastic bin
while still underw ater so as to disturb them as
little as possible. They were kept in the bins
until I returned to the G um p Station, where
they were placed in a large concrete tank
(8'x4'x2') with flowing sea water. Ecological
factors such as depth, substrate, distance from
shore, and proximity to coral and other
organisms were noted for each species
observed.
Individuals were identified to species
whenever possible using Guille, 1986 and
Clark and Rowe, 1971. W hen identifications
could not be m ade based on superficial
characteristics alone, ossicles were extracted
from the body wall. This was done by soaking
an approximately 2cm^ segment of body wall
in sodium hypochlorite for 48 hours at
approximately 7 degrees celcius. The ossicles
were collected from the bottom of the small
jar, slide m ounted, and photographed for
identification.
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individuals that secreted a colored liquid
when stimulated, I held them above a plastic
cup and squeezed gently in a peristaltic
motion to collect the liquid. Lastly, I placed
the individuals in plastic freezer bags and
placed them in the freezer for a minimum of
six hours to sacrifice them before dissection.
Toxicity assessment

FlG. 1. Study Sites.
individual and behavioral obseruatioHS
I observed the sea cucumbers individually
in a small, glass aquarium (approximately
25x50x25cm) with flowing sea water. Once
placed in the tank, I left the sea cucumbers
alone for approximately 15 minutes to
acclimate. At this time I took photographs for
identification and voucher purposes, and I
took physical measurement in an undisturbed
state. I measured length and width of the sea
cucumbers using a measuring tape and I
measured volume using a large graduated
plastic container.
I simulated a predator attack by
mechanically stimulating the sea cucumbers
using large, blunt-tipped, metal forceps to
pinch the dorsal integument. I described and
recorded the response as well as the effort it
took to elicit a response. If Cuverian tubules
were expelled, I removed the tubules and
placed them in a plastic cup using forceps and
while wearing inverted latex gloves (the
adhesive tubules stuck to most surfaces, but I
was able to remove them most easily from the
smooth latex). I counted the number of times
tubules were expelled as well as the
approximate number of tubules expelled each
time. If tubules were not expelled as a result of
pinching with forceps, I turned the sea
cucumbers over and poked their ventral side
either with forceps or my fingers. I then
picked up the individuals and gently
constricted along the body with my hands.
Lastly, I removed the cucumbers from the
water and held them momentarily. For the

I removed the sea cucumbers from the
freezer and allowed them to thaw for a few
minutes before I dissected them using scissors
and a razor blade. I noted the presence or
absence of Cuverian tubules within the body
cavity. I then separated the external tegument
and flesh from the internal organs, muscles,
and connective tissue. If a liquid secretion was
present in the plastic bag, I collected it for the
toxicity assessment either by pouring it into a
graduated cylinder or by removing it from the
bag with a syringe.
To test toxicity I performed a series of
brine shrimp bioassays. I raised brine shrimp
using a salt water solution of 2 tablespoons sea
rock salt and 1L of tap water. I measured
0.5mL of either Cuverian tubules, liquid
secretion, external body, or internal body parts
by filling a graduated cylinder with lOmL salt
water and adding the desired part until the
water line read 10.5mL. The salt water
solution used was of the same concentration
as the brine shrimp were raised in. I then
poured the contents of the graduated cylinder
into a Petri dish and added 25 live brine
shrimp. I recorded the number of live brine
shrimp in each Petri dish after one hour and at
multiple hours for a 24 hour period.
Analysis
The data collected from the bioassays
were analyzed in a number of ways. First I
looked at mortality after one hour by
subtracting the number of live brine shrimp in
each test from the number of live brine shrimp
in the control to get the number of brine
shrimp that died as a result of the test
substance. I then did three one-way Anova
analyses comparing the various genera,
species, and sea cucumber parts to level of
mortality. Additionally, I did a regression

analysis com paring the volum e of the
individuai ea cucumbers with mortaiity after
one hour.
To determ ine the estimated m edian iethai
time (LT50), I extrapoiated when mortality
equals 50% for each assay. I repeated the same
three one-way Anova analyses for LT50 as
with mortality after one hour.
Additional Anova analysis and regression
were done with
comparing
volum e and toxicity.
Finally, I used a phylogeny of Moorean
sea cucumbers created by K. Tremain, 2005
and adapted it for the species included in this
study. I overlaid the presence of Cuverian
tubules, a secretion, and various other
physical characteristics onto the tree using
software.

black with soft spikes all over. They are thin
and can reach a length of over 50cm. Every
individual I observed was almost entirely
hidden under rock and w hen I tried to pick
them up they became w edged under so tightly
that it was impossible to collect them except
when I was able to pick up the entire rock
itself. Pearse observed H. /ezvcospBof# at four
locations around Moorea; always completely
or partially under either rubble or rock.
Two individuals of Ho/oBzMn# ^zzscogzlu#
were found; one light grayish and the other
brownish purple. The lighter one was found
on coral sand between coral heads and the
darker one was found partially under an
overhang of coral. Both were difficult to see as
they blended in w ith their surroundings.
Pearse does not list this species, but another
study conducted in the O punohu Bay of
Moorea did note its presence (Parmentier,
2005).
The second m ost abundant species
encountered was Bo/zadsdzz#
(Jaeger
1833). I found three color m orphs of this
species, but only included two in this study: a
light purple with dark spots and a dark
burgundy with orange spots. The third color
morph was marbled brow n with dark brown
spots. This species was found in all but two
sites. It was also found in all but two habitats
which had shallow w ater less than 0.5m deep
with no live coral. Pearse observed the two
color m orphs included in this study and noted
that while both w ere abundant, the darker
morph was encountered more often. D uring
collection I observed many individuals
expelling Cuverian tubules when disturbed
either purposely or accidentally by me. About
one third to half of the total individuals
observed were partially obscured either by
sand or by coral.
I also collected individuals of BoBzzBsdzz#
MZ%77Monifa?, Bolz%Bsd?z% pzfzezzszs marmoraf#, and
Bo/z%Bsc/?z% spp.. Pearse describes the species I
am referring to as B. uzfzenszs zTzarzzzonzf# as B.
rzfzenszs but notes that it is also referred to as
B. wiarnioraf# in Connon & Silver, 1986. It is
possible that these two species are in fact the
same species, but for the purposes of this
study I consider them two different species.
All species of Bohadschia were found in areas
with sandy substrate and scattered coral

RESULTS

CoBechon

oBserpahozis

I surveyed eight sites with varying
habitats and found 15 different species and
m orphs of sea cucumbers in three different
families (Appendix 1). Twelve species and
m orphs are included in this study. The most
abundant species encountered was Ho/oBzMn'%
Jaeger, 1833.1 found H. %fnz at
every site and in almost every habitat type. A
previous survey of the island conducted by J.
Pearse in 1989 encountered this species and
noted that it was "probably the m ost
abundant and common echinoderm in French
Polynesia" (Pearse, 1989). These small to
m edium sized sea cucumbers are alm ost black
in color and are often seen w ith sand stuck to
their bodies. When touched, m ost large
individuals secreted a burgundy liquid
through their skin at the place of contact. The
individuals ranged in size from seven cm to
27cm in length. I split the species into two
groups according to size in order to
investigate the possible relationship between
size and predator defence.
Two other species of
were
observed:
/eMCOspBof# Clark, 1920
and
Cherbonnier, 1980. I
only encountered
in the
very shallow calcium carbonate composite of
Temae. Individuals of this species are alm ost
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the paper became burgundy. After being
placed in a plastic bag and frozen, a small
amount of burgundy liquid could be obtained
from the plastic bag.
Like H. afra, H. icMcospifofa erected spikes
all over and pulled in their tentacles. They
became slightly shorter and more robust. One
individual was very active and tried to escape,
but the other three showed little or no
movement when being physically stimulated.
A single individual expelled a few very thin
Cuverian tubules when first disturbed. I
removed the tubules but could not get it to
expel again. I did not observe a secretion
during my observations, but after being frozen
a secretion as observed in the plastic bag.
I did not observe any of the behaviors
exhibited by H. atra or H. ieMcospifofa in H.
fuscogilua; except clinging to the substrate. The
two individuals of H. ^Mscogffua were
extremely hard and I could not deform their
shape in any way. During the dissection, I
could not cut the tegument with scissors at all
and it was very difficult to do so with a razor
blade. Their texture was also rough like coarse
sandpaper.
All the individuals belonging to the genus
BohadsdHa erected small spikes all over their
bodies. These spikes were in the center of their
spots, except in B. viiiensis Miarmorafa which
does not have spots. Bohadsdua sp. remained
soft as it erected its spikes while all others
became more rigid. All but one individual
expelled Cuverian tubules when physically
stimulated. Boiiadsdua argus (dark), B. uifiensis
MMTTMorafa, and B. martMorafa? curved their
anal end back in an upright "C" position and
expelled Cuverian tubules toward the point
where the physical stimulation was being
exerted. One individual of B. argus (light)
made a slight motion and B. sp. made no
motion
while
expelling
tubules.
All
individuals pushed water through their anal
opening as they were expelling tubules which
made the tubules move and appear greater in
number.
When disturbed with forceps in a Petri
dish full of water and no sand, individuals of
Clundofa sp. changed their shape slightly and
move away from the disturbance, but did not
appear to do anything else. In their natural

heads. Some individuals were found in areas
of predominantly coral and corai rubble and a
few were found in shallow water with sandy
substrate and with no nearby coral heads.
Also, while collecting I observed individuals
from each species expell Cuverian tubules
when provoked. All of the above species of
Ho/of/iMn'a and BohcdscBia belong to the family
Holothuriidae.
Two genera of the family Synaptidae were
encountered: Cfnn'dofa and Sywapfa. I collected
CBindofa sp., tiny pink sea cucumbers 0.5 to
five centimeters long, by sifting through the
fine coral sand with my fingers. They were
buried two to six centimeters in the sand.
After collecting them my fingers were pink
where I had touched them. Pearse describes C.
n'gida from two locations around Moorea,
however a study conducted in 2005 describes
C. fmwanensis from the same location I
encountered them (Tremain, 2005). I believe
that the same species, CMndofc sup., was
observed in the two previous studies.
Tde second synaptid encountered is
Synapfa wacuiafa. Thos species is long,
snakelike, and very active. Their integument
feels and acts like Velcro hooks when touched;
clinging even to latex gloves. In contrast to
CBindofa, this species was observed to reach
lengths of over 130 centimeters.
TBenelofa ananas is the largest of the
species I encountered and the only member of
the family Stichopodidae. They are grayish
beige in color with many forked spikes that, as
the specific name suggests, resemble a
pineapple. They also have a soft, bright
pinkish-orange underside.
fndiuidna/ and hehnoiond o&serunfions
When
physically
disturbed,
large
individuals of H. a fra pulled in their tentacles
used for feeding, erected spikes all over their
bodies, stuck to the glass of the aquarium, and
secreted a burgundy liquid. Some individuals
were active and attempted to escape, however
most showed little or no movement. Small
individuals of H. a fra also erected spikes all
over their bodies and stuck to the glass. They
were slightly more active than the larger
individuals. I did not observe a liquid being
secreted, but when wiped with tissue paper
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setting they w ere observed to burrow under
the sand.
were extremely active
and move in a snake-like m anner away from
the disturbance. When touched they clung to
my gioves and often ieft tiny, hook-iike
structures behind. I did not observe any other
defense mechanisms.
KEY TO SPECIES NAMES

1
2
3
4
5
6
7a
7b
7
B
9

Bo/i%dscMa
(dark)
Bo/i%dsdu%
(light)
Bo?i%dsdH%
Bo7i%dsc/it% pt'fiensi's nmrwionif#
Bo/iadscM# spp.
HoZof/zMna
Ho/oBmn#
FMoBmn#

A regression analysis showed that volume
of the individual is correlated with mortality
after one hour (p<0.0001). Additionally, a
oneway Anova showed that individual
volume and species are highly correlated
(p<0.0001) as well.
According to the calculated median
lethal times (LT50), H.
(large) displayed
the highest mortality rate followed by T.
and B. marmoraf#, and the lowest was
displayed by H.
(small). The oneway
anova analyses showed
a significant
difference between LT50s at the species level
(p<0.0001), a slight difference at the genus

(smaii)
(large)

Synapf#

TTzcnefofa
do not appear to respond
to physical stimulation other than by clinging
to the substrate and becoming slightly more
rigid. However, when the stimulation ceased
they m oved away from the location w here it
took place relatively quickly. Fish, belonging
to the family Carapidae, were found in every
individual of T.
dissected. One
individual had two carapid fish inside it; one
of w hich was 22 cm long, or almost 40% of the
total body length.

Figure 3: Comparing mortality after 1 hour
between species.

Toxidh/ %ssess??ieMf
After one hour, the highest mortality was
observed in T.
followed by B.
and S.
and the least
mortality was observed in H.
(small)
(Figure 2). The highest mortality of all the
individual parts was observed in the external
body parts of T. %n#n%s and internal body
parts of S.
The onew ay anova analyses for variance
show ed that there is a significant difference in
mortality after one hour at both the genus and
species level (p is <0.0001 for both) (Figures 3
and 4). H ow ever w hen com paring only the
genera Bo/mdsc/ii# and Ho/of/mna, there is no
significant difference in mortality after one
hour (p=0.32).

Figure 2: Comparing mortality after 1 hour
between genera.
level(p=0.049), and very little difference
among parts independent of taxa (p=0.25).
Again, there was no significant difference
between the genera Bo/iadscM# and FMoBmn#.
There is a significant difference in the
toxicity between large and small individuals
of Ho/of/iMn#
observed in both the
mortality after 1 hour and LT50 (p<0.0001 for
both) with larger individuals being much
more toxic. A regression analysis showed a

FIG. 5. Presence of Cuverian tubules.

Figure 4: Comparing LT50 between species.
strong correlation (p<0.0001) between size and
mortality after one hour. Anova analyses for
large individuals showed no significant
difference in mortality after one hour between
secretions collected off of live individuals and
from the bag after freezing (p=0.46). Thus
being frozen did not have an effect on toxicity.
No significant difference was observed in
mortality after one hour between the
secretions of individuals characterized as
either large or small (p=0.16).
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FIG. 6. Presence of a red, liquid secretion.

Phyiogem/
The presence of Cuverian tubules, a red
liquid secretion, an active flight response, and
a thickened tegument were mapped onto the
phylogeny adapted from Tremain 2005. The
phylogeny was originally created using 27
morphological and ecological characteristics
(Tremain, 2005). The placement of Theueiofa
ananas between Bo/Mdscina and Holci/mria is
somewhat problematic because 7%eneioin
belongs to the family Stichopodidae while the
other two belong to the family Holothuriidae.
However, for the purposes of this study the
phylogeny is still very useful.
Eight of the twelve species in Tremain's
study were present in this one. I omitted one
species from the phylogeny and substituted a
few of the species in this study for closely
related species. For instance, I replaced
HofoBmha (Tessonothnn'a) with HoioB:Mna
hiscogilua, and Bo^adschia unknown spp. K
with BoiMdscMa spp.

FIG. 7. Presence of an active flight
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FIG. 8. Presence of a thickened tegument.
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but the regeneration of the intestinal tract is
one of the most studied in regeration studies
of holothurians (Van Den Spiegel, 2000).
Immediately after evisceration, the sea
cucumber rapidly crawled away from its
intestines. This is an extremely effective
defense behavior especially for predators that
prefer to only eat part of the cucumber, such
as fish or crustaceans (Francour, 1997). The
predator is distracted by the intestines and the
sea cucumber has a chance to escape, however
this is an extremely high energy cost to the
cucumber and that is probably w hy I only
observed it after persistent agitation and
removal of all Cuverian tubules.
HoloBiMri# leMcosptlof#, the only species
other than members of Bo7i%&cM% possessing
Cuverian tubules, possessed multiple defense
mechanisms yet did not respond very much to
agitation. Both Cuverian tubules and a liquid
secretion were present in this species, but
neither were utilized to a great extent during
this study. A previous study of H. leMCOspi'Iof#
observed evidence of expulsion of Cuverian
tubules in 2.3-61% of individuals in the field
(Hamel, 2000), showing that they do in fact
utilize this mechanism in the wild. Toxicity of
this species is moderate compared to the other
species in this study. Ho/oBmn#
was observed to w edge itself under rocks to
avoid predation. This is m ost likely a very
successful behavior for avoiding larger
predators and the moderate toxicity may be
enough to deter smaller predators.
A significant difference in the toxicity
between large and small individuals of
Ho7of7?Mn%
was observed in both the
mortality after 1 hour and LT50. This suggests
that there is an increase in toxicity as the
individual ages. Individuals of all sizes were
observed out in the open and w ere usually
covered in sand in the wild. Further study into
the ontogeny of the species and any
behavioral differences m ight provide more
insight into why larger individuals are more
toxic.
HoIoBiMn#
is the m ost cryptically
colored of all the species observed in this
study. I only encountered two, but it is likely
that there were more because it was found in a
relatively common habitat type. The bioassays
show ed that it is only moderately toxic,

DISCUSSION

Sea cucumbers as a group have a wide
variety of predator defense mechanisms and
most species utilize one or more (Bingham,
1986). I observed that individual species not
only possess m ultiple mechanisms, but they
exhibit these mechanisms to varying degrees.
The m ost striking of the defense mechanisms
observed was the expulsion of Cuverian
tubules. All members of the genus BoliasdcM#
that I observed expelled tubuies, but not all
the tubules produced the same mortality in
the bioassays. For instance tubules from B.
(light) produced relatively high levels of
mortality after one hour while tubules from B.
argMS (dark) produced relatively low levels. It
is possible that the toxicity of the tubules
themselves may not be very im portant for
their function in predator deterrence. It has
been noted that while the tubules do possess
toxins (Parmentier, 2005), they function
prim arily by entangling and immobilizing
potential predators (DeMoor et. al, 2003).
In addition to Cuverian tubules, the
coloration of B. argas may also play a role in
predator avoidance. Depending on the
substrate, the light or dark color m orphs of
Bo/iadsdua argMS may be cryptic. The lighter
color m orph blends in better with the calcium
carbonate sand and light colored corals, whiie
the darker color m orph blends in more with
darker corals. H ow ever both m orphs were
found out in the open, near all types of coral,
and partially buried in the sand. In addition to
color, the spots may serve to disrupt the
overall shape of the cucumber and make it
even more cryptic; or the spots may be
aposematic, w arning potential predators to
stay away. The two are considered different
color m orphs of the same species and a further
look into how color is determ ined could
provide more insight into the relationship
between color and predator defense.
Bo7i%dsdn% uifiensis marmoraf# did not
produce particularly high mortality rates in
the toxicity assessment, however it expelled
Cuverian tubules readily and in large
quantity. One individual even eviscerated its
entire digestive tract when I agitated it after
having rem oved all the Cuverian tubules. I
only observed this behavior in one individual,
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were present in HoiotTmna and then were
subsequently lost by multiple species or
lineages. A previous phylogenetic study of the
family Holothuriidae which included eight
species and five genera suggests that Cuverian
tubules were present before the initial
radiation of the family and then lost by
various members (Kerr et. al, 2005). The
results of this study support Kerr et. al's
findings. Kerr et. al also state that because a
basal lineage of the family possesses Cuverian
tubules which are small, not adhesive, and
rarely expelled, Cuverian tubules may have
evolved for some other function than defense
(Kerr et. al, 2005).
The red secretion was only observed in
the species HoloBmna afra and HoiofIrMna
ieMcospiiofa. According to the phylogeny
examined, this specific secretion probably
only evolved once. Thickened skin appears to
be characteristic of Bofradsc/ua and has evolved
multiple times in other species as well. Having
an active flight response, on the other hand
appears to not necessarily be related to a
species' phylogenetic history, but rather it
varies from species to species and is most
likely a result of the particular ecology and life
history of the animal.
A total of 12 species and morphotypes
were examined in this study and different
defense mechanisms and levels of toxicity
were observed in each. Inheritance and
phylogenetic relationships appear to play a
large role in determining what mechanisms
are present. However the expression of the
traits and utilization of certain mechanisms is
also influenced by the individual's ecology;
thus there appears to be a degree of
phenotypic plasticity among the species.
Future studies including introducing
potential predators such as asteroids,
crustaceans, and gastropods into a controlled
setting may provide additional knowledge of
holothurian defense behavior. For example, a
particular species may respond differently to
different predators and thus the presence of
multiple defense mechanisms within a single
species may be explained. Also, many of the
phylogenetic
relationships
within
Holothuroidea remain unresolved. This study
serves as a baseline for further study into sea

however it is unlikely that many predators can
penetrate its extremely rough, thick
integument.
7%e?:dota ananas, the most toxic of the
species studies, exhibited reiativeiy passive
forms of predator deterrence by becoming
slightly more rigid and clinging to the
substrate. It is possible that the spikey
appearance suggests to predators that,
although it is cryptically colored, T. ananas is
unpalatable. Another explanation for the
spikey texture, in conjunction with a
thickened integument, is to make it difficult
for potential predators to penetrate into the
body. The bright underside may also serve in
predator defense by being aposematic,
however I did not observe any behaviors that
might support this.
Thenelofa ananas is also the largest of the
species encountered and while a regression
analysis showed a strong positive correlation
between volume of the individual and
toxicity, volume and species are also strongly
correlated. Therefore, it is uncertain whether
individual size plays a role in toxicity, or if
both size and toxicity can be attributed to the
species independent of the other.
The four carapid fish found in three
specimens of T. ananas is probably related to
the large size and absence of Cuverian
tubules. A study of carapid fish in the
Opunohu Bay of Moorea found fish in 81 % of
T. ananas examined. The fish are generally
found in the respiratory tree where they take
advantage of the water flow and if the
diameter of the respiratory tree is too small
the fish cannot penetrate into it. 7%ene?ofa
ananas was observed in this study to have a
relatively high level of toxicity, however the
carapid fish are particularly resistant to sea
cucumber toxins (Parmentier, 2005). Even
Cuverian tubules prove to be an ineffective
defense mechanism against these well adapted
fish as they are covered in mucus which keeps
the tubules from adhering to them
(Parmentier, 2005). One small fish was found
in a specimen of Holof/mna /encospiiofa as well.
Comparing the presence and absence of
Cuverian tubules to a phylogenetic study
performed in 2005 suggests that Cuverian
tubules either evolved separately in Bolradsciaa
and H. leMcospiiofa, or more likely that they
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cucum ber defense as well their ecology in
general.
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APPENDICES
APPENDIX A: Study sites and species encountered.

Genus

Species
vitiensis
Bohadschia marmorata
Holothuria
Holothuria
Thenelota
Synapta
Chiridota

leucospilota
atra
ananas
macula ta

West of
Sheraton
East
Cook's Cook's Mangrove
b/w
North side of
Marsh
Bay at Bay
PK14&
side of Motu
Gump Reef
near
Motu Tiahura Temae Tetearoa PK15
Station Crest Haapiti
X

X

X
X

X

X

X

X

X

X

X
X

X
X

X

SPP

X

X

Bohadschia argus (dark)

X

X

X

X

X

X

X

Bohadschia argus (light)
Bohadschia marmorata
Bohadschia SPP
Holothuria fuscogilva

X

X

X

X

X

X

X

1
2
3
4
5

6
7

X

X

X

X

X

Temae: Composite CaC03 near shore, predominantly coral with some sandy bottom
further.
Cook's Bay at Gump Station: Sand bottom with coral rubble and scattered coral heads.
Cooks Bay near Pihaena Point: Sand bottom with coral rubble and scattered coral heads
West of Sheraton between PK14 & 15: Composite CaC03 near shore, predominantly coral
with some sandy bottom further.
a: East side of Motu Tiahura: Fine coral sand.
b,c: North side of Motu: Sand and coral rubble bottom with scattered, large coral heads.
Deep water ^1.5m
Mangrove marsh near Haapiti: Fine sand and sediment bottom. Scattered mangrove trees
and occassional coral
Tetearoa: Fine sand and sediment bottom. Scattered mangrove trees and occassional
coral
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APPENDIX B: Physical and behavioral characteristics observed by species.
S p e c ie s

C u v e r ia n

S e c r e t io n T h ic k e n e d A c t iv e

C hange

R e tra c ta b le B u r r o w i n g V o lu m e V o lu m e

T u b u le s

P resen t

in

m o u th p a rts H i d i n g

b o d y w a l l E sca p e

E x p e lle d

B e h a v io r S h ap e/
T e x tu re

B o h a d s c h ia

>500m L >1000m L

u n d e r roc k
b e h a v io r

1

0

1

1

1

1

1

1

1

1

0

1

1

1

1

1

1

1

1

0

1

0

1

1

1

1

1

B o h a d s c h ia

1

0

1

0

1

1

1

1

0

^
______________
B o h a d s c h ia

1

0

1

1

1

1

1

1

0

a r g u s (d a r k )
B o h a d s c h ia
a rg u s ( l i g h t )
B o h a d s c h ia
m a rm o r a ta

v it ie n s is
m a rm o r a ta
C h ir id o t a s p p .

0

1

0

1

0

1

1

0

0

H o lo t h u r ia atra

0

1

0

0

1

1

1

1

0

0

1

0

0

1

1

0

0

0

0

0

1

0

0

1

0

1

1

1

1

0

1

1

1

1

0

0

0

0

0

1

1

1

0

0

0

0

0

1

1

0

1

0

1

1

(t a r g e )
H o lo t h u r ia atra
(s m a ll)
H o lo t h u r ia
f u s c o g ilv a
H o lo t h u r ia
le u c o s p ilo t a
S y n a p ta
m a c u la ta
T h e n e lo t a
ananas

APPENDIX C: Characteristics of habitats inhabited by species of holothurians.
S p e c ie s

S h a llo w

S h a llo w

- lm

" lm

(< 0 .5 m )

(< 0 .5 m )

p r e d o m in a t e ly

coral

san d /coral s u b s tra te w /

CaC03

coral sand

cora l heads

sand

r u b b le w /

f e w coral

s c a tte re d

heads

C o m p o s it e s u b s tra te

a n d r u b b le w / su b s tra te
lit t le s a n d

l- 2 m

w/ fe w

coral

c o ra l

heads

4-6 m s a n d y

heads
B o h a d s c h ia a rg u s

0

0

1

1

1

1

0

0

1

1

1

1

0

0

0

1

1

0

(d a r k )
B o h a d s c h ia a rgu s
(t ig h t )
B o h a d s c h ia
m a rm o ra ta
B o h a d s c h ia s p p .

0

0

0

1

1

0

B o h a d s c h ia v it ie n s is

0

0

0

1

1

0

C h ir id o t a s p p .

0

1

0

0

0

0

H o lo t h u r ia atra

1

1

1

1

1

0

1

1

1

1

1

0

0

0

0

0

1

0

1

1

0

0

0

0

S y n a p t a m a c u la ta

1

0

1

1

0

0

T h e n e l o t a a n an as

0

0

0

0

0

1

m a rm o ra ta

(ta r g e )
H o lo t h u r ia atra
(s m a ll)
H o lo t h u r ia
f u s c o g ilv a
H o lo t h u r ia
le u c o s p ilo t a
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APPENDIX D: Species List and Photos

BoItadscinH arp:/s (dark)

BoI:adschm %%MS (light)

BoI:Hdsc/::H marmoratn?

Bo^ndscMa ptfiensis M:arw:orata

Chiridota spp.
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H olof/iana afra

H o/of^ana /a s c o ^ /r a

Ha/af^aW ayascog^/ra

H o /o ^ a n a ^a c o sa ^ o fa

Syaa^fa yaaca/afa

T7z^ae/ofa a aa a as
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ANCIENT LAWNS IN A MODERN DAY WORLD: DISTRIBUTION
AND CHARACTERIZATION OF MARINE MICROBIAL MATS AT
TEMAE BEACH, MOOREA, FRENCH POLYNESIA
CAROL CHANG

Molecular & Ceil Biology, Hniuersily o/^Ca/ii/brm'a, Berkeley, Caii/brm'a 94720 USA
Abslraci. The study of microorganisms and filamentous blue-green algae holds great
ecological and geological importance; such microbial communities to be on of the first
forms of life as well as the initial source of atmospheric oxygen. In Moorea, an island in
the South Pacific, the microbial communities found on the intertidal mudflats have been
widely studied and characterized. However, little is known about the marine mats that
are consistently covered with seawater. This study surveyed the algal communities
present in the shallow lagoon formed at Temae Beach, a public sand beach located on the
northeast tip of Moorea. Seven morphologically different mats were observed and their
distributions determined and mapped throughout two regions: the littoral (intertidal and
sub-tidal) and back reef. The majority of mats were found within the sub-tidal while
none were seen within the intertidal and very few observed within the back reef region.
A common trend observed within this distribution found specific morphological types
consistently located within the same general areas. Additional observations of fish
herbivory as well as shear stress and current flow over these mats were also briefly
investigation. Overall, while this study provides a brief characterization of what is found
in the lagoon, further studies of these marine mats are needed to strengthen these initial
findings and, in particular, to investigate specific factors attributing to why the mats
disperse as they do.
Key words.' microbial mats; Mug-green algae; cyanobacteria; distribution; Moorea, French
Polynesia; marine mats

groups, are still considered to be mostly
unchanged from its ancient forms, to be at an
"evolutionary standpoint" so to speak
(Abrams 1996). Therefore, by studying how
blue-green algae and other microbial
communities in the present day, we can begin
to understand more about how it is that life
came about.
Today's microbial communities have been
studied in a wide range of habitats including
brackish lakes in Antarctica (Taton et al 2003),
grasslands and
marshes
in
Belize
(Rejmankova et al 2005), tidal flats in Southern
California (Armitage et al 2004), and the
hypersaline ponds in France (Fourgans et al
2004). Modern-day microbial mats have been

IN T R O D U C T IO N

The study of microorganisms and bluegreen algae, and other microbial communities
holds great ecological and geological
importance; cyanobacteria has been said to be
the key to understanding the evolution of life
as it is believed to be one of the first life forms
on Earth and the initial source of atmospheric
oxygen (Golubic et al 1993, Kiihl 2000). With
fossil records dating back 3500 Ma, the earliest
forms of cyanobacteria have evolved to
become modern day cyanobacteria or have
diversified into other eukaryotic phototrophic
systems (Golubic et al 1993). Modern-day
blue-green algae, the simplest of today's algal
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found to have distinct layers of cyanobacteria
and anoxygenic photosynthetic bacteria (Kuhi
2000) that aide in sediment binding and
stabiiization (Wieiand 2003). The success of
today's cyanobacteria has been attributed to
its nitrogen-fixing abilities (Goiubic 1999);
indeed, microbiai mats in tropica! marine
environm ents have a prim ary rote as nitrogen
fixers (Hoffmann 1999).
Microbia! m at investigations in the South
Pacific have m ainly been limited to the oceanic
atolls of the Tuam otu Archipelago (Rougeaux
et al 2001, Mao Che et al 2001, Sprachta et al
2001, A ndrefouet et al 2003, Abed 2003).
These studies have found that the composition
and structure of mats at different locations are
extremely similar: stratified layers of
cyanobacteria
and
purple
and
green
phototrophic bacteria (Mao Che et al 2001).
A dditional
studies
on
the
structure,
composition, and environmental param eters
making up and shaping the microbial
communities
on
the
intertidal
and
supralittoral m udflats of Moorea have also
found similar findings (Poetker 2000, Bauer
2003, M agudia 2003). While the intertidal and
terrestrial mats have been well studied, much
less is know n about marine mats consistently
covered by seaw ater that are located in the
sub-tidal zones and beyond.
In this study, the algal communities
located within the lagoon at Temae Beach in
Moorea, French Polynesia were investigated.
Specifically, the distribution of microbia!
communities across the sandy floor was
observed and the presence of substrates
w ithin each m at was characterized according
to phenotype: color, texture, shape, etc. Ideas
for future studies including tests on mat
herbivory and dispersal mechanisms are also
briefly considered, although more data is
necessary in all cases. Because these marine
mats have not yet been described in detail,
overall, this study aims to provide a basis for
future research on more specific aspects of
these mats.

M ETH O D S

Sfmh/ Site
The study was conducted between
October 2006 and November 2006 on the
island of Moorea (17°29'24"S latitude,
149°45'43"W longitude), a part of the Society
Archipelago in the South Pacific (French
Polynesia). Moorea is situated 17 kilometers
northw est of Tahiti. The actual study site was
located w ithin the lagoon at Temae Beach, a
public sand beach found on the northeast end
of the island. At this location, the barrier reef
is situated close to the shoreline effectively
becoming a fringing reef; this results in a
shallow lagoon.
The layout of the lagoon betw een the
shore and the reef crest was broken up into
two distinct zones for the purpose of this
study: the littoral and the back reef. The
littoral can be further divided into the
intertidal, defined by the region along the
shore that is covered with seaw ater during
high tide and exposed during low tide, and
the sub-tidal, defined by the region
immediately after the intertidal that is
consistently covered w ith seawater. The back
reef is defined as the region immediately after
the sub-tidal and before the reef crest.

FIG. 1. Temae Public Beach located on
the northeast tip of Moorea. Aerial view of
study site depicting belt transects run
perpendicular to the shore.

Carrcni Flore SfMtly & .Analysts

M a p p in g D :sfn& M fzon

Four mats of different thickness and
densities were chosen to test the rate of
current flow by determining the speed at
which fluorescence dye was carried 2-meters
over the center of each mat. Approximately
2.5mL of fluorescence (diluted in seawater)
was released at mat level 0.5-meter in front of
the 0-meter marker. Timing started when the
head of the cloud of dye crossed over the 0meter marker and stopped when the head of
the cloud of dye reached the 2-meter mark.
This was repeated 4 times in the same spot for
each mat tested. The times for each mat
location were analyzed by one-way ANOVA
using JMP 5.1; results were considered
significant for a p-value less than or equal to
0.05 and with an F-ratio 0.5, 3,15 that was greater
than or equal to 3.287.

To determine the distribution of microbial
mats over the lagoon floor, a transect tape was
first run along the shoreline starting from the
southern edge of the soccer pit out towards
the Sofitel hotel (Fig. 1). Then, a belt transect
perpendicular to the initial line transect was
run every 25-meters from the shore towards
the back reef; each belt was 2-meters wide (1meter to each side) and ended when the
percent coral coverage was approximately
80% of the 2-meter width. A total of 6 belt
transects were run.
To determine the area of mat coverage, a
minimum of 4 GPS coordinates were taken, 1
at each extreme edge, for each mat
encountered along this belt transect. These
GPS waypoints were later used to develop a
map of the distribution of mats along the
lagoon floor. This was done by plotting each
point on a sheet of graph paper and marking
the mat boundaries.

RESU LTS

Mapping DistriFnlion, Collection, & Analysis
Mat Collection & Analysis

The distribution of microbial mats
throughout the northern half of the lagoon
was mapped using a series of GPS waypoints
(Fig. 2).
Results show that mats were
observed as close as approximately 30-meters
from the shoreline and as far out as 200+
meters out. Several general trends were noted
relating to mat types and their subsequent
distributions. Most notably, algal mats were
found only within the sub-tidal zone and the
back reef. However, as the percent coral
coverage increased, the frequency of mats
decreased. In fact, the majority of mats were
found within the sub-tidal regions.
Each mat recorded was grouped into one
of 7 phenotypes named Species 1 through
Species 7. Observations in the lab revealed
that all mats were made up of filamentous
algae for the most part with a few diatoms
present as well. Some mats had more diatoms
than others, but the frequency was not
determined.
These phenotypes were
determined through observations made

To determine which mats were the same
between each belt transect, the general
morphology for each mat encountered in the
field and its overall habitat were briefly
described. Mat samples were collected and
stored in a zip-lock bag for transport back to
the lab for further analysis including
observations of color, strand size and
characteristics, extend of substrate binding,
and/or texture using a Spencer dissecting
microscope and a Tokyo Olympus light
microscope.
Small samples of each collection were
placed in a Petri dish and observed under the
dissecting microscope. Slides were prepared
using samples fixed in a solution of 5%
formalin in seawater for at least 24 hours;
samples were mounted on microscope slides
in filtered seawater (made by running
seawater through a coffee filter) using a cover
slip sealed on 3 sides with clear nail polish.
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considering coior, textures, morphology, and
other such qualitative characteristics.
A
common
trend
observed
w ithin
this
distribution
found
specific
phenotypes
consistently located w ithin the same general
area on the distribution map. In addition to
this, there were also trends in the overall
shape of different m at types: those located
closer to shore were long expanses whereas
mats farther out w ere characteristically more
patchy and broken up.
The phenotype closest to shore was
Species 1. This mat was relatively continuous
in coverage, was a dark yellow-green, almost
brown color, and arranged itself with short,
spike-y strands.
Its binding ability was
moderate in that I was able to pick it up, but
the edges w ould readily crumble into small
bits; the dissecting microscope revealed that
the algal strands formed a net over the
sedim ent resulting in a thin, but shallow (did

FIG. 2. Approxim ate distribution of 7
m at phenotypes. Areas m arked indicate
boundaries w ithin which mats were found; it
does not indicate density.
not penetrate deeply) layer. Species 1 was
situated in a wide-open area and ran in a
continuous, long strip parallel to shore.
The next type out was Species 2, located
almost adjacent to Species 1 in some areas.
This mat was m ade up of gray-brown tufts of
long fibers that wove deeply into tight, thick
patches.
However, patches were situated

close enough together to maintain a mostly
continuous coverage (resulting in a high
density) over the sandy sediment. Species 2
was also mostly found in wide-open areas,
away from any major coral heads, and
situated in moderately long strips parallel to
shore and in w ide patches in open areas
farther out.
Species 3 had very sparse coverage and
poor sedim ent binding ability. It was light
green in color and took on an almost film-y
appearance over the sandy floor. These mats
were almost exclusively found in somewhat
close proximity to coral heads and were only
located near the far sub-tidal and back reef
regions. Additionally, Species 3 was usually
found in shapeless patches ranging from very
small (0.25-meters) to 4-5-meters in diameter.
Species 4 was also usually found near
coral areas. One particular m at was observed
situated next to a bed of Staghorn coral
(Acropor#). Its appearance was gray-brown
and crumbly. The m at layer formed shapeless
patches and was very shallow with poor
sedim ent binding overall. There appeared to
be less sand immediately below these mats.
Instead, rockier sedim ent was observed.
Within the sub-tidal-back reef boundary
was Species 5. Intermixed in opener areas as
well as locations heavily surrounded by coral
heads, Species 5 formed small, discrete rustred islands ranging from a few centimeters to
a few meters in diameter. There were also airfilled sacs that floated above the mats attached
by thin filaments.
Although the general
distribution of Species 5 was in patches, the
mat coverage w ithin each patch was
continuous with shallow penetration of the
mat into the sediment. Species 5 was also
observed on some low-lying coral.
Species 6 was often found immediately
adjacent at the boundaries of Species 5 lawns.
It had a crusty appearance, tan coloration, and
m oderate sedim ent binding ability. U nder the
dissecting microscope, Species 6 featured 2
colors; olive/army green and black. The algal
strands were random ly interwoven with
sediment, but both colored strands were

intermixed with one another. Microscopic
analysis also showed a few segmented
(possibly calcified) branches also present.
In the wide-open, sandy region between
the edges of Species 2 and the start of
appearance of patchier-shapeless mats,
Species 7 was found covering an extremely
large swath of sandy bottom. Light beige in
color, mats of Species 7 were almost
indistinguishable and easily overlooked.
Sediment binding was moderately poor with
substrates loosely held together (would
crumble easily into small clumps too large to
simply be sediment particles).

statistically significant; however, because the
ANOVA results are so close to the borderline
values, results are only weakly significant.
This means that the differences in speed
between different mats of varying textures are
most likely due to an outside cause; the null
hypothesis that the average speeds between
mats of different textures are equal is rejected.
DISCUSSION
Composition & Mapping Disfri&Mfion
Previous mat studies on Moorea found the
microbial mats of the supra-littoral and
intertidal mudflats were composed mostly of
cyanobacteria stratified into distinct layers
changing with different environmental
parameters. These results were supported by
past studies on mats in similar environments.
The marine mats of this study, however, are
much less complex. Of all 7 phenotypes
observed, 6 were composed of a single layer
made up of a single species of filamentous
cyanobacteria; the seventh, Species 6, remains
undetermined whether the two colors signify
2 species of algae. This also supports past
research: sublittoral benthic mats are formed
by miniblooms of filamentous cyanobacteria
spread out over the sand and arranged by
linear trichomes that move by a gliding
mechanism (Abed et al 2003). Such mats
generally show no vertical zonations and are
often made up of a single filamentous species,
almost opposite from their intertidal or

Current Flow Sfady
The rates of current flow were relatively
determined between mats of different
textures. Mat IDs, mat depth, and ranges of
current speed at mat level are summarized in
Table 1. Mat A had the slowest average speed
at 36.75 seconds/meter; it was also the thickest
and had the densest algal coverage. Mat D
was considered the sparsest of the mats tested;
it had an average current flow of 22.625
seconds/meter. In fact, the general trend
shows that as the texture of the mat increases
(along with thickness and/or density), the
calculated speed of water flow increases as
well.
The ANOVA results give an F-ratio of
3.7822 and a p-value of 0.0404 (F > 3.287, p <
0.05) (Fig. 3). Therefore, these differences in
speed between different mat textures are

TABLE 1. Summarized data for mats of varying densities for current flow study.
Density
Rate of Flow
Avg. Rate
Mat ID
Rank*
Depth (m)
Range (sec/m)
(sec/ m)
Description
A
1
2.05
22 - 50.5
36.75
brown, tufty, dense
B
2
1.35
25 - 27.5
26.625
dark green, patchy
C
3
2.15
19.5 - 27.5
23.875
brown, tufty
D
4
1.97
16.5 - 26.5
22.625
light green, filmy
*1 = thinnest, 4 = thickest
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function of each mat is im portant to help
determine why this grouping trend was
observed.
A second trend reported is that of
distribution: mats near the shore cover a
greater area and are seemingly thicker than
mats out towards the reef; these further mats
are sparse, shapeless, and overall, spotty.
Temae is a popular public beach on Moorea;
Species 1 and a handful of mats of Species 2
(which both fall into the thicker m at category)
are located in a shallow enough area so that
swimmers can stand on the lagoon floor.
When this happens, there is always the
possibility of kicking up the mats and
disturbing its situation. Does the disturbed
mat get carried along and resettles further
down the shore? Did Species 1 originate as a
shapeless patch of a mat only to evolve into a
long parallel strip as more and more visitors
disturbed it? In other words, do these mats
distribute themselves as a result of hum an
disturbance or simply due to natural
disturbances (i.e. current)?

FIG. 3. One-way ANOVA results for rates
of flow by location, p = 0.0404 (F = 3.7822, <
0.05); therefore,
the differences between
rates of flow are overaii statisticaiiy
significant
supraiittorai counterparts (Hoffmann 1999).
There were, however, additional trends
suggested from the resuits. The first comes
from the m apping - m ats of the same
phenotype are observed grouped together in
the same general habitats. But the reason
behind this is uncertain - is it the mats
themseives that are separating themselves or
is it an outside factor that is grooming the
boundaries of the mat, so to speak, and
keeping it from spreading about. If the bluegreens making up these m ats can be identified
and their functions determ ined, then it may be
possible to infer that each m at's function may
be a factor behind w hy it colonized w here it
was observed. A nd thus it should follow that
other identical mats colonize in suit. For
example, the success of today's cyanobacteria
has been attributed to its nitrogen-fixing
abilities (Golubic 1999); indeed, microbial
mats in tropical m arine environm ents have a
prim ary role as nitrogen fixers (Hoffmann
1999). Should this be the case, if certain
cyanobacteria species are better nitrogen fixers
than others, then perhaps this may explain
w hy one species is found more often closer to
coral habitats than the other (having a better
nitrogen-fixer around is more beneficial to the
marine life living in such a habitat). Or, if one
species is a better at sedim ent binding than
another, the first can out compete the latter in
areas of high current flow. Knowing the

CMrrefif How
In the current flow study, mats A, B, and
C were all located in a somewhat open area,
relatively close to shore.
There were,
however, differences in thickness of the mats
between all 3 of them.
If these mats
distributed this way as a result of hum an
activity, w e should not see a change in flow
rates between test sites. However, the fact
that there was a difference in the average flow
rate suggests that hum an disturbance does not
affect m at distribution after all, but the cause
is most likely simply different current speeds.
The rate of w ater flow can affect the
ability of a mat to settle and effectively
colonize. In areas with fast current, there may
not be enough time to allow for mats to settle
resulting in thinner, sparser mats. On the
other hand, areas with slower current leave
plenty of time for the algae to colonize
properly and build up, producing a robust,
dense coverage over the sediment.
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2 distinct trends that emerged from mapping
the 7 phenotypes determined to be present:
1) mats of similar phenotype tend to be
grouped together in similar habitats
and regions.
2) different types of mat dispersal are
apparent in that mats close to shore
are long, spanning many square
meters where mats near reef habitats
cover a small area and are generally
discontinuous and patch-like

The ANOVA test showed weekly
significant resuits. The nuii hypothesis of
identical average speeds was rejected, but just
barely. There are 2 possibilities for this: 1) the
sample size was not large enough to produce
significant results (this was really just a brief
test to see what would happen - further
colonization studies are needed to support
this finding) or 2) it is not the current that is
the leading factor behind mat dispersal.
HerHuon/

This study provides a brief description
and characterization of the marine mats in the
lagoon off shore at Temae. Further studies are
needed to strengthen and find support for
these initial findings and observations. More
specifically, each mat needs to be identified so
one can explore function versus how it
behaves in the field. Additionally, studies on
rate of water flow over marine mats and
herbivory of mats are especially needed to
further explore how mats disperse as they do
and potentially even wage a prediction on
how the might behave in the future.

Herbivory of the mats is another aspect
that needs to be explored in relation to
distribution of the mats. Cyanobacteria in reef
habitats are subject to high rates of herbivory
and lack structural defenses (Hoffmann 1999);
this may help explain why the majority of
mats were observed within the sub-tidal
instead of the fore reef. However, when a
preliminary survey of fish herbivory was
conducted, fish were observed swimming
right past the mats. When bits of mat were
suspended in the water column, fish would
nibble at the pieces, but then spit it right back
out.
Is there something chemically
unpalatable to prevent fish from eating these
mats? Is it a defense mechanism?
Microbial mats have been found to
perform optimally in 'Tight exposed habitats,
where bioturbation and grazing are minimal
or even absent" (Kuhl et al 2000); preliminary
observations appear to rule out fish, but what
about other organisms living within the coral
habitat? Echinoderms? Burrowers?
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C O N C L U S IO N

The marine mats located at Temae Public
Beach are very different from the intertidal
mats that used to be found on the Temae
mudflats. For the most part, the marine mats
are much simpler, composed only of 1 or 2
filamentous species in a single layer. There is
no vertical stratification of layers nor are there
extreme changes in environmental parameters
from one mat to the next. There are, however,
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HABITAT DISTRIBUTION AND COMPARISON OF BRITTLE STAR
(ECHINODERMATA: OPHIUROIDEA) ARM REGENERATION ON
MOOREA, FRENCH POLYNESIA
SARAH CHINN
Z?/o/ogy, IVm'versvYy o/"Ca/f/brMm, RerAg/qy 94720 L&4
^ara/:cAO?M@g7Ma;7. cow
/l&troct. Autotomy and regeneration are widespread in many groups of invertebrates and
vertebrates, such as annelids, crustaceans, amphibians, and reptiles. Regeneration is common in
aii classes of Echinodermata and prevalent in ophiuroid brittle stars. Moorea, French Polynesia
was surveyed for species of brittle stars living on coastal areas of the island in different habitats.
Ophiuroid populations were sampled in habitats such as a mangrove marsh, a sandy beach with
coral rubble and a jetty with coral rubble and conglomerate coral to determine percentages with
regenerating arms. AVacrcp/HcOux /owgipe^o (Lamarck 1816) from the mangrove marsh and two
populations of Op/Hocowa yco/ppcwc&*ma (Lamarck 1816) from the beach and jetty were studied
to determine if there were differences in experimental rates of arm regeneration after induced
autotomization. Each habitat was colonized by distict ophiuriod assemblages and had different
percentages of regenerating individuals; M /o??g%7c<%7 was found to be regenerating multiple arms
simultaneously and had the highest rate of regeneration. Regeneration rates differed by species;
mostly likely influenced by habitat, ecology and biology of each species.
ATy wor<A*.' ec/MnoJerw, qp/MWCK%
g/ar, oatotowy, regeneration, intact ar/ns,
regenerating arw,s, Macrophiothrix longipeda, Ophiocoma scolopendrina
to normal energetic processes.
Pomory and
Lawrence (2001) suggest that regeneration can
affect the fitness of an individual by using energy
that would otherwise be distributed to basal
energetics, reproduction, and growth.
Many
marine
organisms,
particularly
echinoderms,
autotomize
appendages.
Regeneration occurs in all five classes of
Echinodermata to replace external and internal
organs like arms, appendages (spines and
pedicellariae), viscera (digestive tube, gonads)
(Camevali and Bonasoro, 2001). Camevali and
Bonasoro (2001) observed that regeneration is
frequent in crinoids and ophiuroids as both classes
have long, fragile arms that are often amputated
voluntarily or via trauma followed by total
regrowth of the lost structures. Regeneration is so
common that individuals assessed in nature usually
have regenerating arms at many different growth
stages. Additionally, lost body fragments can live
for a period of time after being separated, and can
sometimes undergo independent partial or total
regeneration (Camevali and Bonasoro, 2001).
Also, some asteroids, ophiuroids, and holothuroids
asexually reproduce via fission. Adult individuals
split into two or three parts, regenerating all parts
into complete, independent individuals (Emson and
Wilkie, 1980). The commonality of regeneration

INTRODUCTION
Autotomy is an effective strategy evolved by
many invertebrates and vertebrates to avoid lethal
predation. Autotomy results in the loss of biomass,
which likely affects an individual's energy
metabolism and allocation during regeneration of
the lost tissue. Species that differ in their ecology,
physiology, and phylogeny may autotomize and
regenerate at different rates and in response to
different stimuli such as predation, environmental
factors such as water flow, asexual reproduction
(fission), or conspecific interactions.
Loss of biomass can be caused by physical
perturbations (Ball et ah, 1967; Woodley, 1980;
Tilmant et ah, 1994); interspecific and intraspecific
fighting (Berzin and Caldwell, 1983; Harris, 1989;
Smith and Hines, 1991); and partial predation
(Vlas, 1979a; Turner et ah, 1982; Bowmer and
Keegan, 1983; Clavier, 1984; Woodin, 1984;
Bergman et ah, 1988). In sublethal predation the
affected individual regenerates the missing
structure, thereby escaping death (Pomory and
Lawrence, 2001). Regeneration after injury allows
the individual to survive and contribute
reproductively to the population.
However,
regeneration requires additional energy in addition
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across the phylum suggests that regeneration is an
essentia! aspect of their life-cycle (Camevaii and
Bonasoro, 200 i ).
Brittle stars are capabte of iosing arms or parts
of arms, and sometimes the aborai portion of the
centra) disk and viscera to predation, autotomy, and
asexual reproduction (Wi)kie, )978).
Witkie
()978) observed that a signiBcant proportion (20100%) of the ophiuroid population may be
regenerating tost structures. Emson and WiMkie
(1980) provided evidence that a majority of
noneuryalid ophiuroids (i.e. brittte stars) have the
ability to autotomize their arms at any
intersegment. Arm breakage is common and may
be caused by waves, intraspecific confrontations
and predations (Emson and Wilkie, 1980). It is
considered an adaptation in which the sacrificed
structure allows for the survival of the individual,
even though the amount of energy for regeneration
is considerable (Bowmer and Keegan, 1983). The
family Amphiuridae can release the whole aborai
disc, which holds the stomach, gonads, and genital
bursae (Emson and Wilkie, 1980). Op/MPcoTMiM#
w/gr# drops arm spines, most likely a form of
opportunistic self-detachment (Wilkie, unpub.
obs.). Studies involving many species suggest that
sublethal damage is a heavy burden and there is
prominent
variation
between
conspecific
populations and within populations over time
(Sides, 1987; Skold and Rosenberg, 1996).
The primary goals of this study were to
describe the brittle star diversity and distribution in
Moorea and determine if arm regeneration rates
differ between species from various habitats and
with different ecologies.
Specifically the
objectives were: (1) describe locations where
brittle star species were observed to provide useful
ecological context; (2) measure the relative
abundance of these species in different habitats; (3)
assess the proportion of the populations with fully
intact arms; and, (4) measure and compare the rate
of regeneration of two species,
(Lamarck 1816) and OpA/ocoTM#
Fco/qpeHaW;?# (Lamarck 1816), collected in
different habitats.
/owgzpe&y 1
expected species richness to be different at each
location due to environmental factors and ecologies
of each species. Percent of individuals with fully
intact arms were expected to differ by species and
location because of the specifics of each habitat
and characteristics of each species, such as feeding
mode and escape response to predators. Rate of
arm regeneration was anticipated to differ between
O.
and M /ofig%7^&7 dependent on
ecology and physiology, as with rate of
autotomization.

METHODS AND MATERIALS

Moorea (17° 30' S, 149° 50' W) is a high
volcanic island of the Society Archipelago, French
Polynesia, in the Pacific Ocean. Four coastal study
sites around Moorea were assessed from
September to November, 2006 for brittle stars (Fig.
1 ).

The marsh (17° 33.382' S, 149° 52.457' W)
near Haapiti is an area lined by mangrove trees on
the banks.
This location was assessed via
snorkeling in < 2 m of water by turning over rocks
and coral rubble, and digging into the sand.
Motu Tiahura is located off the northwest tip
of Moorea (17° 29.241' S, 149° 54.632' W). The
survey location was characterized by a sandy beach
with shallow water and dispersed coral rubble and
rocks on the eastern side of the island. Brittle stars
were assessed by turning over rocks and rubble.
The Vaipahu barrier reef crest (17° 28.562' S,
149° 49.299' W) located outside of Cook's Bay,
North of the Richard B. Gump Research Station,
on the northeastern side of the island. It was
characterized by several species of coral and coral
rubble. Various collections of brittle stars took
place in September and October via snorkeling,
collecting coral rubble, and allowing the ophiuroids
to drop out of the rubble onto the water table due to
stress and lack of water.
The jetty (17° 29.110' S, 149° 49.893' W)
between Opunohu and Cook's Bay, beyond the
Vaipahu barrier reef crest was assessed on two
separate days for brittle stars. The jetty consisted
of concrete and rock rubble protruding 30 m from
the beach into the ocean. Brittle stars were
observed under rocks and in crevices.

Fig. 1. Map of Moorea, with study sites boxed.
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ophiuroids and small enough for one person to tum
over. Every individual was counted and all were
visually assessed as having all complete arms or as
incomplete because the arms were not fully intact,
and how many of those arms were regenerating.
Percents of fully intact individuals and those
regenerating arms were calculated.

Co//ecf;oM fec^HKyMas
Brittle stars with all intact arms were collected
at the four sites to assess differences in species
abundance, diversity between different locations,
and to observe arm regeneration in the laboratory.
However, the ophiuroids from the mangrove marsh
were mostly not fully intact and already in the
process of regenerating arms.
Brittle stars from the mangrove marsh in
Haapiti were collected via snorkeling and turning
over various sizes of rocks and coral rubble.
Ophiuroids were handled gently as they were
fragile, often losing arms or parts or arms when
contacted. Five individuals of M /oMg;pe^a were
collected 23 September, 2006 and 18 individuals of
the same species were collected 3 October, 2006.
Also on 11 October, 2006 a single Op/aocowa
enMaceMs? Muller and Troshel 1842 individual was
collected under coral rubble.
Ophiuroids on Motu Tiahura were collected by
turning over rocks and coral rubble in shallow
water < lm deep. O. .sco/opga^iaa was the only
species found. Eleven individuals were collected
on 25 September, 2006 and seven individuals were
collected on 9 October, 2006.
Collections at the barrier reef crest were more
haphazard, as a majority of the rubble brought back
to the Gump Station was collected for potential
octopus dens. Brittle stars were collected only
after they emerged from the rubble because of lack
of water. Therefore, a majority of the animals
collected died and thus were not included in the
arm regeneration study.
Two species of brittle stars were observed and
one was collected at the jetty.
Ten O.
^co/ppcw^ma were collected on 8 October, 2006
and 14 individuals were collected on 18 October,
2006 under rock and within crevices of coral and
conglomerate rock.

Experaweata/ Je.s/gM
Individuals
captured to
assess
arm
regeneration in situ were housed in individual
containers with 2 mm mesh to allow for constant
water flow and aeration. Each individual was
provided with a thin layer of sand and coral rubble
for shelter. They were fed a small piece of turkey
meat every other day and fresh sand was provided
once a week. The sea water temperature ranged
from 26-29 ° C.
Fifteen O. ^co/qpcaaWaa from Motu Tiahura,
19 M /oagipeJa from the marsh and 18 O.
jco/opea^iaa individuals from the Vaipahu jetty
served as study animals for the regeneration
experiment. Three individuals from the motu, four
from the marsh and seven from the jetty served as
controls.
A majority of the M /oagipeJa
ophiuroids from the marsh were in the process of
regenerating arms; therefore, they were
simultaneously regenerating arm A (which was
experimentally autotomized) as well as the other
arms.
On 19 October, 2006, designated day 0, each
of the study individuals were pinched mid-arm to
induce autotomize of the arm opposite the
madreporite, designated arm A. The animal was
provoked so that it would voluntarily release its
arm or part of its arm under these artificial
sublethal predatory conditions. The number of
segments away that the arm was autotomized from
the provoked point, and the time elapsed between
provocation and release were recorded. Central
disc diameter measurements were taken then and
also again on day 25, the last day of measurement
to establish an average body size proxy.
Measurements of growth were taken every other
day with vemeir calipers, beginning on day 2 and
lasting until day 25.
Three other species from the Vaipahu reef
crest were collected, though not in significant
numbers. However, they were assessed similarly
for arm regeneration rates. Two regenerating
individuals and one control of Op/aoco/wa .sp., and
two regenerating Op/aart/yam e/egaas Peters 1851
were supplemented into the experiment on 23
October, 2006. One Op/aocoma sp. individual was
already missing a tip of an arm that had yet to

Aatara/ /aVo/y
The marsh, motu and jetty habitats were
surveyed to determine distribution of species
around Moorea, population density, percent of the
population with arms fully intact, and percent
regenerating. However, the barrier reef crest was
not surveyed because all the ophiuroids were
hiding in rocks and coral crevices. Therefore, it
was impossible to determine these parameters in
the field.
The habitats were surveyed for 1.5 hours in an
area 29 m by 24 m. An equal and thorough search
was conducted by turning over all rocks and rubble
that were large enough to provide shelter for
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begin regenerating, which was used for the
regeneration data.
The other individuat was
induced to autotomize arm A. One of the O.
individuat was atready missing the tip of
an arm, which was designated A and measured.
The other individuat was regenerating two missing
tips; both were measured for regeneration. One
ophiodermatid brittte star was added to the
experiment on 27 October, 2006, which was
provoked to autotmize part of its arm.
Controts were handted simitarty to the study
individual; however, they were not induced to
autotomize and left with fully intact arms. Arm A
was measured every other day beginning on day 2
to assess for baseiine growth. AH M /o/7g7pe<%7
individual were simuitaneousiy regenerating
muitipie arms; therefore, regeneration data was
also collected for the other four arms.

by handling prior to the beginning of the
regeneration
experiment.
Op/noco/M#
sco/qpeMairH?# was the onty species living at Motu
Tiahura. Individual were found iiving under rock
and corai rubbie in shaiiow water. Severai species
of brittie stars were coliected within the corai
rubbie: an ophiodermatid species; Op/i/oco/M#
^revipay? Peters 185 i ; Qp/z/ayvArM/w
Peters
!851;
<%?.; Op/woca/Me//# .yax/YM##
(Duncan 1887); and, another small 6-armed
species. Individuals emerged from the rubbie due
to stress when exposed to the dry environment for
an extended period of time; therefore, they died
due to extreme stress. O. sao/o/yeM&Mi# was also
the major species iiving at the Vaipahu jetty.
However, one M /ong/peaf# individuai was
observed under a rock and subsequentiy burrowed
into the sand.
The jetty habitat had the highest abundance of
ophiuroids, foilowed by the mangrove marsh and
Motu Tiahura (Tabie 1). The brittie stars at the
motu had the highest popuiation percentage of
regenerating arms.
The highest popuiation
percentage of intact arms was found at the motu
(Tabie 3).

The means of the disc diameters, individuat
rates of regeneration, and tota) regeneration over
the duration of the experiment for the marsh, motu
and jetty ophiuroids were compared via a one-way
ANOVA (or Kruskat-Waltis for non-normally
distributed data) analysis using JMP IN 5.1 (SAS
Institute 2004), with an a < 0.05. ANOVA
anatysis was also used to compare the time etapsed
between provocation and autotomization, and the
number of segments away the ophiuroid
autotomized from the disturbed point between the
marsh, motu and jetty individuals. Additionally,
M /owg/pe&y was regenerating multiple arms in
addition to the experimental regenerating arm.
Therefore, ANOVA analysis was performed to
determine differences in rate of regeneration
among the other four arms. Tukey-Kramer pair
tests, with the Bonferroni correction for muitipie
pair tests, were also performed to assess which
species were signiflcantiy different from each
other. Individuat regeneration was normalized for
body size by standardizing over disc diameter.

LO C

N

N!

NR

NUnk

M .T .

40

16

23

1

M .M

28

3

15

10

V.J.

126

34

56

36

Table 1. Abundance, number of individuals with
all intact arms and regenerating arms. LOC =
Location; M.T. = Motu Tiahura; M.M =
Mangrove marsh, Haapiti; V.J. = Vaipahu jetty;
N = tota! number of individuals; Nf = number of
individuals with all intact arms; NR = number
of individuals with regenerating arms; N Unk =
unknown regeneration.

Individuals observed to be regenerating one or
two arms were prominent at the jetty and motu,
whereas only one individual from the mangrove
marsh was regenerating either one or two arms
(Tab)e 2). Ophiuroids regenerating three arms
were observed at a higher population percentage at
the marsh, followed by the motu and jetty (Tabie
2). Few individuals from Motu Tiahura or the
Vaipahu jetty were found to be regenerating four or
five arms. However, the majority of the population
sampied at the mangrove marsh was regenerating
four or five appendages (Table 2).

RESULTS

One dominant ophiuroid species was found at
each of the marsh, motu and jetty iocations. M
/ong/peab was found under large rocks and coral
rubbie at the mangrove marsh. When coliecting,
M /ong?pe<%7 wouid burrow into the corai rubble
and sand to escape. Often times, only arms were
recovered.
Arms were readily lost while
collecting; therefore, arms were most likeiy broken
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3R

12

7

3

1

0

M .M

1

1

4

4

5

V.J

32

10

11

2

i

!R

M .T.

O. sco/opendnna (Mbfp) — M /ong/peda
itr- O. sco/opendnna (deity)
Opb/ocoma sp.
O e/egans
Ophiodermatidae

5R

4R

2R

LO C

Table 2. Number of individual regenerating
one or more arms. Locations are the same as
Tabie 1. 1R = regenerating one arm; 2R =
regenerating 2 arms; 3R = regenerating 3 arms;
4R = regenerating 4 arms; 5R = regenerating 5
arms

LO C

% t

% R

%UNK

M .T.

40%

58%

2%

M .M

11%

53%

36%

27%

44%

29%

V.J.

Fig. 2. Total rate of arm regeneration (mm) for
the duration of the experiment for all species.
The average regeneration rate of the three
ophiuroid groups had a strong positive relationship
(R- = 0.64) for the duration of the experiment,
implying that the regeneration rate increased with
each subsequent day (Fig. 3).

Tabie 3. Popuiation percentages of intact,
regenerating
and
unknown
individuals.
Locations are the same as Tabies 1 & 2. % f =
percent of the popuiation with aii intact arms;
% R = percent regenerating; % UNK = percent
with unknown regeneration
O. sexradia and the other species of 6-armed
brittie star were very smail, disc diameters ranged
from 2-5mm. After a few days of captivity, they
were observed to either be cannibalizing each
other, or dividing by fission. Smati ophiuroids
commoniy reproduce asexualiy by autotomizing
half of their body, or part of the viscera! disc.
/fro? regeneration experiment

Fig. 3. Average regeneration rate (mm) of motu,
marsh and jetty ophiuroids over the duration of
the experiment.

Average regeneration of the autotomized arm
per day and the tota! length regenerated over the
duration of the experiment significantly differed by
species and their habitat, p < .0001 (Table 4). The
average rate of arm regeneration per day was
significantly different between M iongipeJa and
both O. ^coiopen&ina populations. Similarly, the
total regeneration was significantly different
between M iongipeJa and O. ^coiopen&ina, but
the jetty and motu populations were not
significantly different. M /oag;pe&7 had the
highest regeneration rate, followed by O.
jco/ppewc^ma (Fig. 2).

Average body size, or disc diameter, was
significantly different within the three groups of
ophiuroids, p < .0001 (Table 4). Furthermore, disc
diameter was significantly varied between the
ophiuroids from the marsh, motu and jetty habitats
(Tukey-Kramer test). As disc diameter increased,
arm regeneration decreased, as shown by Fig. 4.
The average regeneration rates of all the
individuals were weakly, negatively correlated to
disc diameter (R* = 0.08). Similarly, the total
regeneration of all individuals was also weakly,
negatively correlated to disc diameter, R^ = 0.11, as
seen in Fig. 5.
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Average time eiapsed before
autotomization
250.00

200.00
150.00

I 100.00

O S. (Motu)

50.00

0.00
-50.00

M L. (marsh)

O S. (Jetty)

Fig. 6. Average time eiapsed (s) between
provocation and autotomization for motu,
marsh and jetty popuiations. M.L. = M
O.S. = O.

Fig. 4. Average regeneration rate (mm) in
reiation to disc size (mm) for motu, marsh and
jetty ophiuroids.

The number of segments away from the point
of disturbance where brittle stars autotomize is
thought to be directly related to type of stress it
experiences. The same force and effort was
applied to each ophiuroid to provoke
autotomization.
There were no significant
differences between the marsh, motu, or jetty
populations in terms of how many segments away
from the point of stress it released it arm, p >
0.2000 (Table 4).
M
was simultaneously regenerating
multiple arms while also regenerating arm A.
There were significant differences in the rates of
regeneration of arms B-E, p > 0.04 using a one
way Kruskal-Wallis test.
However the rates
between pairings of each arm using the TukeyKramer test showed no significant differences
between arm B-E and no difference when paired
with the regeneration rate of arm A (Table 4).
The average baseline growth of the intact arm
A in the controls was higher in comparison to the
average regeneration rate of experimental
organisms in the three groups of ophiuroids (Fig.
7).

Fig. 5. Totai regenerated growth (mm) in
reiation to disc size (mm) for motu, marsh and
jetty ophiuroids.
The time eiapsed between provocation and
autotomization of the arm was aiso significantiy
different among the marsh, motu and jetty brittie
stars (Tabie 4).
Specifically, there were
significant differences between the times it took for
the jetty ophiuroids to release their arms compared
to those from the motu or mangrove marsh.
However, there was no significant difference
between brittle stars from Motu Tiahura or the
marsh in the time leading up to autotomization. M
had the shortest elapsed time before
releasing the arm (Fig. 6).
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/ o H g fp g & t;

=

O.

$ c o / p p g / tt fr m a ;

f

=

motu; <D= jetty

A v e r a g e r e g e n e r a t io n r a te
4.00
3.50

Average tota! regeneration

3.00
2.50

25.00

1.50

20.00

2.00

Oph/ocoma sp.

m

1.00
0.50

0.00
-0.50

m arsh

M o tu

Experimental

15.00

HO. e/egans

_____ Jett^

!10.00

[ ] Control
5.00

Fig. 7. Average regeneration rate (mm) of study
and controi individual

0.00

Fig. 8. Average total regeneration (mm) for reef
crest species.

The numbers of ophiuroids collected from the
Vaipahu barrier reef crest were not significantly
adequate for statistical analyses. However, the
preliminary data showed that Op/Hocowa .sp. had
the highest total regeneration and rate of
regeneration among the species from the reef,
followed by O. e/egam and the ophiodermatid
brittle star (Fig. 2 and 8).

Data

T est

p-vatue

T K test

Avg

ANOVA

<0.0001*

M T. A

disc D

DISCUSSION

Unique brittle star assemblages were observed
in the mangrove marsh in Haapiti, the intertidal
area of Motu Tiahura, Vaipahu jetty, and Vaipahu
barrier reef crest. Some species, such as M
/oag;pe&7 were only found in one location,
suggesting habitat preference.
Other species,
sco/opeH^rma, O. e/egans, Op/n'ocowa .sp., O.
^rewpas?, O. griwaceMS?, O. .saxraJia and the
ophiodermatid, occurred at different habitats.
Distinct characteristics of these habitats, such as
water flow, substrate, nutrient resources, and
predation most likely influenced the abundance and
distribution of these species in Moorea and the
motu. For example, M longipeda, only found in
the fine sediment at the marsh, probably utilized
this habitat because it is a deposit-feeder (pers.
obs.) and the fine sand grains had higher nutrient
value.
Abundance and density in each habitat could
also be mediated by interspecific and intraspecific
factors unique to each location, such as predation
and territoriality. Hydrodynamics could mediate
where ophiuroids were located and what nutrients
were available.
The occurrence of O. sco/open^r/aa at Motu
Tiahura and the jetty could be attributed to the
locations having similar habitat. Although the
brittle stars at the motu were found under rocks and
rubble on the sandy substrate and those at the jetty
buried within conglomerate rock and rubble, both

O .S .t B
C

T

Kruskal-

disturb, and

Wattace

>0.0071*

M T. A
C .S .t A

auto.

0.3. <& B

# seg away

Kruskal-

auto.

WaHace

Avg

ANOVA

>0.2000

M T. A
C .& t A
C .S D A

<0.0001*

R/day

M L. A
O .& t B
O.S.d) B

Tot. R

ANOVA

<0.0001*

At.T. A
C .S tB
O .& d) B

M. A

Kruskal-

avg R

WaHace

>0.0432*

Ophiodermatidae

no arms sig.
different

Table 4. Summary of ANOVA and KruskalWallis tests for difference between groups and
Tukey-Kramer tests for differences between
pairs. * = significant. D = diameter; T = time;
auto = autotomization; R = regeneration; ML.
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locations were very shallow and the water was
calm. O. -sco/opeMaW??# is a suspension feeder,
waving its arms in the water column, and a depositfeeder, like many other ophiuroids (Oak and
Scheibling, 2006). The hydrodynamics at the motu
and jetty could have been similar, carrying similar
nutrients in the water column. The flow rate in
combination with the shallow water could have
been more damaging to ophiuroids with longer,
more fragile arms, for example M /ong/peafa, but
benign those with more robust appendages, such as

readily. This species' arms autotomized frequently
while in the field and had the fastest time between
stimuius to autotomization in the iaboratory. Arms
might not be vital to its ecology; therefore it more
readily lost arms to predators or disturbances.
Since it lost arms more often and with less severe
stress than O. gco/qpenaWH#, it could be
compensating by regenerating at a faster rate;
thereby growing a longer new appendage for the
duration of the experiment. M /ong/peaf# was
slower moving than O.
and
burrowed into the substrate as a defense (pers.
obs.). Therefore, its best defense against predation
could be autotomization. It may have evolved to
more readily release it arms to a predator because it
could not out-run a predator. In order for the
species to maintain its fitness, it also evolved to
regenerate that tissue more rapidly. Also, because
arms might not be vital in burrowing, arms are
often lost as a way to confuse predators and
prevent them from burrowing after the brittle star.
O.
less readily lost arms and
also had a lower total and rate of regeneration, fn
the field, O. sco/qpeM&M?# was observed to
predominately suspension feed. This mode of
feeding could largely depend on having intact
arms. Therefore, O. jco/opeMaWw# was more
reluctant to autotomize arms. Also, since arms
were not lost as readily, fast regeneration would
not be as important, as regeneration did not seem to
be as prevalent compared to M /owg/pe&y. O.
Fco/openaW;?# was also observed to crawl away
very rapidly from a predator. Arms were used in
locomotion; therefore, they were important in
escaping predators and not as easily released
(Woodley, 1975).
Rate of regeneration is thought to be
dependent on temperature or seasonality and gonad
development (Pomroy and Lawrence, 2001).
Decreased or no regeneration was observed in
other studies during times of colder temperatures
(Stancyketal., 1994; Dobson, 1988). Temperature
could be refuted as a cause of the differences in
rates of regeneration between species for the
duration of this experiment, as the ambient water
temperatures were constant between species'
enclosures.
Regeneration is also likely food dependent
(Skold and Rosenberg, 1996; Stancyk et al., 1994).
If there were sufficient nutrients, the brittle stars
would not have to use stored reserves to regenerate.
Feeding was constant between species; therefore,
food availability was most likely not the reason for
the differences in regeneration between species.
However, dominant feeding modes differed
between species. For example, O. .yco/qpeM&M?#

Varying proportions of the population with
intact and regenerating arms between habitats
could have been influenced by many factors.
Burrowing ophiuroids tended to lose arms more
readily than epibenthic species (Emson and Wilkie,
1980).
M
was observed to be
regenerating multiple arms simultaneously. This
species was also observed burrowing into rubble
and sand. O.
was not regenerating
many arms simuitaneously and was observed under
rocks or in crevices, and not burrowing. These
observations supported Emson and Wilkie's idea
that burrowing species more readily lost arms.
Predation and abundance of predators could
have affected the number of individuals
experiencing sublethal predation and autotomizing
appendages. Paiatability could have also influenced
the portion of the population that is regenerating
appendages (Soong et at., 1997).
Behavior such as feeding could correlate to
how much exposure a species experiences.
Feeding modes could be dependent on habitat and
water flow. Therefore, a species that suspension
feeds by waving its arms into the water column
was more exposed to predators than a species that
deposit fed under coral rubble. O.
is
a suspension feeder and deposit feeder and M
/ong/peJ# is predominantly a deposit feeder.
However, M /oMg%?e<%2 more readily autotomized.
Arms were not as important in deposit feeding as
they were in suspension feeding; therefore,
releasing arms might not hinder M /ang/peaf#
feeding.

Total and rate of arm regeneration differed by
species. M /ong/peaf# had a higher rate and total
regeneration, while O.
from the
motu and jetty were comparable, as expected.
These differences could be attributed to the
ecology of each species.
M /oMg%7e<%? could have had a higher rate and
total regeneration because it lost arms more
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sustain, more energy was put into regeneration.
This relationship was contrary to other studies.
Zeleny (1903) concluded that there was a
relationship between the size of the brittle star and
the rate of arm regeneration. The maximum rate
was achieved by medium sized individuals and
lower for both small and large individuals. Manner
et at. (1960) stated that size had no effect on
regeneration in salamanders.
There was no
relationship within each species of briRle star.
Autotomization occured when the arm
separated Rom any intersegmental joint proximal
to the stressed area (Wilkie, 1978). No significant
differences were observed in the number of
segments away autotmization occurred Rom the
point of disturbance for the marsh, motu or jetty
ophiuroids. Autotomization was likely dependent
on the type of sRess. Since the provocation of
autotomization was constant throughout the
populations, it could explain why there was no
difference between them.
Therefore, this
characteristic might not have been species specific
or dependent on habitat within these selected
populations. However, other briRle stars like
amphiurids, tended to autotomize significantly
farther away Rom the stimulus (Wilkie, 1978).
As expected, baseline growth in the conRols
was greater than the regeneration rate of the
autotomized arm for all the groups of brittle stars.
The control animals did not undergo the stress of
losing an arm nor have to recuperate. They had all
five functioning appendages and did not have to
put in exRa energy or siphon energy Rom other
processes to regenerate an arm.

was oRen observed suspension feeding, whiie M
/owgipeJo was predominantly observed to depositfeed.
Simuitaneous regeneration of muitipie arms
aiso affected the rate at which growth occurs
(Soong et ah, 1997). Arms were designated
according to their position to the madreporite.
Therefore, position differentiation would lead to
functional differentiation among the arms. Some
arms could be designated for feeding while others
are used for gripping the substrate. The feeding
arms could be more important to the bridle stars'
fitness; therefore they grew back faster.
Regeneration could also have been affected my
neighboring arms. M /owgipecia was regenerating
multiple arms at the same time at different stages,
including the forced autotomization of arm A.
There were no significant differences between the
growth rates of any of the arms. It was possible
that M /oMgipeJa did not have differentiation
between the five arms. If they all served the same
or equal functions, there would be no benefit to
regenerate one faster than the others. Also, when
multiple arms are regenerating, more energy is
required. Therefore, it is logical that the more arms
a bridle star is regenerating, the slower the growth
will be, due to increased energy expenditure.
However, Zeleny (1903) stated that when multiple
arms were regenerating, the energy put into
replacement of the lost appendages was greatly
increased.
Accordingly, the more arms
regenerating, the greater is the rate of regeneration
of each arm.
Regeneration rate increased over time in all
species. This observation could be attributed to the
undifferentiated stem cells.
ARer the initial
healing of the autotomized area, new
undifferentiated cells divided and regenerated. As
more and more stem cells were formed by division
of the generation before, regeneration increased
exponentially (Camevali and Bonasoro, 2001).
Disc diameter was significantly differed
between the groups of ophiuroids. The biology and
physiology of the M /ong/peJa could be different
than that of O. .sco/ope/iaWna in terms of size.
Also, because there was a disc size disparity among
the groups, regeneration rates were normalized for
body size.
Regeneration rate decreased with body size
when marsh, motu and jetty ophiuroids were
analyzed. This correlation suggested that smaller
individuals had a greater regeneration rate. This
could be an adaptation for survival. Smaller
individuals might be pressured to grow large faster
in order to compete.
Or, because smaller
individuals did not have as much biomass to

CONCLUSION
This study collected nine different species
Rom four locations in Moorea and its motu.
Undoubtedly they were more ophiuroids inhabiting
the island within the surveyed habitats and those
not in this survey.
In the Reid, different species of brittle stars
commonly had between 20-100% of the population
with regenerating individuals (Wilkie, 1978). The
M /ongipeJa population at the mangrove marsh in
Haapiti and the O. jco/ppeaJrina population at
Motu Tiahura had over half of the individuals
regenerating at least one arm. O. ^co/ope^^rina at
Vaipahu jetty was found to have 44% of the
population regenerating at least one arm. M
/oagip^a was commonly regenerating multiple
arms, mostly with 4 or 5 regenerating
simultaneously. Multiple regenerating arms were
less common in both O. ^co/ppeM(Rh?a populations.
The differences in regenerating proportions of each
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population were likely due to habitat characteristics
and ecoiogy of each species.
The experimentai regeneration study yietded
data that supported the hypothesis that regeneration
rates differ between species. M /ong/peafa had a
faster regeneration rate and a greater total
regeneration than O. .yco/opeM&zHa from both
Motu Tiahura and the Vaipahu jetty. However, the
two populations of O. .yco/qpeMaWTia did not have
significantly different regeneration rates.
Differences in regeneration rate and length of
regeneration were most likely due to ecological,
physiological and biological factors of each
species.
Habitat, feeding mode, predation,
available nutrient resources, body size, and the
simultaneous regeneration of multiple arms have
been suggested as influences on regeneration.
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BRITTLE STAR APPENDIX
SARAH CHINN

/pMgzpe&i (L am arck 1816)
Description: Body size varies (25-120 mm); centra) disc co)or varies (gray, pink, b)ue); si)ky abora) disc;
very long, fragite arms; arms banded with tong brittte spines.
Habitat: Under rocks and coral rubbte; in crevices or cora) rubbie in depths >1-2 m. Haapiti mangrove
marsh.
Behavior: Burrow into substrate; readily autotomize arms as escape response; deposit feeder.

OpA/ocw??# er/MaceMt?? M uller and T roshel 1842
Description: Dark aboral and oral surfaces; prominent spines on arms; red or biack tube feet.
Habitat: Under rocks or cora) rubbte in shaHow depths (0-1 m); in cora) rubb)e; living in cora) (Porites
sp.). Cook's Bay.
Behavior: Fast moving; suspension feeder and detritivore.
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Op/Hocowa .yco/ope7?6&iMa (Lamarck 1816)
Description: Dark brown/gray aboral disc; banded tight and dark arms; light oral surface; prominent
spines.
Habitat: Under rocks and coral rubble at shallow depths (0-1 m); central disc embedded in conglomerate
rock/rubble with arms protruding. Cook's Bay; widespread.
Behavior: Suspension feeder by waving arms; color changes due to light/time of day from dark in the
daytime to light gray at night.

Peters 1851
Description: Red central disc; arms banded red and beige; prominent spines banded beige and black.
Habitat: In coral rubble crevices; living in coral (Porites spp.). Vaipahu barrier reef crest.
Behavior: Minimal suspension feeding or other feeding.
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OpA/ocowa Arevipe.s? Peters 1851
Description: Smail; gray-green color; speckied centra) disc; banded arms.
Habitat: Crevices of corai rubbie. Vaipahu barrier reef crest.

OpAfocowa sp.
Description: Biack orai and aborai surface; yeiiow at
base of spines; prominent, robust spines; yeiiow bands
on orai surface of arms; bright red tube feet.
Habitat: Crevices of corai rubbie; living in iive f cri/as
sp.. Vaipahu barrier reef crest.
Behavior: suspension feeding with tips of arms; hiding
in corai.
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Op/noco/?2(?//<2

(Duncan 1887)

Description: Very small; six arms; varies in coior; banded arms.
Habitat: Crevices of corai rubbie. Vaipahu barrier reef crest.
Behavior: Asexua) reproduction by fission; possibie cannibalism.

Family Ophiodermatidae
Description: Small; smooth; green color aboral surface; beige oral surface; V-shaped arm plates on
aboral surface.
Habitat: Crevices of coral rubble. Vaipahu barrier reef crest.
Behavior: Fast moving; hiding in rubble or under any other protective covering.
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FACTORS INFLUENCING EPIPHYTE HABITAT
PREFERENCE IN MOOREA, FRENCH POLYNESIA
APRIL M . DOBBS

Dcpzzrfzzzczzf o/P/zzzzf zzzzJ Microtia/ Bzo/o^i/, L/zzzzzerszTy o/Czziz/brMzzz, BerMei/, Czziz/brzzzzz 94720
USA
Afzsfrzzcf. E piphytes are im portant in forest ecosystems because they contribute to
species diversity and aid in nutrient cycling. Despite th is, the ecoiogy of tropica!
epiphytes, particularly nonvascular species, is not well understood. This study
compared epiphyte richness, cover, diversity, and species distributions to host tree
diam eter, canopy cover, aspect, and height on the trunk. Thirty-twoMcfrosfdcros coEzzzzz
trees were sampled for epiphyte species every 0.5 centimeters along circumferential
transects at 0, 0.75, and 1.5 meters off the ground. Host tree diam eter at 0.5 meters was
measured, as well as canopy cover at N orth, South, East, and West. Epiphyte cover
was lowest a t the bottom of the trunk and highest at 1.5 meters. Richness correlated
positively w ith diam eter and canopy cover, but it did not vary significantly w ith
h eig h t or aspect, according to the Wilcoxon and Tukey tests. Epiphyte cover correlated
positively w ith canopy cover, but it did not vary significantly w ith diam eter or aspect.
Moss and fern cover increased significantly w ith diam eter but did not vary w ith
height. Liverwort and lichen cover were not correlated w ith diam eter, but they were
lowest a t the bottom of the trunk and highest at 1.5 meters. D iversity, calculated w ith
the Shannon-W iener index, correlated positively w ith epiphyte cover and tree
diam eter but did not vary significantly w ith height. O verall, epiphytes preferred
h a b ita ts in the upper trunk region on trees w ith high canopy cover, and th e ir
distributions were correlated w ith every variable except aspect.
Key words:
Po/yzzesM;

cpzp/zz/fes; izzzBztzzf pre/erezzce; Metrosideros collina; Moorezz, Frczzciz

IN T R O D U C T IO N

Epiphytes are plants that grow on trees or
shrubs
non-parasitically
(Hietz
1998),
although most "benefit substantially" from
their hosts (Callaway ci zz/. 2002). They can be
mosses, liverworts, ferns, angiosperms, and
lichens (which fungal/algal symbioses often
treated as plants) (Caldiz 2005). Vascular
epiphytes,
which
include
ferns
and
angiosperms, alone make up 10% of the
world's flora (Benzing 2001). Although little is
known about nonvascular epiphytes, which
include mosses, liverworts, and lichens, they
contribute substantially to forest biomass and
biodiversity (Holz 2003). Because epiphytes
absorb much of their water and nutrients from
the atmosphere, they are good indicators of air
quality (Benzing 2001). They also play in
important role in nutrient cycling (Nadkarni
1984).
Epiphytes have been shown to segregate
along environmental gradients, especially in
substrate and atmospheric moisture (Benzing
2001, Heitz 1998). For example, nonvascular

epiphytes prefer mid-montane forests with
daily mist or clouds, whereas vascular
epiphytes are most common at lower montane
forests with less moisture (Benzing 2001).
Bryophytes and lichens are particularly
sensitive to moisture levels because they
exhibit poikilohydry, or rapid equilibration of
their internal water levels with the
environment (Benzing 2001).
They also
require moist air to photosynthesize. Vascular
epiphytes, being less poikilohydrous, can
photosynthesize in drier environments.
Although vascular and nonvascular epiphytes
can be desiccation tolerant, or able to revive
from a desiccated state, they usually thrive in
moist environments (Benzing 2001). Epiphyte
distribution can also vary within a constant
height, due to aspect and inclination, but this
is most pronounced in areas with substantial
variation in light and wind levels (Kenkel et
al. 1981).
Habitat preference in epiphytes of French
Polynesia is particularly interesting because of
the environmental gradients unique to islands.
On Tahiti, epiphytes are common in montane

Moorea, French Polynesia (UTM coordinates S
17° 32.434' W 149° 49.602'). My study site was
a 280 meter trail connecting two North-facing
lookout platforms. My study organism was M.
coNiua (Myrtaceae), a tree endemic to Fiji,
Samoa, Rarotonga, the Austral Islands, and
Tahiti (Wright et al. 2001).
One of the
dominant trees at the Belvedere, it grew as a
tree or shrub from 1 to 20 meters tall and had
red compound inflorescences. It grew from
elevations of 100 meters to mountaintops
(Wickland 1999).

cloud forests, in which 70% of the island's
endemic trees five (Meyer and Florence 1996).
Such cloud forests exist on Moorea, an island
near Tahiti with similar elevations.
On
Moorea,
one
montane
tree
species,
Mefrosi&ros co/h'nn Wilkes 1854, hosts more
epiphyte species and has greater epiphyte
cover than other trees in the same habitat
(Cushing 2002). This type of environment is
thought to be "among the most sensitive and
vulnerable in the world to climate change"
due to the specialization and endemism of its
inhabitants,
as
well
as
its
"steep
environmental
gradients"
(Loope
and
Giambelluca 1998). Montane cloud forests
have persistent and seasonal, wind-driven
clouds, a high net precipitation, and increased
interception of water by the canopy. These
factors probably contribute to moisture and
sunlight gradients by elevation and within
individual trees, which causes variation in
epiphyte cover.
The purpose of this study is to determine
whether changes in epiphyte distributions on
M. col/uM correlate with canopy cover, aspect,
host tree diameter, and height on the trunk. I
predict that a) epiphyte species richness and
abundance will vary significantly with tree
age, canopy cover, height within the tree, and
aspect, b) older trees will more epiphyte cover
and more species due to increased time and
opportunities for succession, c) trees with the
most canopy cover will have the greatest
richness and cover because many epiphytes
prefer moist, shady environments, and d)
Richness will be lowest at the bottom of the
tree due to the moisture-trapping ferns on the
ground. I hypothesize that any differences
due to aspect will be due to the desiccating
north-to-south trade winds (Kuhlmann 1983),
rather than the angle of the sun because the
sun is usually overhead (Osborne 2000). My
null hypotheses are a) epiphyte richness and
cover will not vary significantly with tree age,
canopy cover, height within the tree, and
aspect, b) older trees will not have more
richness and cover than younger trees, c) trees
with the most canopy cover will not have the
greatest richness and cover, d) richness will
not decrease with increasing height.

ExpcruMcufn/ Design
I sampled every tree within fifteen meters
of the trail, except those that forked into more
than five trunks below a height of 0.5 meters.
My sample size was 32 trees. Rather than
measuring the diameter at the conventional
1.3 meters, I measured it at 0.5 meters because
most of the trees forked just above this height.
If the tree forked into two trunks below 0.5
meters, I sampled each trunk separately and
combined the diameters at 0.5 meters. If a tree
forked into three, four, or five trunks below
0.5 meters, I sampled the two thickest trunks
and combined the diameters of all of the
trunks at 0.5 meters. If a tree forked above 0.5
meters, I sampled the two thickest trunks
above every fork.
I performed circumferential transects on
each tree at heights of 0, 0.75, and 1.5 meters,
perpendicular to the sides of the trunk. If the
tree grew on a slope, I took all height
measurements from the highest side of the
slope.
For each transect, I recorded the
epiphyte species that touched the top of the
measuring tape every 0.5 centimeters and
estimated the directional aspect at North,
South, East, and West with a compass. I
estimated canopy cover at each tree by
holding a densiometer (convex mirror with
quarter inch grid) at arm's length (arm at 90
degree angle), facing away from the tree at its
North, South, East, and West faces.
I identified the liverworts and lichens to
genus and the mosses and ferns to species
using identification keys by Whittier (1976),
McCune and Geiser (2000), Gradstein (1989),
D'Artenay et al. (in press), Piippo (1990), and
Murdock and Hinkle (1999).
Voucher
specimens were submitted to the University of
California and Jepson Herbaria, and a
photograph
appendix
of
nonvascular
epiphytes was included at the end of this
paper.

M ETH O D S

Site

Study Organise?

All data were collected in a mid-elevation
tropica! forest (approximately 300 meters
above sea level) called The Belvedere, in
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SfabsUcH/ Analysis
I used the non-parametric Wilcoxon and
Tukey Tests to compare richness, diversity,
and cover with aspect, and height within the
tree because my data couid not be normalized,
using JMP 5.1 (@2003). To test tor correlations
between richness, diversity, epiphyte cover,
diameter, and canopy cover, I used
Spearman's rho, a nonparametric version of
the iinear regression, also using JMP 5.1. I
used Spearman's rho rather than linear
regression because my data could not be
normalized. To determine whether certain
species preferred similar habitats, I plotted the
average canopy cover and host tree diameter
for each species. I calculated percent cover as
the percent of occupied intervals on the
transect tape divided by the total possible.
To calculate diversity, I calculated the
Shannon-Wiener Index for each transect,
which accounted for species richness and
evenness.
The Shannon-Wiener index
(Rousseu, et al. 1998) was calculated as
follows:
^ = X[(P')(!ogtop<)]
i=l
where p; = proportion of total cover species
and s = number of species.
To compare the four aspects, I calculated
percent cover over a four centimeter band at
due North, South, East, and West.
RESU LTS

There were twenty-four epiphyte species
total, including twelve lichen, five liverwort,
four moss, and three fern species. Liverworts
were on average most abundant, followed by
mosses, lichens, and ferns (Fig. 1, Appendix A,
B ).

FIG. 1. Average abundance by species type
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FlG. 2. Epiphyte richness by host tree
When epiphyte richness was compared
among the three height groups, the three
heights were not significantly different
(Wilcoxon, p=0.6861). Richness did not vary
significantly with aspect (Wilcoxon, p=0.8540).
However, richness was positively correlated
with diameter at 0.5 meters (Spearman's
rho=0.5561, p<0.0001, Fig. 2, Table 1).
Richness was also positively correlated with
canopy cover, although loosely (Spearman's
rho=0.1933, p=0.0013, Fig. 3, Table 1). Canopy
cover was not significantly different among
the four aspects.
Epiphyte cover was significantly different
among the three heights (Wilcoxon, p<0.0001,
Fig. 4, Table 2, 3). Cover was greatest 1.5
meters and least at 0 meters and was
significantly different between each height
(Fig. 4). It did not, however, vary with
diameter (Spearman's rho=0.1135, p=0.2041),
but was positively correlated with canopy
cover,
although
loosely
(Spearman's
rho=0.2133, p=0.0004, Table 1). There was no
significant difference in canopy cover among
the four aspects (Wilcoxon, p=0.4899).
Moss cover increased significantly with
diameter (Spearman's rho=0.4113, p<0.0001,
Table 1) but did not vary significantly with
height (Wilcoxon, p=0.4389). Liverwort cover
was loosely correlated with diameter
(Spearman's rho=0.2083, p=0.0188, Table 1)
and increased with height (Wilcoxon,
p=0.0071, Fig. 5, Table 2, 3). Liverwort cover
was greatest at 1.5 meters and lowest at 0
meters.
Lichen cover did not vary
significantly with diameter (Spearman's rho=0.0703, p=0.4324) but increased significantly
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FrG. 3. Richness by average canopy cover.
Although the data are not normal, an increase
in richness with canopy cover is still visible.

FIG. 6. Lichen abundance three heights, with means
and standard deviations. Significant differences
determined by the Tukey test
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FlG. 4. Percent epiphyte cover at three heights,
with means and standard deviations

P
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Richness
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Cover
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TABLE 2. Wilcoxon P-values for significant
correlations
Total Liverwort Lichen
Cover
Cover
Cover
No
0.75 m 0 m
Y es
No
No
No
1.5 m 0.75 m Y es
Yes
1.5 m
0m
Yes
Y es
H1

-10

0.75
Height, in meters

<0.0001
0.0013
0.0004
<0.0001
0.0188
<0.0001
<0.0001
<0.0001

TABLE 1. Spearman's rho constants and Pvalues for significant correlations

0

1

P-vatue

1.5

H2

TABLE 3. Tukey Test pairwise comparisons of
total epiphyte cover, liverwort cover, and
lichen cover among the three heights within
the tree. Yes=significantly different

FlG. 5. Liverwort abundance at three heights, with
means and standard deviations. Significant
differences determined by the Tukey Test
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FIG. 7. Average tree diameter and canopy
cover for each species, with species types
circled.
with height (Wilcoxon, p=0.0071, Fig. 6, Table
2, 3). Lichen cover was greatest at 1.5 meters
and least at 0 meters. Fern cover increased
significantly with diameter (Spearman's
rho=0.5897, p<0.0001, Table 1) but did not
vary significantly with height (Wilcoxon,
p=0.508).
Epiphyte diversity, quantified by Hvalues, was positively correlated with total
cover (Spearman's rho=0.3729, p<0.0001, Table
1) and diameter at 0.5 meters (Spearman's
rho=0.4678, p<0.0001, Table 1). Diversity did
not vary significantly with height (Wilcoxon,
p=0.3372), which was expected because
richness did not vary significantly with height.
According to the scatterplot of species
distribution by average canopy cover and
average tree diameter, LopIioIe)cM?iM sp. B and
LeMco&n/MW! fa/nfcMse grew at the highest
canopy cover levels of the liverworts and
mosses, respectively, but the other liverwort
and moss species grew at similar canopy cover
levels (Fig. 7). All of the lichens except Lichen
E, A, B, and G grew on trees with lower
average canopy cover than the other species
types (Fig. 7). The species were not present at
statistically significant average canopy covers
(Wilcoxon, p=0.1939), but Lichen C was at a
canopy cover significant lower than the other
species (Tukey Test)
DISCUSSION

The lack of variation in species richness
with height within the tree supported the null
hypothesis that richness would not vary with
height and disproved the hypothesis that

richness would be greatest at 0 meters. It was
predicted that richness would decrease with
height because the DicraMopfens ferns covering
the bottom of the tree would trap more
moisture in the bark and in the atmosphere,
creating an environment habitable for more
epiphyte species. Based on observation, the
bark under the ferns was considerably drier
than the rest of the tree, presumably because
the ferns intercepted rainfall and absorbed
moisture from the ground.
They also
appeared to block most of the sunlight,
creating a less habitable environment for
epiphytes. Although species richness did not
vary significantly with height, the drier
environment at the base of the tree appeared
to be inhabited more by lichens than by other
species types.
Because the species
composition was able to change drastically
without altering species richness, species
composition (discussed later) was more
informative about epiphyte responses to
vertical environmental gradients.
The increase in richness with tree
diameter supported the hypothesis that
richness would vary with girth but did not
necessarily support the hypothesis that older
trees would have more species. Although the
diameter at 0.5 meters was meant to be an
index of tree age, older trees were not
necessarily thicker than younger ones. Many
of the thinner, shorter trees were growing in
sunny areas that had been cleared for tourism.
They appeared withered and unhealthy and
may have had lower epiphyte richness due to
other factors besides size and age. The age
proxy was not reliable because of
environmental variation and the fact that
Mefrosideros development in relation to
diameter had not been documented. Due to
the lack of growth rings in tropical trees, one
would need to study multiple Mefrosideros
trees over several years to determine a precise
age proxy.
Richness increased significantly with
canopy cover, which supported the hypothesis
that the two variables would be correlated. It
also supported the hypothesis that epiphytes
would prefer shadier environments rather
than direct sunlight. The trees growing in
sunnier areas had far less moisture in the bark
(and, presumably, in the atmosphere) due to
evaporation. The richness was lower on these
trees probably because fewer species could
tolerate the drier bark and the transpiration
from their leaves.
Because most of the
epiphytes found were nonvascular and relied
heavily on atmospheric moisture, more

cover did not change within a given height
level, the richness varied within that height
according to canopy cover. One problem with
measuring percent cover in both wet and dry
conditions was that the epiphytes were
usually shriveled when dry and expanded
when wet. They may have covered less
surface area on trees in sunnier places because
they were less hydrated, not because there
were more individuals.
The scatter plot of species by mean
diameter and mean canopy cover suggests
segregation of some species types by canopy
cover preference. The fact that all of the
lichens except four grew on trees with lower
average canopy cover than the other species
types suggests that lichens can survive better
in sunnier environments than mosses,
liverworts, and ferns. The habitat preference
of lichens may have less to do with desiccation
tolerance than with access to sunlight, since
the photosynthetic algae lived under a crusty
top layer of cortex.
One of the lichens
appeared to prefer the least canopy cover of
all of the species, which suggests that it is the
most desiccation tolerant species or that it
requires the most sunlight. In general, the
mosses, liverworts, and ferns preferred
shadier, thicker trees. The lichens appeared to
grow in a wider variety of shade levels but
were most likely of the four species types to
inhabit sunny areas.
The scatter plot,
however, does not necessarily suggest
epiphyte preference for tree size or shade level
because all of the trees growing in sunny areas
tended to be smaller than the others. In order
to determine whether canopy cover, tree girth,
or both caused the segregation, one would
need a larger sample size that included thin
trees in shady areas and thick trees in sunny
areas.
The lack of variation in richness and cover
with aspect supported the null hypotheses
that either variable would correlate with
aspect. Because canopy cover did not vary
with aspect, any variation among the four
aspects would have to be due to another factor
besides shade level. This also explained why
richness did not vary with aspect yet
increased with canopy cover. The result
disproved the hypothesis that the North-toSouth trade winds would create a drier
atmosphere on the North side of each tree.
The trade winds probably had little effect on
the epiphytes because most of the trees
analyzed grew in densely-populated areas
and were buffered from strong winds. Any
trees growing in open areas, where trade

species were able to tolerate shady
environments due to the increased moisture
and decreased transpiration. Aithough this
conciusion is plausible, two confounding
factors are a) the sunnier areas were aiso more
disturbed, and b) the trees growing in sunnier
areas seemed unhealthy or partially dead.
The total epiphyte cover was lowest at the
ground and highest at 1.5 meters, which
suggested a positive correlation between
height and cover and supported the
hypothesis that cover would vary with height.
There were fewest epiphytes at the bottom of
the tree, probably due to the drier
environment created by Dicmnoptcn's. The
increase in total cover with height was
primarily due to increases in lichen and
liverwort abundance because there was little
increase in the mosses and ferns. It is unclear
whether the liverworts and lichens increased
more noticeably because they were more
sensitive to D;cn?nopfer;'s, or due to another
variable, is unclear. To differentiate between
the two causes, one would have to study trees
with and w ithout Dicranopfens (controlling
other variables) to see if it caused the increase
in liverwort and lichen cover or magnified it.
The lack of variation in fern cover was
probably because ferns grew up each tree on a
single rhizome with few branches. Because
fern cover was recorded as basal cover, rather
than foliar, the rhizomes would have had to
branch considerably to cause a significant
increase.
The lack of variation in total epiphyte
cover with tree girth supported the null
hypothesis that cover would not correlated
with tree diameter. The results suggested
each tree had a maximum epiphyte load
within a single height that did not increase as
the trees increased in girth. As each tree
thickened, the spread of existing epiphytes
and the introduction of new populations
probably fluctuated around a carrying
capacity. Because there was always some
unoccupied space on the tree, the carrying
capacity was probably based on moisture in
the bark, rather than on surface area. Had the
carrying capacity been based mostly on
available surface area, the epiphytes would
have covered as much of the tree as possible.
Epiphyte cover increased significantly
with canopy cover, which supported the
hypothesis and could be explained with
similar logic as the increase in richness. As
canopy cover increased, not only could more
species inhabit the environment, but they
could spread more quickly. While the total
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winds wouid have been more noticeable, were
so small in diameter (less than ten
centimeters) that they were not used for the
aspect analysis. One problem with the part of
the study was that there was a large standard
deviation because the sampling area at each
aspect was only four centimeters wide, and
the epiphytes were sampled every 0.5
centimeters. There was also a high chance of
error in determining the exact aspect with the
compass.
While the small sample area
allowed for a larger sample size, it was not
appropriate for the study.
As total epiphyte cover increased, so did
the Shannon-Wiener diversity index for each
transect. This was expected because richness,
which comprised a major part of the diversity
index, also increased with epiphyte cover.
The result implied that as a tree acquired more
epiphyte cover due to the spread of existing
species, new species were also colonizing it. If
the increase in epiphyte cover had been due
mostly to the spread of existing colonies, the
diversity index would not have increased at as
great a rate. Diversity also increased with
diameter, which coincided with the increase of
richness. Just as richness did not vary with
height, neither did diversity.
The epiphytes studied on M. coMbia
appeared to respond most strongly to
moisture, which supports the conclusions
from other literature that substrate and
atmospheric moisture are the greatest
determining factors in epiphyte distribution.
This coincided with the facts that a) epiphytes
lacked true roots, and b) nonvascular
epiphytes could not regulate their internal
water levels as well as other plants. The most
common habitat for epiphytes was the upper
trunk region in thick trees with high canopy
cover, which was the wettest habitat on the
trunk. While this study did not measure
moisture levels directly, the results suggest
that moist habitats support the greatest
epiphyte diversity and total cover.
Although the epiphytes on Moorea
showed
mostly
predictable
habitat
preferences,
they
probably
differed
physiologically from mainland epiphytes due
to their unusual environment. For example,
epiphytes in cloud forests probably adapted to
greater moisture fluctuations than epiphytes
in temperate forests. Whether the epiphytes
on Moorea and other tropical islands radiated
from a few ancestors or evolved within each
species, they had to adapt to new
environmental pressures unique to islands.
Comparative studies of habitat preferences of

mainland versus island epiphytes would
illuminate differences in niche differentiation
and adaptations, as well as convergent
evolution among species and species types.
C O N C L U S IO N

Liverworts, mosses, and ferns preferred
shadier habitats and thicker trees than did
lichens, which grew in sunnier areas but
appeared to tolerate a range of shade levels.
Lichens and liverworts preferred to grow
higher on the trunk, but mosses and ferns did
not show elevation preferences. Mosses and
ferns were most abundant on larger trees, but
lichen and liverwort abundances were not
correlated to tree size. Epiphytes were most
abundant high in the trunk and in high shade,
yet were most diverse on thicker trees.
Overall, nonvascular epiphyte distributions
were correlated with height within the tree,
canopy cover, and diameter, but were not
correlated with aspect. Vascular epiphyte
distributions were loosely correlated with
height but were unaffected by other
environmental factors. Future research should
compare epiphyte populations on M. coMbia at
different elevations to test wider variation in
these environmental factors and determine
whether epiphyte zonation by elevation
occurs in remote tropical islands.
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APPENDIX A
Lichens found onMcirosi&ros coPhm in Moorea, French Poiynesia

sp.

Puucfchasp.

Parwehasp.

CauernMian'a sp.

APPENDIX B
Mosses and liverw orts found on Metrosideros colifna, in Moore a, French Polynesia

Syrr?:opodon &anAs::

OcfoMep^arMW

Micro/ejeaaca sp.
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Lop^o&jcaaea sp.

APPENDIX A
Lichens found on Af^?ro.s'/Jero.s' co///??# in Moorea, French Poiynesia

,4A7M7?a sp.

yfA/fawa .yp.

Unknown A

Afg/a7?g/;'i3 sp.

C<wer*MM/arM yp.

PMWCfg/M sp.

<%
#&

^

Unknown B

PMMCfe/z<7 yp.

yp.

Unknown C

yp.

C<wer/!M/ar/a yp.

APPENDIX B
Mosses and liverworts found on AfgZro.szzVez'o^ co//z'fza, in Moorea, French Polynesia

^ r r / z q p o J o z ? A a a A s z 'z

Ocfo6/ep/zarMZM a/^zWzzzzz

M z tf/ z z y a fz z z w o^Zzz.sz/b/z'zzw

Z,ezzco^zyMzzz Za/zz'Zea^e

CAez/o/e/eaznea

CAgz'/o/zy'czzzzea ^p.

Species unknow n

Mz'cro/e/eMzzea sp.

Lop/zo/e/'eaaga ,sp.
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HABITAT AND BLEACHING IN THE FORAMINIFERAN
PENEROPEIS PERTUSHS
A l M E E E L L IS O N

iKfegrafipe Bioioyy, U?nbers;'fi/ q^Caii/br?HH, Bertie!/, Caii/brm'a 94720 USA
A&sfracf. T he effects of h u m a n activities on the earth 's en v iro n m en t h av e gained increasing
atten tio n in recent years. W ith corai reefs declining w orldw ide, efficient tools for assessing reef health
are m o re im p o rta n t th a n ever. T he species of larg er foram inifera k n o w n as PeneropBs perfMSMS share key
characteristics w ith reef b u ild in g corals. By exam ining the pop u latio n s' n atu ral d istrib u tio n along w ith
the abiotic factors affecting bleaching, a b etter u n d erstan d in g of reef system s as a w hole is achieved. In
this stu d y , P. pcrtMSMS w as collected from ten different sites on a fringing reef in M oorea, French
Polynesia. C ollected from coral rubble at one, tw o, and three m eters d epths, they w ere analyzed for
abun d an ce, size, and extent of bleaching. Light experim ents w ere used in th e laboratory to determ ine
respo n se to increased solar radiation. O ne-w ay statistical analysis, along w ith the W ilcoxon test found
no stro n g correlation b etw een d e p th a n d percen t bleaching. A difference b etw een ind iv id u al size and
p ercen t bleaching w as fo u n d an d a n a tu ra l p o p u latio n dynam ics are p resu m ed to occur on M oorea.
Light ex p erim en ts found increased bleaching in P. perfasas show ing increased solar radiation to be a
factor in bleaching.

Key Words. Larger ^brawtMt/erH, PerteropBs perfMsus, MeacLmg, distn&Mfio?!, Mo'orea, French

Polynesia

INTRODUCTION
The coral reefs found in tropical and
subtropical waters play a vital role in
human society. More than 50% of the
world's population lives within 100km of
the ocean (Vitousek ef a?. 1997) and many of
those people depend on reef ecosystems for
their livelihood. Coral reefs are a valuable
economic resource, providing income
through tourism and fishing as well as
lending protection to coastal habitats.
Known as highly diverse and productive
environments, coral reefs provide a place of
continuing scientific discovery in the form
new drugs and biochemicals (HoeghGuldberg 2006). Unfortunately coral reef
habitats are in decline worldwide (Talge
2003). While susceptible to natural stressors
such as disease and hurricanes, the
increasing rate at which they are
deteriorating has gained interest in recent
years.

The impact of human activities on the
earth's oceans has been well documented.
Alterations to the earth's carbon and nitrogen
cycles affect ocean chemistry and ecology.
Primarily through fertilizer production, humans
have doubled the annual input of biologically
available nitrogen to terrestrial ecosytstems
(Hallock 2000). Nutrification of estuaries and
coastal waters can occur when a significant
percentage of fixed nitrogen washes into the
ocean (Vitousek ef cl. 1997). The increase of CO 2
in the earth's atmosphere is the bestdocumented global change (Vitousek ef al. 1994).
Achieved primarily through the burning of
fossil fuels, this increase will be responsible for
more than half the expected global warming in
the
next
century
(Vitousek
1994).
Concentrations of greenhouse gases are
expected to double over pre-industrial
Revolution concentrations in the early 21 s'
century (Hallock 2000) and ocean temperatures
have risen roughly 1°C in the past 100 years
(Hoegh-Guldberg 2006). Depletion of ozone in

the atmosphere is linked to an increase of
more damaging uitravioiet radiation to
reaching earth's surface (Kerr ef a?. 1993).
Ali of these changes can have a profound
effect on fragile coral reef communities that
are already living at the extremes of their
habitat requirements (Hoegh-Guldberg).
With these trends from human impact
showing no signs of slowing (Hallock 2000,
Hallock ef a/. 2003), efficient tools for
assessing reef condition are gaining more
interest.
Larger benthic foraminifera have been
found to be good indicators of reef health
(Renema 2006). Foraminifera require many
of the same environmental factors to survive
as coral (Renema 2006). Larger foraminifera
share three distinct traits with reef building
corals.
Both are producers of calcium
carbonate,
are
reliant
on
algal
endosymbionts for growth and test
formation, and both are experienced
bleaching events in the past decades
(Hallock et ai. 2006). A main difference
between the groups is the apparent
mechanism of bleaching. Coral bleaching
occurs through the expulsion of symbionts
and has been shown to most strongly
correlate to elevated water temperature
(Hallock ef ai. 2006).
Bleaching in
foraminiferan happens when damaged
symbionts are digested and is induced
through high intensity solar radiation
(Hallock cf ai. 2006).
Hallock ef ai. (2003) points to the key
characteristics that give foraminifera value
as a bioindicators: 1) Their comparatively
short life spans compared with corals,
allows for comparisons between long and
short-term trends 2) They are relatively
small and abundant which allows for
inexpensive collection and significant
sample size 3) Collection and sampling has
minimal impact on the reef environment.
Sensitivity to change is an important
attribute of a bioindicator. Studies have
shown that symbiont bearing foraminifera
respond to photo-oxidative stress by

bleaching within hours or days (Hallock et aL
2006), allowing for significant finding in short
term studies. On a larger scale, nutrient influx
causes a shift in assemblages from larger
symbiont bearing foraminifera to smaller fast
growing heterotrophic taxa (Cockey et ai. 1996).
PcMcroph's perfMSMS is a species of larger
foraminifera that can be found abundance on
the fringing reef of Mo'orea French Polynesia. It
hosts the red algal symbiont PoypTn/ndiMMi
(Hawkins ef aL 1990).
Most studies on
distribution have been done on empty tests and
habitats of only a few genera have been
investigated in detail (Hohenneger ef al. 1998).
This study examines the distribution of P.
perfMSMS along a three-meter depth gradient.
The investigation of distribution by water depth
represents a "typical ecological complexgradient" (Hohenegger ef a/. 1995). Factors
included in this gradient are topography, light
penetration, hydrodynamics, and temperature
(Hohenegger ef ai. 1995)
It is important to understand parameters
effecting distribution in order to relate it to reef
conditions as a whole. The identification of
patterns in diversity and assemblage require
extensive data (Tappan et al 1998) and this study
hopes to contribute to that. The objective is to
gather data on the abiotic factors that are
effecting the populations of Pc?ierophs perfMSMS.
Examination of distribution, habitat, and the
extent of bleaching in the population's natural
environment
along
with
experimental
manipulations were used to gain a better picture
of their role in M o'orea's reef system.
METHODS
Study Site
Mo'orea is a high volcanic island encircled
by a barrier reef. Enclosed in the barrier reef is a
shallow back reef between 500 and 100 meters in
width (Venec-Peyre 1990). A fringing reef
encircles much of the islands coastline including
Cook's Bay. The site is located in Cook's Bay,
Mo'orea at the University of California's Gump
Station (Figure 1).
It was chosen for the
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accessibility it provides to a suitable fringing
reef.
The coastline also offers a basic
topography that allowed for straightforward
site mapping and individual site distinction.

Figure 1. Map of Mo'orea showing Gump
Station located in Cook's Bay.
The station's 81-meter coastline provides
two distinct fringing reef topographies. The
southern 27 meters of property consists of a
reef with a sharp depth gradient, reaching
three meters between 3-6 meters offshore.
The remaining northern 54 meters has a
shallow sloping reef reaching three meters
in depth approximately 50 meters offshore.
D;'stn!)Mh'oM and MeacMug in tEcyi'cM
A pilot study was done to determine the
best substrate for collection. Snorkeling
along the reef, samples were taken from
coral rubble, dead coral heads, sand and the
green alga
at depths between one
and two meters. Samples from the dead
coral heads were taken by scraping the
surface into a plastic bag while the other
substrates were taken whole in plastic bags.
The coral rubble was placed in a colander
that sat on a #100 sieve. The overhead
seawater hoses in the wet laboratory were
used to provide running water through the
set up while the coral was scrubbed with a

stiff brush to dislodge any organisms. The
Hahweda was washed using the same technique.
The collections obtained in the sieve, as well as
the sand and coral head samples were placed in
separate petri dish and examined under a
microscope for 15 minutes each.
Total
abundance of Pencrophs from each substrate was
used to determine the suitable habitat for
collection.
Once coral rubble was chosen, the coastline
was mapped by hand starting at the southern
most accessible site. Starting at sea water outlet
for the wet laboratory, the coastline was
measured and markers were placed at threemeter intervals.
Stopping at the northern
property boundary gave a total of 81 meters of
coast and 37 individual sites. The sites were
assigned numbers on a map (0-9 were on the
south reef, 10-37 on the north reef) and a
random number table was used to select ten
study sites for transects. A collection of coral
rubble at each site was done at one, two and
three meters of water depth. A PVC pipe cut to
three meters and marked at one-meter intervals
was used to measure water depth. Collections
of coral rubble were made by snorkeling
perpendicular to the shore at the marked site.
As soon as the water depth obtained one, two,
and three meters, a collection of rubble was
taken. An initial temperature reading was also
taken at each depth. One-gallon plastic bags
were used in each collection and rubble was
taken until the bags became full. All samples
were washed for ten minutes using the
previously describe design. After washing was
completed, the sieve was shaken to obtain even
distribution and the sample was divided into
four pie shaped slices. A random number table
was used to determine which slice was chosen
and the sample was put in a petri dish. Using a
lOx microscope, the sample was examined 15minutes to find any P. perfMSMS. Each organism
found was removed place in another dish to be
categorized after the observation time had
ended. The specimens were then looked at
under 3x magnification to determine size and
percent bleaching.
Size was evaluated by
measuring the test at its widest part and was
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categorized as iess than one mm (small),
equal to one mm (medium) and greater than
one mm (iarge). A few specimens were
found to be two and three millimeters and
were categorized as xlarge and xxlarge
respectively.
Bleaching was visually
assessed through loss of purple pigment.
This can typically be seen in two ways 1)
color loss starting at the most recently
added chamber and moving inward to
varying degrees or 2) white spots appearing
within the pigmented area.
Percent
bleaching was based on proportion of color
loss in the whole organism and comparison
to other specimens obtained.
To determine intrasample variability, a
pilot study was done that compared
abundance of PcMcroplis perfMSMS in each of
the four sample slices in the sieve. A pilot
study into washing methods was completed
to establish that a high enough proportion of
the organism was obtained within ten
minutes. This included two separate tests,
done by washing the same rubble sample
for ten minutes three consecutive times. To
make a comparison with greater depths, a
collection of rubble was made at nine meters
by SCUBA divers certified in scientific
diving by University of California Berkeley.
Two one-gallon samples of rubble were
taken, one each from the differing north and
south sides of the reef.

laboratory countertop. At twenty-four hour
intervals for three days, the organisms were
observed under a 3x microscope.
Percent
bleaching was recorded.
Staffs heal Analysts
For the field study in distribution and
bleaching, the percent bleaching data was
turned into a proportion and a distributional
analysis was preformed. Arcsine and square
root transformations were preformed to try and
obtain normal distribution. One way statistical
analysis was used to compare site, depth,
abundance and percent bleaching in individuals.
The non-parametric Wilcoxon test was done on
all pairs. If found to be significant in Wilcoxon,
the Tukey-Kramer test was used to compare the
differences in means. For the light manipulation
study, proportion bleaching was averaged over
the ten individuals in each the control and
treatment group for each day. Means were and
plotted over the four-day period for comparison
in rate of increase.
Habitat description

A description of reef topography and
composition was accomplished through visual
observations while snorkeling.
Notes were
made with regards to sea floor, habitat
distinctions, and rubble size.

Light manipulation study
Twenty individuals were gathered
from coral rubble using previously
described techniques. Each individual was
placed in the plastic lid of small glass vials
containing seawater.
Each lid was
numbered
and
the
corresponding
organism's degree of bleaching was
recorded. The 20 organisms were randomly
divided into two groups and placed in petri
dishes also filled with seawater. One dish
was placed directly under a full spectrum
coral grow lamp ("get data for wattage and
spectrum*) while the other was left on the

RESULTS
Pilot studies

Collection from the various habitats yielded
more P. perfMSMS from coral rubble than any
other substrate (Table 1).
When the four
samples from the sieve were examined
individually for abundance of Peweroplis perfMSMS
they yielded nine, nine, eight, and nine
individuals respectively.
The two studies
evaluating the ten-minute washing period are
summarized in Table 2. The collection at nine
meters depth yielded three individuals. Two
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were found to be 100% bleached and the
other was 25%.
Dlsfr^Md'on awd MeacMng m P;e 6'cM

not with the depth at which it was collected.
The number of individuals found in each size
category is shown in Figure 1. Temperature
readings taken at one, two and three meters did
not vary and were found to be 28.6°C.

Statistically significant values, P<0.05 were
found when comparing the differences of
proportion bleaching by size, proportion of
bleaching by site, and abundance of P.
perfMSMS found at each site (Table 3).
Habitat
Halimeda
sp.
Sand
Coral Head
Coral
Rubble

Number of Individuals
Found
0

_________

Figure 1. Number of individuals found in each
size category showing similar results for small,
medium, and large.

1
0
11

Table 1. Number of Peneroplis pcrfMSMS
collected from different substrates.
Wash

Study 1

Study 2

1
2
3

9
1
1

14
0
0

Table. 2. Number of individuals found after
each wash.
First study showing
approximately 90% of all organism were
obtained in the first wash, second study
shows 100%.
The Tukey-Kramer results showed that
bleaching in individuals was significantly
different when comparing site ten to sites
three and four. Site 10 had the highest
average bleaching of 74% and sites 3 and
four showed the lowest with 32% and 38%
respectively. Differences in abundance by
site showed no significance when using the
Tukey-Kramer test.
Bleaching by size
analysis showed medium and small to be
significantly less bleached than large but not
differ from xl and xxl. Bleaching differed
significantly with size of an individual but

Day
Figure 2.
Mean proportion bleaching in
treatment and control showing greater increase
of bleaching in treatment group.
Light experiments showed a significant
difference between the control and treatment
group. Mean proportion bleaching increased at
a much greater rate in the sample underneath
constant photic stress (Figure 3).
One-way Analysis
Depth by Size
Bleaching by Size
Abundance by Depth
Bleaching by Site
Abundance by Site
Bleaching by Depth

P value
0.1406
<0.0001
0.6217
0.0021
0.0017
0.9748

Fig 3. Analyses performed and P values.

Habitat DescriptioK
Although the northern and southern
sections of the fringing reef have different
depth gradients, the substrate and sampies
coiiected from each had strong simiiarities.
For both sections, the density of corai rubble
covering the floor declined with an increase
in depth.
Filamentous algae cover on
individual pieces of coral rubble appeared
uniform throughout. The majority of rubble
collected from one and two-meter depths
had 100% of the upper facing surface
covered in filamentous algae. Algae cover
declined as water depth increased and
samples from the three-meter collection
typically had 50-100% cover. The northern
reef had more interstitial sand due to a
lower density of rubble. Although there
was a difference in rubble density between
the sides, the size variance between
individual
pieces
appeared
uniform
throughout. Size of rubble collected from
both sides ranged from lOcnP to 216 cm- in
top facing surface area.
One major
difference between the north and south
sections of reef was the presence of the
brown alga Padina pauonea. This alga has a
distinctive fan shaped thallus and was
present on approximately 75% of the coral
rubble collected from the north reef at one
and two-meters depth.
P. paponea was
found to be completely absent in the south
section of the reef.
Haldweda used in
collection was also found only on the
shallow sloping north reef. It was found on
larger coral rubble with a top surface area
between 0.09m- and 0.37rrP with a depth
between 0.5 and 2 meters. No difference
was detected in the size and number of
larger coral heads between the sides.
DISCUSSION
Pilot stadies
The study examining all samples of
sediment within the sieve showed intra

sample variability to not be an issue. The
washing study showed ten minutes to be a
suitable time frame to obtain a high percentage
of the study organism. Coral rubble was found
to yield the highest abundance of P. pertasas.
This is consistent with previous studies that
found the organism to mainly inhabit coral
rubble (Renema 2003). Hohenneger of at (1998)
found various species Peneroplids including P.
pertasas to be better adapted to coral rubble
environments when compared to sand. The
SCUBA collection at nine meters resulted in only
a few specimens. This could be for a few
reasons. Filamentous algae are the preferred
habitat
of
Peneroplids
in
high-energy
environments (Hoheneggar 2004). Having weak
pseudopods, this habitat provides protection
and a mechanism for attachment (Hohenneger
2004). Coral rubble collected from nine meters
showed little (< 20%) to no algae cover. The
sediment obtained from washing the rubble was
much finer and possibly did not provide the
protection or habitat composition desired. Light
availability could be another factor.
Nine
meters depth might not provide the light
penetration that P. pertasas is best suited.
Further sampling at this depth would allow for
greater comparisons.
Distribution and bieacbiay in tbeyield
Abundance distribution did not vary with
depth. An explanation could be that light
penetration does not vary significantly at 1-3
meters. Light is an important limiting factor
affecting distribution in larger foraminifera
(Hohennegar ef at 1998).
Being host to
photosynthetic symbionts restricts P. perfMSMS to
the photic zone of the ocean.
Logistics
prevented light measurements from being taken
at the varying depths in this study but
Hohenegger et at. (1999) found Peaerophs
perfMSMS to be highly adapted to extreme (80100%) and very strong (60-80%) surface
irradiance.
This could also explain why
bleaching was not found to be a factor with
depth. The adaptation more intense light could
serve as an indication of light availability at
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depths. Population shifts towards greater
depths could signal an increase in the solar
radiation that reaches the ocean floor.
Evidence for light induced bleaching in
corals has been documented. The studies
show that greater bleaching occurs on more
exposed portions of coral than in areas lying
under shadows of fixed objects (Williams ef
al 1990). It is possible that the increase in
light also correlates to an increase in
temperature.
Temperature variance between one and
three meters was not detected in this study.
This could be due to instrument sensitivity
or the shallow depth gradient being
investigated.
Temperature
typically
decreases with depth and is a key factor
limiting all symbiont-bearing foraminifera
(Hohenegger 2004). Temperature influences
the abundance of dissolved organic and
inorganic particulate matter available to
foraminifera (Hohenegger 2004). Being an
ectoderm, temperature strongly affects the
metabolic rate of P. perfMSMS.
When
temperatures are low, more dissolved
nutrients are present but metabolism is
slowed (Hohenegger 2004).
Increased
temperatures raise metabolic rates but lower
the amount of dissolved nutrients.
Temperature also controls the abundance of
dissolved CO? in the ocean. Concentrations
are low in warmer waters and this can
hinder photosynthesis (Hohenegger 2004).
The lack temperature variance could explain
why abundance and bleaching in P. perfMSMs
does not vary with depth.
There is a supposed temperature niche
optimum
of 28°C for foraminifera
(Hohenegger 2004), which is close to
temperature recorded in Mo'orea. This
study supports this finding and suggests
that Pencrophs perfMSMS is living under
suitable temperatures for normal population
dynamics.
Little is known about the
temperature
niche
of
foraminifer's
symbionts or their response to extreme
highs and lows (Hohenegger 2004).
Investigation into temperature tolerance in

foraminifera
would
allow
for
better
understanding how it effects the population and
of its usefulness as a bioindicator in coral reefs.
Test size and abundance were not found to
significantly vary by depth in this study except
when looking at the very large individuals. The
stable distribution of individuals found with
small, medium and large test size shows level
population distribution. This may be explained
by even an even distribution in generations and
steady reproductive dynamics (Hohenegger et ci
1999). The years of highest bleaching incidences
in Amptn'shyiwH, showed the lowest proportion
of juveniles (Hallock et al 2006). Other studies
found that severe bleaching in AfwpMsteynM spp.
showed reproductive failure (Williams ef Hi.
2004). When partially bleached Amp/nstegiMH
spp. Individuals attempted to reproduce
asexually, they either produced hundreds of
tiny cells that failed to calcify, or produced a few
malformed offspring (Hallock et al 2006).
Healthy unbleached specimens can produce
hundreds of identical viable offspring.
If
PeweropPs spp. was experiencing these
conditions, a skewed size distribution with
preference towards larger individuals would be
expected. The few individuals found in the
largest size category are not suspected to a result
of this and a larger sample size would help
confirm this. If trends hold true for all symbiont
bearing foraminifera, it suggests that Peneroph's
pertMSMS is not experiencing stressors that effect
natural reproduction.
Bleaching found is
thought to a natural occurrence of the
population.
The strongest correlation in this study was
found between bleaching in an individual and
its test size. An explanation of this could be
natural aging of the individual. Deterioration as
the organism ages might lead to break down or
loss of the endosymbiont. Another reason could
be the demands of increased sized. As the
organism grows, its energy needs increase
possibly putting a strain on the symbiotic
relationship. Studies in another larger symbiont
bearing foraminifera AmpTusfeeHM showed that
color loss was rarely seen in specimens smaller
than 0.5mm but most specimens whose
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diameter exceeded 0.8mm showed signs of
bleaching (HaHock 2006). This study result
suggests the same trends occurring in
Peneroph's pertMSMS.
ManipHiafioM
A significant
difference between
bleaching in the control and treatment
group was found. This supports previous
studies that found solar radiation to be a key
factor bleaching in larger foraminifera.
Studies on experimental bleaching of
AwipMstegina yiHwsa in a laboratory setting
showed a very limited optimum irradiance
level (Williams ef ai. 2004). Talge ef ai. (2003)
demonstrated that light induced bleaching
seen in the laboratory showed similar
physiological responses as bleaching in
specimens collected in the field. Under
prolonged photic stress, bleaching occurred
even when under optimal temperatures
(Talge et ai. 2003). The connection between
bleaching in the laboratory and bleaching in
the field is an important link when applying
experimental observations to specific
habitats.
Ha&daf Description
The main difference between the two
reefs was the depth gradient. Other factors
include the presence of Padina paoonea and
the slightly lower density of coral rubble on
the north reef. It is unlikely that these
factors alone contributed to the difference in
proportion bleaching found between the
specific sites: three, four, and ten. With no
overall trend in bleaching between the two
main reef sites it is difficult to know if
habitat was actually a factor. A larger
sample size would
strengthen
the
correlation.
CONCLUSION

meter depths are not severe enough to alter
population dynamics in PcHerophs pertMSMS of
Mo'orea. Experimental evidence was found to
support the correlation between increased solar
radiation and bleaching in foraminifera. This
can indicate P. perfMSMS usefulness as a
bioindicator in the future. Comparison with
similar studies in the future will allow for better
understanding of changes in Mo'orea's
population of Penerophs perfMSMs.
ACKNOWLEDGEMENTS
I would like to thank all the professors of IB
158 for their guidance, patience, and knowledge:
Jaime Bartelome, Vince Resh, Carole Hickman,
Brent Mishler, and Jere Lipps. I would also like
to thank the graduate student instructors: Liz
Perotti, Erica Spotswood, and Alison Purcell, for
all of their assistance. My field partners Maya
Almaraz and Sara Chinn. The University of
California Berkeley Gump Research Station for
hosting me during my research.
LITERATURE CITED
Cockey, E., P. Hallock, and B.H. Lidz. 1996.
Decadal-scale
changes
in
benthic
foraminiferal assemblages off Key Largo,
Florida. Coral Reefs 15:237-248.
Fujita, Kazuhiko. 2004. A field colonization
experiment on small-scale distribution of
algal symbiont-bearing larger foraminifera
on reef rubble. Journal of Foraminiferal
Research 34:169-179.
Hallock, Pamela and D.E. Williams.
2006.
Bleaching in foraminifer with algal
symbionts: implications for reef monitoring
and risk assessment. Anuario do Instituto
de Geociencieas 29:108-128.
Hallock, Pamela, B.H. Lidz, E.M. CockeyBurkhard, and K.B. Donnelly.
2003.
Foraminifera as bioindicators in coral reef
assessment and monitoring:
the foram
index.
Environmental Monitoring and
Assessment 81:221-238.

This study suggests that the abiotic
stresses experienced between one and three-

72

HaHock, Pamela. 2000. Symbiont-bearing
foraminifera:
harbingers of giobai
change? M icropa ieontoiogy 46:95-104.
Hawkins, Eva Konrad, and J.J. Lee. 1990.
Fine structure of the ceil surface of a
cultured
endosymbiont
strain
of
Porphyridium
sp.
(Rhodophyta).
Transactions
of
the
American
Microscopical Society 109:352-360.
Hoegh-Guldberg, Ove.
1999.
Climate
change, coral bleaching and the future
of the world's coral reefs. The coral reef
research institute: executive summary.
Accessed
December
2006.
<http://www.reef.edu.au/OHG/respic/HG%20papers/HoeghGuldberg%201999.pdf>
Hogenegger, Johann.
1995.
Depth
estimation by proportion of living larger
foraminifera.
Marine
Micropaleontology 26:31-47.
Hohenegger, Johann, E. Yordanova, Y.
Nakano, and F. Tatzreiter.
1998.
Habitats of larger foraminifera on the
upper reef slope of Sesoko Island,
Okinawa,
Japan.
Marine
Micropaleontology 36:109-168.
Hohenegger, Johann.
2004.
Depth
coenoclines
and
environmental
considerations of western pacific larger
foraminifera. Journal of Foraminiferal
Research 34:9-31.

Kerr, J.B. and C.T. McElroy. 1993. Evidence for
large upward trends of ultraviolet-B
radiation linked to ozone depletion. Science
262:1032-1034.
Renema, W.
Larger foraminifera on reefs
around Bali (Indonesia). 2003. Zool. Verh.
Leiden 345:337-366.
Renema, Willem.
2006.
Habitat variables
determining the occurrence of large benthic
foraminifera in the Berau area (East
Kalimantan, Indonesia). Coral Reefs 25:351359.
Talge, Helen K., and P. Hallock.
2003.
Ultrastructural responses in field-bleached
and experimentally stressed AmpMsieginH
gi&&osa (Class Foraminifera). The Journal of
Eukaryotic Microbiology 50(5):324-333.
Tappan, Helen and A.R. Loeblich Jr. 1988.
Foraminiferal evolution, diversification, and
extinction. Journal of Paleontology 62:695714.
Venec-Peyre, M.T. 1990. Distribution of living
benthic Foraminifera on the back-reef and
outer slopes of a high island (Moorea,
French Polynesia). Coral Reefs 9:193-203.
Williams, Dana E., and P. Hallock. 2004.
Bleaching in AmpinsiegiMH gi&&osa d'Orbigny
(Class Foraminifera): observations from
laboratory experiments using visible and
ultraviolet light. International Journal on
Life in Oceans and Coastal Waters 4:1351-13

73

DISPLAYS OF DEFENSE: BEHAVIORAL DIFFERENCES IN
ANTAGONIST AVOIDANCE IN FOUR OPISTHOBRANCH MOLLUSKS
Sameen R. Ghazali
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Science, Policy, and Management University o/Caii/ornia, Berkeley, Ca/^brn;'a
94720 USA

ABstract. The defensive behaviors of four opisthobranchs (Glossodoris cz'ncta, RisBecia imperials,
SiytocBeiiMS sfriafMS, and DoiaBri/era doiaBrz/era) were observed and categorized. The displays studied
were mantle flexation, mucus production, mantle secretion, inking, and rearing. Members of each
species were placed in two laboratory situations containing two different antagonists. The
antagonists (DaManns iagopodes and Enifanns fn/ons) were chosen because they were carnivorous,
abundant, and found in the same ecology as the opisthobranchs studied. Additionally, they were
chosen because they differed phylogenetically, physiologically, and behaviorally and, therefore,
represented two very different predators. In some cases, individuals exhibited different defensive
behaviors in the presence of different antagonists. Differential responses could reflect physiological,
biological, or phylogenetic differences between the four observed opisthobranch species. In some
instances, defensive displays were observed across lineages.
Key words.' defense; inking; man fie fixations; rearing; opistkoBranck; nndiBranck; sea Bare;
Chromodorididae; Aplysiidae; Moorea; FrencB Polynesia

INTRODUCTION
Although nudibranchs lack the protective
shell characteristic of numerous gastropods,
many possess chemical signals or toxins to deter
predators (Mallet & Joron 1999, Penney 2004).
Evidence suggests that many opisthobranchs
use sequestered chemical compounds from food
sources as a means for defense (Faulkner &
Ghiselin 1983, Avila 1995). In some cases, the
compounds involved in defense are known to be
toxic, and in other cases they are not, but still
appear to act as effective deterrents for
predators (Gimenez-Casalduero et al. 1999,
Long & Hay 2006). Additionally, the bright
colors of many opisthobranch species may have
evolved to warn predators against attacking
these
soft-bodied
marine
invertebrates
(Rosenberg 1989, Tullrot 1994, Lindstrom 2001).
Since opisthobranchs cannot see color, evidence
suggests that it is unlikely that bright markings
and bold patterns would have evolved from
sexual selection or species recognition (Servedio

2000, Behrens 2005). Aside from the present theories
surrounding chemical defense and aposematic
coloration, the multiple behaviors associated with
many defensive displays are still poorly understood.
This study is aimed at examining some of the
behavioral responses exhibited by opisthobranchs
when in the presence of an antagonist. This paper
centers on two major questions. The first and
preliminary question being, what are the different
predator defense mechanisms exhibited by four
opisthobranch species found in Moorea? This study
identifies and compares the behaviors exhibited by
various opisthobranchs in the presence of an
antagonist. Many behaviors such as the release of
mucus or ink should be observed only in the
presence of an antagonist, since the likely cost of
producing the compounds for these compounds is
great.
My second major question is how do these
opisthobranchs behave when presented with
different antagonists?
That is, does defensive
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behavior change in the presence of antagonists
that differ phyiogeneticaiiy, physiologically, and
behavioraHy? I expect prey subjects to dispiay a
variety of defensive behaviors, some of which
wiii only be apparent in the presence of a
particular antagonist. If this is the case, I
expect to observe differentia! response to
antagonists
because
of
phylogenetic,
developmental, or physiological differences
between the opisthobranch species. I expect
defensive displays to be lineage-specific and to
observe the same behaviors in organisms that
are more closely related.

<Two nudibranch species (Chromodorididae) and
two species of sea hares (Aplysiidae) were observed
in this study (FIG. 2).

METHODS
StM<h/ site
All opisthobranch species were collected
while snorkeling at Cook's Bay (FIG. 1) in
Moorea, French Polynesia.
Opisthobranchs
were found in close proximity to the Gump
Research Station, primarily between the
waterfront bungalows and the small grove of
trees just north of the station. All subjects were
collected in the late morning or early afternoon.

FIG. 1 Site map of Cook's Bay (grove and
bungalows noted by * and field site noted by *).
Description o/species

FIG. 2. Phylogeny of opisthobranch species
(adapted from Johnson 1994).
Giosso^oris cincfa (Bergh, 1888) (FIG. 3) is the first
of two conspicuously colored opisthobranch species
used in this study. This nudibranch is characterized
as having three colored bands around the mantle
border: an outermost pale blue, middle black, and
innermost yellow or khaki band (Rudman 2000).
Most of its body is mottled dark brown and light
pink in color. Its rhinophores and gills appear to be
dark brown speckled with light pink. Glossodons
nudibranchs excrete some secondary metabolites
from their diets which are thought to deter some
though not all potential predators (Rogers 1991).
Subjects were found feeding on algae on rock
rubble. This species was the most abundant at the
collection sites.

FIG. 3. Giossotforis cincfa
Ris&ecia iwperiaiis (Pease, 1860) (FIG. 4) is the
second brightly colored opisthobranch species used
in this study. This species was also found feeding
on algae growing on rocks and on the sandy
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substrate near cora) heads. These nudibranchs
were often found occurring in pairs, and were
observed taiiing—a behavior in which one
opisthobranch foiiows the mucus trail of
another, using the sensory cells in its oral
tentacles (Behrens 2005). This nudibranch is
characterized as having a primarily white
mantle and foot with yellow dots. Its gills are
white edged with dark blue, and its rhinophores
are dark blue with white flecks. The zigzagged
mantle border of R. irnperiahs is dark blue and
encompasses small yellow dots.

of the organism is rounded and narrows closer to
the head. Its parapodia are fused except for a
portion in the posterior mid line where two flaps
form a respiratory opening (Rudman 2003). This
species is known to have glands incapable of
producing ink or its associated anti-predator
proteins (Prince 2006). The species can be found
attached to rock rubble.

FIG. 6. Doia&n/era dolafzn/era

FIG. 4. RisFecia imperials
SfyiocMzHS stnatas (Quoy and Gaimard,
1832) (FIG. 5) is the first of two inconspicuous
opisthobranch species examined in this study.
This sea hare can be characterized as having a
mottled green and brown body.
Also
characteristic of S. sfnafMS, are dark longitudinal
lines and scattered royal blue dots along its
mantle. This species was found feeding on bluegreen algae that forms film over rocks or muddy
surfaces.

FIG. 5. Sh/locfzefzMS stnafas
DoiaFri^ra doia&ri^era (Cuvier, 1817) (FIG. 5)
is the second cryptic opisthobranch observed in
this study. The body of D. cMabri/era is flattened
and a mottled green in color. The posterior half

To address my primary question, does defensive
behavior in opisthobranchs change when different
antagonists are present, I used two antagonists in
this study. I chose hermit crabs (DardanMS lagopc&s)
(Forskal, 1775) because they represent a predator
that crushes and chews its prey. It is likely that an
opisthobranch would have a lower probability of
surviving an encounter with a hermit crab than with
a predator that swallows its prey whole (Penney
2004). This is also why I chose the blacktail snapper
(LahaHMS faivas) (Scneider, 1801) for my second
antagonist. This snapper is representative of fish
predators that mouth and swallow their prey. While
neither of these species may represent natural
opisthobranch predators, they still posed a potential
threat and were expected to trigger a defense
mechanism in the prey subject. Furthermore, both
antagonists are carnivorous, abundant, and share
the same habitat as the four opisthobranch species
used in this study.
There is also very little
information available on natural opisthobranch
predators.
For the purposes of this study, six hermit crabs
were collected while snorkeling in Cook's Bay.
Eight blacktail snappers were also caught off of the
Gump Station dock using lunchmeat for bait and a
bamboo fishing pole. Antagonists were not injured
during collection and were maintained in tanks with
continuously flowing seawater. They were returned
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to the site of capture at the conciusion of the
experiment.
Experiment design
This experiment was conducted between
10/1/06 and 11/12/06. Whiie in captivity, aH
opisthobranchs were kept in piastic containers.
The sides of each container were punctured
using a piece of heated metai to aiiow for
adequate water fiow through the container. The
container lid was replaced with a rubber-banded
mesh sheet to generate additional flow between
the water in the container and the water in the
tank.
Each container contained one
opisthobranch and one algae-covered rock to
provide the subject with food. The containers
were placed in a large outdoor tank. This was
necessary because sunlight was needed for the
algae to photosynthesize. Rocks were changed
out twice weekly and were collected at the sites
where opisthobranchs were found.
Each observation tank contained only
natural rocky substrate collected where the
opisthobranch was found, one antagonist, and
one opisthobranch. The tanks used in the crab
trials were large plastic containers with the lids

removed. The tanks used in the fish trials had fresh
salt water flowing though them constantly to ensure
that the water contained enough oxygen to sustain
the fish. Six subjects of each opisthobranch species
were exposed to antagonists in three-hour intervals.
I observed the actions of the prey subjects for the
first and last half hour of each trial. Chi-square
analyses were used to test for significant differences
between crab and fish trials.
The opisthobranchs were first exposed to the
hermit crabs. The hermit crab was placed in an
observation tank and allowed to acclimate for a half
hour. The opisthobranch was then placed in the
tank in close proximity to the antagonist. Upon
completion of the hermit crab trials, the same
opisthobranch subjects were then exposed to the
second group of antagonists, the blacktail snappers.
The fish were also allowed to acclimate for a half
hour before the trial. The fish were released after
being kept in the lab for one to two days. The
control experiment for both sets of trials followed
the same time frame and set-up. The opisthobranch
was left in the observation tank with a rock while no
antagonist was present. The control trial lasted for
three hours and opisthobranch behaviors were
recorded for the first and last half hour of the trial.

RESULTS

FIG. 7. Behaviors observed in C. cmcfa.
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FIG. 8. Behaviors observed in R. imperials.

FIG. 9. Behaviors observed in S. sfriafMS.

H Rasp cnsaa to C rab
EH Rasp cnsas to Fish
63 C o n tro l

Flax

M u cu s

M ilk

Ink

Raar

Bah a v io r

FIG. 10. Behaviors observed in D. doia&ri/era.

In G. ciwcta, mantle flexations and mucus
production occurred in all individuals during
both crab and fish trials (FIG. 7). The secretion
of a milky substance from the organism's mantle
was seen in 67% of the fish trials and was not
present in the crab trials (FIG. 7). Inking and
rearing were absent in all trials (FIG. 7).

Mantle flexing and the production of mucus
was observed in 67% of the R. imperials specimens
during the crab trials (FIG. 8). Both behaviors were
absent in the fish trials (FIG. 8). Rearing was seen in
both crab and fish trials, but was more frequent in
the crab trials (FIG. 8). Inking and mantle secretions
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were not present in any R. fynpenah's individuais
(FIG. 7).
In S. sfnafMS, rearing and inking were
present in both crab and fish trials, though both
behaviors were more prevalent in the crab trials
(FIG. 9). Inking also occurred once in the control
setting (FIG. 9).
Mantle flexations, mucus
production, and mantle secretions were absent
from all trials (FIG. 9).
The only behavior recorded in D. dola&n/era
was the secretion of a white substance from the
organism's mantle (FIG. 10). This occurred
more frequently in the fish trials, but was also
present during the crab trials (FIG. 10).
Chi-square analyses reflected no significant
differences between crab and fish trials.

DISCUSSION
Defensive displays
The displays I observed are mantie flexation,
mucus production, mantle secretion, inking, and
rearing.
Mantle flexations were only observed in the
two nudibranch species (G. cincfa and R.
imperials). Although G. c:'ncfa appeared to react
to both antagonists, it is interesting that R.
imperials only displayed this behavior in the
presence of the crab antagonist. A mantle
flexation involved the nudibranch lengthening
and twisting its body. It appeared to flex so
that its head was directed downward, foot
twisted, and the body's posterior portion faced
up. During this display, the organism's gills
and rhinophores were alert and moving. This
may indicate that the organism was taking in
sensory information about its environment and,
perhaps, its antagonist. Little has been written
on mantle flexations, though I speculate that the
behavior may be a defensive display that allows
individuals to appear longer or bigger in the
presence of an antagonistic force. This theory is
supported an earlier observation that when a
nudibranch is disturbed there is a general

contraction, which causes the mantle edge to appear
more prominent (Crozier 1916).
Like mantle flexing, mucus production also
occurred only within the two nudibranch species. It
appeared to co-occur with the flexing display in
both G. c:ncfa and R. Hwpcnalis. This is interesting
because perhaps the flexing display is a necessary
physiological component of mucus production in
these nudibranch species. Mucus production is
known to be element of locomotion in
opisthobranchs, but its role in predator defense has
been understudied. The distinct mucus trails left by
G. czwcfa and R. imperial's appeared to be entirely
different from the clear, gel-like substance usually
associated with locomotion (Behrens 2005).
Additionally, R. imperials produced mucus only
during the crab trials, possibly indicating that the
organism was more stressed in the situation with the
more tactile of the two antagonists.
Both G. cincia and D. doia&ri/era were observed
secreting a white, milky substance from their
mantles when an antagonist was present. This is
interesting because G. emefa is a nudibranch and D.
do?a&rz/era is a sea hare. It is unclear as to whether
the two excretions contained the same compound,
though it is thought that such secretions are
associated with the sponges that the opisthobranchs
feed on (Becerro et al. 2006).
Additionally,
opisthobranchs are known for secreting chemical
compounds that deter predators (Gosliner et al.
1996). I grouped both occurrences as one behavior,
since they appear to be the product of the same
situational cause—the milky substance was only
secreted in the presence of an antagonist.
Interestingly, the substance was secreted more often
in the presence of the fish antagonist. Perhaps a
chemical cue from the fish triggered this reaction.
This theory is supported by the observation that
mantle secretions occurred almost immediately after
the opisthobranch was placed in the tank with the
antagonist.
Inking was observed only in S. sfrmfMS and
occurred more frequently in the crab trials than in
the fish trials. This could suggest that the organism
was more stressed in the situation with the more
exploratory and tactile antagonist. Inking is a
known defense mechanism in sea hares, and it is
thought that the ink distracts a predator long
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enough for the prey to fiee (Rodhouse 1998).
This behavior is noted in many other motiusks,
perhaps most famousiy in octopuses (Rodhouse
1998).
Rearing is a behavior associated with
repuision or escape (Behrens 2005). The posture
involved the posterior region of the
opisthobranch remaining attached to a surface
whiie its mantie and anterior region was lifted
up. During this display the organism's oral
tentacles were highly active. Because of this, I
speculate that this display does not only signal
repulsion, but may also be involved in obtaining
sensory information about the organism's
environment. The behavior was only seen in R.
impenahs and S. stnatMS.
Based on a
fundamental understanding of the body plans of
all of the observed species, this is not surprising.
Both of these species have a defined neck-like
region of the mantle, which is absent from the
other two species. Interestingly, rearing was
seen in all R. impcnahs and S. stratus individuals
during the crab trials, but was less prevalent in
the fish trials. Perhaps the sensory information
about the crab was more accessible, and
therefore, specimens were more active during
these trials.
C onclusions

Because many behaviors are poorly
understood in opisthobranchs, information
regarding why these animals act as they do in
the presence of antagonistic organisms is
relevant to better understanding the physiology
and effectiveness of defensive displays.
I expected to observe a variety of defensive
behaviors in the four opisthobranch species
studied.
It is interesting that no species
exhibited every behavior recorded in this study.
This may be due the differing physiologies of
each species.
Though I expected to see the same behaviors
exhibited by more closely related species, this
was only true some of the time. For example,
mantle flexing and the production of distinct
mucus trails were only seen in the two
nudibranch species (G. ciwcfa and R. imperialis).

Perhaps this behavior is physiologically impossible
for the other two species to exhibit, or perhaps they
excrete a less visible form of mucus that does not co
occur with a highly visible display. On the other
hand, the secretion of a milky discharge was
observed in both lineages (in G. cinclc and D.
dola&ri/erH). The secreted compounds could indicate
that the nudibranch and sea hare feed on similar
sponges and may be parts of similar trophic
systems. Or perhaps the display evolved in more
than once because it proved to be an effective
defense against predation. Rearing was also seen
across lineages (in R. z'wzpen'HRs and S. sfrzzzfzzs).
Perhaps the behavior evolved in both species
because their similar physiologies allowed for
sensory information to be collected in a similar way.
I also expected that the defensive behaviors
exhibited would be different in the presence of
different antagonists. While there was a differentia!
response for many species between the two
antagonists, the particular frequency of responses
was species-specific. It was interesting to find that
in certain cases, there was a differential response of
prey to different antagonists. For example, G. cz'zzcta
only exhibited a milky secretion in the presence of
the fish antagonist, and R. z'zzzperzalzs only flexed and
produced mucus in the presence of the crab
antagonist. This might be attributed to the organism
experiencing more stress in one particular
interaction.
For the most part, none of the defensive
behaviors occurred in the absence of an antagonist.
This suggests that all the observed behaviors are
defensive displays, or at the very least, are in
response to the presence of another organism in the
tank. Only one individual inked in at the start of the
control trial, indicating that the individual was
stressed during the transfer from the holding tank to
the observation tank.
Although chi-square analyses revealed no
significant differences between crab and fish trials,
differences in behavioral responses are clearly
visible in graphs of the original data. Perhaps a
larger sample size and further analysis would show
a more statistically sound trend.
This paper sought to examine the various
defensive behaviors exhibited by four species of
opisthobranchs. Further research on the natural
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predators of these species, if any exist, is
necessary in better understanding how they fit
into their trophic system and ecology.
Additionaiiy, it wouid be interesting to see if
any of the recorded displays are prevalent in
behavioral arenas other than defense, such as
mating,
predation,
and
intraspecific
communication.
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Appendix A
The following list provides photograph and brief description of some of the defensive displays
observed in this study.

Mantle flexing by G. cincfa in the presence of D. /agopodes.

One D. Zagopodes inspects a distinct mucus trail left by G. cincfa.
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A G. cmcf% specimen secretes a milky discharge in the presence of L./in/rMS.

Rearing display by S. sfnafMS in the presence of D. /%gopo&s.
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Appendix B
The following )ist provides a photograph (left) and brief description (right) of every opisthobranch
species I encountered during my time on Moorea, and is intended as a reference for future students. I do
not presume that these are the only species present around the island, or that these species cannot be
found at different depths or locations than I have specified.

Cyerce elegans (Bergh, 1870)
Found: 5-10 feet, Cook's Bay
Length: 15mm
Primary color: Pale yellow/white
Distinguishing characteristics: bifurcate enrolled rhinophores; opaque cerata

CfMWModoWs /ociu (Rudman, 1982)
Found: 25-30 feet, Cook's Bay
Length: 35mm
Primary color: Light blue/white
Distinguishing characteristics: Black longitudinal lines;
orange gills and rhinophores

C^rowiodoWs sp.l (possibly closely related to C. uirbrnfa)
Found: 5-10 feet, Cook's Bay
Length: 30mm
Primary color: White/yellow
Distinguishing characteristics: Dark purple mantle border, gills, and
rhinophores

C&romodoWs sp.2
Found: 5-10 feet, Cook's Bay
Length: 30mm
Primary color: Yellow
Distinguishing characteristics: White marks, gills, and rhinophores; dark purple
mantle border
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Dendro^ons
(Stimpson, 1855)
Found: 5-10 feet, Cook's Bay
Length: 25mm (adu)t)
Primary color: Black (above); Dark brow n (juvenile, left)
Distinguishing characteristics: White tips of rhinophores; white spots
along mantle; red mantle border (juvenile)

(Cuvier, 1817)
Found: 5-10 feet, Cook's Bay
Length: 20mm
Primary color: Mottled green
Distinguishing characteristics: Flat; rounded; body narrows
closer to head

CMicf# (Bergh, 1888)
Found: 5-10 feet, Cook's Bay
Length: 50mm
Primary color: Mottled pink/brown
Distinguishing characteristics: Dark black/blue mantle
borders; rhinophores and gills are dark brown speckled with
pink
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Hexa&raMchws sangiMHews (Ruppell & Leuckart, 1828)
Found: 5-10 feet, Cook's Bay
Length: 35cm
Primary coior: Red
Distinguishing characteristics: Swimmer; grows to large sizes; white
mantle border; red with white gills
Photo courtesy of Sarah Chinn

Hypsefodons zephyr# (Gosliner & Johnson, 1999)
Found: 4-6 feet, Opunohu Bay
Length: 25mm
Primary color: Beige/lavender
Distinguishing characteristics: Black longitudinal lines; orange rhinophores and
gills

Rfsbecfa hnperiah's (Pease, 1860)
Found: 5-10 feet, Cook's Bay
Length: 45mm
Primary color: White
Distinguishing characteristics: Yellow dots along
mantle and in zigzagged blue mantle border;
gills are white edged with dark blue;
rhinophores are dark blue speckled with white

Rfshccfa fryon: (Garrett, 1873)
Found: 30 feet, Cook's Bay
Length: 60mm
Primary color: Creme/white
Distinguishing characteristics: Purple mantle border;
dark spots on mantle; gills are creme edged in
brown.
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S fy /o c ^ m s sfWaftts (Quoy and Gaim ard, 1832)
Found: 5-10 feet, Cook's Bay
Length: 55mm
Primary color: Mottled green/brown
Distinguishing characteristics: Smaii royal blue dots along
mantle; dark longitudinal lines

morose (Bergh, 1877)
Found: 30 feet, Cook's Bay
Length: 70mm
Primary color: Black
Distinguishing characteristics: Royal blue markings near
m outh and along mantle border; green/blue gills
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RESOURCE PARTITIONING BY WINTERING SHOREBIRDS:
A BEHAVIORAL COMPARISON OF TWO SPECIES
IN A TROPICAL ESTUARY
ANDREW D . GREENE

Fnuironmcniai Sconce Policy and Management Uniccrsify ofCaZZ/brnM, Berkeley, Caii/ornia 94720 USA
Abstract. Shorebirds often feed in multispecies groups that display interesting niche
dynamics. On Moorea, French Polynesia, the Wandering Tattler (Tringa incana) and
Pacific Golden Plover (Piaoiaiis yhina) are the dominant shorebird species during the
northern winter. These species' feeding behavior was observed at the Temae estuary on
the northeast side of the island. Relative abundance of the two species was determined
using transect counts at the estuary and an adjacent beach. T. incana displayed more
striking and sprinting behavior, while P. /aiua displayed more picking and walking
behavior. T. incana also consumed more crabs than P. /nioa. The two species existed in
relatively equal abundance in the estuary; T. incana was more common on the beach.
Though these data suggest some differences in feeding niche, a great deal of overlap was
observed. The degree of niche partitioning appears to be greater in this study than in
similar studies conducted on these species' breeding grounds.
Key words.* feeding bebapior; Pluvialis fulva; Tringa incana; Moorea, French Polynesia,'
resource partitioning; estuary
INTRODUCTION

spatial distribution of each bird species'
preferred prey (Ribeiro et al. 2004).
The migratory nature of many shorebirds'
life histories presents an extra factor in
determining the extent of niche partitioning.
Holmes and Pitelka (1968) found that the diets
of four sympatric sandpipers overlapped
considerably during breeding season on the
Arctic tundra. During migration, shorebirds
are often opportunistic feeders with a great
deal of dietary flexibility (Davis & Smith 2001,
Isacch et al. 2005).
Many species come
together during this period, forming
multispecies
aggregations
in
which
competition for food intensifies (Recher 1966).
Baker & Baker (1973) found that shorebirds
are usually pushed into a narrower, more
specialized feeding niche during winter due to
food scarcity.
Because of this, tropical
wintering grounds are an ideal place to study
niche partitioning in migratory shorebirds.
The island of Moorea, in French Polynesia,
hosts wintering Wandering Tattlers (Tringa
incana, (Gmelin 1789)) and Pacific Golden
Plovers (PZnpiaiis /nina, Gmelin 1789), both of

The niche concept, first suggested in the
early 1900s, evolved greatly in the first half of
the 20*h century
(Vandermeer
1972).
Hutchinson (1957) defined the niche as the
place where all environmental variables are
within the survival limits of a given species.
Gause's axiom states that no two species can
inhabit the same niche (Vandermeer 1972).
Schoener (1974) found that the most important
niche parameters that segregate species are
habitat, food type, and timing of habitat use.
Shorebirds often form dense, multispecies
aggregations, making them a good model
system for the study of niche dynamics.
Resource partitioning, particularly regarding
feeding behavior, has been studied extensively
in shorebirds.
For example, Thomas &
Dartnall (1970) showed that when multiple
species of sandpipers feed in one area, they
segregate
by
species
into
different
microhabitats. These microhabitats reflect the
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which nest on Arctic tundra during the
northern summer. The two species are not
cioseiy related, belonging to different families
in the order Charadriiformes. P. M ra is a
member of Charadriidae, the plover and
lapwing group; T. iwcana is a member of
Scolopacidae, the sandpiper group. The two
species are also significantly different
morphologically: T. incazia has a long, narrow
bill, while P./idpa has a shorter, thicker bill.
Despite these differences, the two species
seem to inhabit superficially similar niches at
the Temae beach and estuary on Moorea.
Moreover, these species show little difference
in resource utilization during the breeding
season, both feeding almost exclusively on
insects (Johnson and Conners 1996, Gill et al.
2002). The purpose of this study was to
identify significant differences in resource
utilization of these two species on their
wintering grounds by studying their feeding
behavior and distribution within a small study
site.

METHODS

Stady site
AH behavioral observations were made at
the Temae estuary, in the northeast corner of
Moorea (Fig. 1). This site was selected because
both species were present in sufficient
numbers to conduct a behavioral study there.
The estuary is 350 m long and 200 m wide.
The water depth in the estuary averages 20-30
cm.
The substrate is primarily calcium
carbonate sand (L. LaRue, pers. comm.). The
eastern half of the estuary is heavily impacted
by runoff by a nearby golf course (LaRue
2006), so behavioral observations and transect
counts were limited to the western half.
Transect counts were also carried out
along a 4 km stretch of beach adjacent to the
Temae estuary.
The substrate type along the shore is a
mixture of coral sand, loose coral rubble, and
aggregated coral rubble. The reef crest is
approximately 40 m from the shore along the
entire length of the study area.
Sfady organises
The Wandering Tattler (Tn'wga incapa) and
Pacific Golden Plover (Plapiaiis ZaZpa) are the
dominant migratory shorebird species found
on Moorea during the northern winter. They
are also the only shorebirds commonly found
at the Temae estuary. P. iaZra breeds in
northeastern Siberia and western Alaska,
whereas T. iacana breeds only in Alaska
(Johnson and Conners 1996, Gill et al. 2002).
Both have large winter ranges that extend
from the California coast to the Pacific islands.
Both also are found in a wide array of open
habitats within this range (Johnson and
Conners 1996, Gill et al. 2002). T. iacaaa,
however, more strongly favors rocky
intertidal habitats for foraging (Gill et al.
2002).

position of site relative to the entire island of
Moorea. Arrows indicate boundaries of the
beach transect.

BeZzapioraZ sampling
Feeding behavior of individual birds was
observed in 10-minute observation sessions.

Observations were made through 8-power
binoculars.
The estuary was arbitrarily
divided into 3 zones: the south shore, the
north shore, and the islands in between. In a
typical morning or evening of observations,
one bird of each species was observed in each
zone. When a zone was sampled, an activelyforaging bird was randomly selected within it
and observed for 10 minutes. The nearest
individual of the other species was then
observed as well.
This procedure was
designed to avoid biased sampling of any one
section of the estuary.
A systematic procedure was followed for
the behavioral observations.
When an
individual bird was selected for observation,
the date and time were noted, as well as the
bird's location. The following pieces of data
were recorded each minute for 10 minutes
thereafter:
* Distance of bird from shore: measured in
meters. Positive numbers indicated the
bird was on land, negative numbers
indicated the bird was in the water.
* Distance moved: The distance the bird
moved, in meters, from the previous
minute's observation.
* Water depth: The bird's depth in the
water, measured in centimeters and based
on the proportion of the bird's legs that
were submerged. A value of 0 indicated
the bird was on land.
* Behavior type: Behavior type was
assigned based on the dominant behavior
during the last ten seconds of each minute.
A behavior category was chosen from the
following list of stereotyped behaviors:
o Scanning: Bird is visually searching
for prey, but bill use is negligible,
o Picking: Bird is using bill to pick items
off the substrate.
o Striking: Bird is aggressively using bill
to strike a prey item.
o Eating: Bird is manipulating and/or
consuming a recently-caught prey
item.
o Preening: Bird is using bill to groom
feathers, or is bathing,
o Resting: Bird has ceased activity, and
bill is tucked between wings.

* Movement class: Bird was noted to be
standing still, walking, running, or
sprinting. As with the behavior types
above, the movement class was assigned
based on the dominant movement class
during the last ten seconds of each minute.
In addition to these specific behavioral
data, incidental observations were also
recorded. These included any interactions
with other birds, the distance of any flights
made, and, when possible, type of prey
caught. After the 10 minutes had elapsed, a
GPS waypoint was recorded at the bird's
location.
A total of 46 10-minute observation
sessions were carried out for P. ^idpa and 49
for T. incana. Equal numbers of observations
were made in the morning (5:00-9:00 am) and
evening (4:00-6:00 pm), when the birds were
most active. Five observations of each species
were also made during the middle of the day,
but midday observations were terminated
because the birds were less active during this
time.
In order to statistically compare different
observation sessions, the mean distance
moved per minute, mean distance to shore,
and mean water depth were all calculated for
each session.
The frequencies of each
behavior and movement type were also
determined for each session. A series of
Student's t-tests were used to determine the
significance of any differences in these means
and frequencies between the two species.
These tests were performed using JMP
software (SAS Inc. 2004).
T ransect coanfs

In order to determine the relative
abundance of the two species studied, transect
counts were performed both in the estuary
and along the shoreline. In the estuary, two
parallel 225 meter transects were performed,
one on the north shore, the other on the south
shore. Each visible individual of the two
species was marked on a map of the estuary as
it was seen. The two transects were sufficient
to cover the east side of the estuary, therefore
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every individua) within that area was
counted. This procedure was carried out
twice, once in the morning, once in the
evening.
A 4 km iinear transect count was
performed along the beach north of the
estuary (see Fig. 1). Every bird seen was
noted in a notebook and a GPS unit was used
to mark its location. GIS software was used to
project these points onto a map of the
shoreline. This procedure was also performed
twice.
The large difference in the length of the
transects (225 m vs. 4 km) made direct
comparison of the results impossible. To
make comparison possible, two random 225 m
pieces were selected from each of the beach
transects, and these were compared directly to
the two 225 m transects from each of the
estuary counts.

RESULTS

Be/mpzora? Sampling
T-tests determined the significance of the
differences between the two species' positions
and movement rates while foraging. T. incana
had a significantly higher mean water depth
while foraging (p=0.0004) (Fig. 2). P. /alua on
average was farther inland, though not
significantly. T. incana had a slightly higher
movement rate, but this difference was also
not significant.
There were significant differences in the
frequencies of the various behavior types
between the two species. The frequency of
scanning behavior was significantly higher in
T. incana (p=0.0041) (Fig. 3). Picking behavior
was significantly more frequent in P. ^niua
(p=0.0003). The rarely-seen striking behavior
was observed only in T. zncana, and this was
consequently significant (p=0.0007). There
were no significant differences in the
frequency of eating, preening, or resting
behaviors between the two species.

FlG. 2. Mean distance to shore, water depth,
and movement rate during feeding
observations, by species.

Among movement classes (Fig. 4), there
were no significant differences in the amount
of time spent still or running between the two
species.
Walking was slightly, yet
significantly, more common in P. fniua
(p=0.0493).
Sprinting was much more
frequent in T. incana (p=0.0002).
Transect Coanfs
Table 1 shows the number of individuals
of each species counted during the estuary
transects and in an equivalent length of beach
transects. Density for both species was much
higher in the estuary.
The proportional
abundance of P. ^nina was slightly higher in
the estuary, while T. incana was more
abundant along the shore. Figures 5 and 6
show the results of one estuary transect and
one beach transect, respectively.
fnci&nfai Obseroaiions
During the course of the behavioral
observations, additional items were noted
outside of the prescribed data collection
scheme. The identity of prey items was the
most important of these. Small crabs were
taken by both species.
T. incana took
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significantiy more crabs than P. yrdua
(p<0.0001), averaging nearly one per 10minute observation session (see Fig. 3). P.
ddua typicaiiy took smaller, unidentifiable
prey, though this could not be quantified. P.
fMiva was also seen pulling a worm out of a
burrow in the substrate on two occasions. On
four occasions, P. yidua was seen chasing T.
iMCHMHafter the latter had caught a crab.
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FlG. 3. Mean frequencies of behavior types,
by species.

FlG. 4. Mean frequencies of movement types,
by species.
Estuary Transects
Transect 1
Transect 2
11
P. /idua
15
T. :ncana
10
11
Beach Transects
Transect 1
Transect 2
P. /diva
1
0
T. incana
3
2
T A B L E 1.
Resuits of beach and estuary
transects. Each vaiue represents the number
of birds seen aiong a 450 m transect iength.
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D IS C U S S IO N

These data clearly show a difference in
feeding behavior between P. yidua and T.
iMCHHH. The underlying food preferences of
these species can be inferred from these
behavioral differences.
The dominant
behavior regime displayed by P. y id u a,
deliberate walking and picking, suggests a
preference for non-mobile prey. Byrkjedal &
Thompson (1998) report that, when foraging
on estuarine wintering grounds, P. ydiua
primarily take snails, bivalves, insects, and
amphipods. Since the food items taken by P.
yidua were generally too small to see, they
were likely amphipods, insects, and perhaps
very small snails. Although Kato et al. (2000)
characterized polychaete worms as the most
important food item for P. y id u a, consumption
of such worms was observed only twice in the
course of the present study.
T.
idca?:a
showed a higher frequency of scanning,
striking and sprinting. These behaviors all
suggest a preference for larger, more mobile
prey. The small burrowing crabs that are
common in the estuary are one such prey
item. Indeed, the behaviors observed are
reflected in this species' preference for crabs.
The distributional data show a higher
density of T. dirana along the shoreline, which
is consistent with its preference for intertidal
habitat (Gill et al. 2002). Though feeding
behavior was not observed on the beach, it is
reasonable to infer that prey availability has
some affect on the two species' distributions.
Crabs were observed on the beach, although

FlG. 5. Map showing birds counted during
one estuary transect (n = 21). Dashed lines
represent the location of the transects.
Map from LaRue 2006.

opportunism and flexibility in their feeding
habits.
The
apparent
attempted
kleptoparasitism observed by P.
on T.
:ncana is one example of such opportunism.
These species also showed a degree of dietary
flexibility: crabs were occasionally taken by P.
^rdpa, and T. :ncana spent an appreciable
amount of its foraging time picking small
items off the substrate. Therefore, the two
species do not occupy entirely separate
feeding niches.
Recher (1966) suggested that competitive
exclusion does not occur readily in migrant
shorebirds due to both relative abundance of
food in their habitats and the temporary
nature of their sympatry. In this case, T.
:ncana and P. /nlpa may not occupy exclusive
feeding niches because they share a relatively
rich feeding habitat and do so only seasonally.
In conclusion, the degree of overlap in
resource utilization by these species clearly
varies throughout the year. The degree of
niche partitioning between these two species,
while not absolute, is higher on wintering
grounds than on breeding grounds, which is
consistent with the pattern established by
Baker & Baker (1973). Further study is needed
to determine whether this pattern can be
applied to other shorebirds, and perhaps to
other migratory bird groups as well.
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DOES THE RIVER CONTINUUM CONCEPT WORK IN SMALL
ISLAND STREAMS? FUNCTIONAL FEEDING GROUP
VARIATION ALONG A LONGITUDINAL GRADIENT
MARGARET H . GROFF

Depwtzzzezzf q/Tzzfegmfz'pe Biology, Linz'oersz'ty ofCzzJz/brzzM, BerMey, Caii/brnia 94720 LiSA

Abstract. The River Continuum Concept (RCC) predicts that as the form of particuiate
organic matter available in streams and rivers varies longitudinally, so will the functional feeding
groups (FFGs) of benthic macroinvertebrates. The RCC was developed based on data from
continental streams; therefore, its applicability to the unique ecology of island streams is virtually
untested. The purpose of this study was to discover if the RCC works in the small streams of
Moorea, French Polynesia. Three sites along an elevational gradient were sampled for benthic
macroinvertebrates in five streams of similar catchment size. Each sample was sorted and all
taxa were assigned to a FFG. Species richness and FFG variation along a longitudinal gradient
were compared to RCC predictions. Patterns in the longitudinal variation of crustacean/mollusc
species richness and shredder, grazer, and predator percent composition were found to match
RCC predictions. However, total species richness, insect species richness, and the percent
composition of collecting organisms did not. Therefore, an alternative theoretical framework is
needed to accurately describe FFG variation in tropical streams.
Key words.' River Cozztz'zzzzzzzzz Corzcept, bezztlzic zzzacrozzzverfc&rafes, /zzzzctzozzzz/ teedizzg
grozzps, species ricizzzess, is/azzd strezzzrzs, Moorezz

Third, the majority of organisms found within
island streams are not insects but diadromous
crustaceans and molluscs (Greathouse 2006).
As with most other islands, it is unknown
whether the RCC applies in the streams on
Moorea, French Polynesia, an island located
18 kilometers west of Tahiti (Resh 1990). Most
streams on Moorea are small, reaching only
third order before reaching the Pacific. The
Opunohu River to the north has the largest
catchment on the island, reaching only fifth
order as it enters Opunohu Bay.
The objectives of this study were to: (1)
describe the macroinvertebrate fauna of the
small streams of Moorea; (2) determine how
the
functional
feeding
groups
of
macroinvertebrates
change
along
a
longitudinal gradient in these streams; and (3)
determine if the River Continuum Concept
applies to the streams on Moorea. I postulate
that the RCC will not apply on Moorea
because of its low aquatic insect diversity and
the diadromous nature of the majority of its
in-stream fauna.

INTRODUCTION

The River Continuum Concept (RCC) was
proposed to explain the longitudinal variation
of benthic macroinvertebrate communities in
freshwater catchments (Vannote et. al. 1980).
The RCC postulates that as stream size
increases and the composition of available
organic matter changes, the functional feeding
groups (FFGs) will also change to reflect the
increase in habitat diversity and the shift in
food availability (Vannote et. al. 1980). The
RCC
assumes
an
abundance
of
macroinvertebrate taxa, especially insects, and
a substantial catchment size.
Because the RCC was developed using
data collected from large continental streams
in North America, its usefulness to the unique
biology of small island streams is largely
untested.
Island streams have many
particular features that may affect the
application of the RCC. First, their watersheds
are generally small, so streams meet the ocean
no larger than mid-sized, fifth-order streams.
Second, the banks of island streams are often
heavily vegetated, providing a continuous
supply of organic matter, but frequent
flooding washes away the accumulated plant
material (Resh 1995). This is different from
continental streams, where riparian vegetation
is often reduced as stream order increases.

METHODS
Sfzzdy sites

Five streams with similar catchment sizes
were selected from different regions of the
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island (Fig. 1). Each stream was divided into
three different sites: (1) a low-gradient, 50meter reach starting at the first riffle from the
mouth; (2) a high-gradient, 25-meter mid
reach; and (3) a high-gradient, 12.5-meter
reach at the headwaters, the highest reach
possible to sample with a D-frame net. Each
site was partitioned into three subsites based
on stream morphology (riffle, run, pool, and
step). The physical parameters describing
each site are found in Table 1.

Fig. 1: Map of Moorea and 15 study sites
MaafeH-MahacrMH (MM)
The town of Maatea is located on the east
side of Moorea, just above the southernmost
point of the island (Fig. 1). The Mahaerua
River follows the Toto Valley, starting from
the south-facing slope of Mount Tohiea, and
meets the Pacific as a third-order stream at the
southwest end of Maatea. Site MM1 is located
approximately 109 meters upstream from the
circum-island road. The furthest downstream
reach is bisected by an artificial riffle and both
banks are leveed. The morphology is
primarily composed of runs (78%) and a large
shallow pool (20%) created by the riffle (Table
1). Flow is highly influenced by the tide,
causing the depth to fluctuate approximately
20 cm every few minutes, but the salinity is
unaffected (Table 1).
Sites MM2 and MM3 were both accessed
by the road approximately 150 meters from
the left bank of the Mahaerua; a tall brick wall

is to the south, a convenience store with a
large Hinano sign is to the north. Site MM2 is
located 1.5 kilometers from the mouth. It is
reached by following the road past a farm to a
large dip in the road before a steep hill. A
small tributary stream bisects the road at this
point. The sampled reach extends 25 meters
upstream from the confluence. Site MM3 is
2.2 kilometers from the mouth of the
Mahaerua. It is accessed by hiking upstream
from the end of the road for approximately 15
minutes. The right branch is followed at each
confluence.
A small
island splits the channel
in the upper eight meters
of the 12.5-meter reach.
Papetoai- VaiiMna (PV)
The town of Papetoai
is located on the north
side
of
Moorea,
immediately west of the
entrance to Opunohu Bay
(Fig. 1). The Vaihana
River flows from the
northern face of Mount
Tautuapae down the
northwest
facing
Terahimaua Valley. The
mouth of the Vaihana
River outlets into the
Pacific Ocean as a fourthorder stream just east of
"Chez Kiri" in Papetoai.
Site PV1 is approximately
30 meters upstream from
the circum-island road. A road approximately
50 meters west of the mouth of the Vaihana
leads to site PV2; it intersects the main road
between a residence surrounded by tall
hedges and a low grey-brick wall. It is one of
two paved roads in Papetoai. Site PV2 is
located 10m upstream from the end of this
road.
Site PV3 is reached by hiking
approximately 2.5 hours upstream from site
PV2. Site PV3 is unique from the other
headwater sites sampled because the channel
was restricted within a narrow bedrock
canyon.

(W )
The town of Vaiare is located on the east
side of Moorea at the base of Vaiare Bay, near
the Gare Maritime. The Vaipohe River flows
from the ridge between Mount Tearai to the
north and Mount Mouaputa to the south.
Approximately twenty meters from the mouth

T able 1: A biotic characteristics of stu d y sites. M easurem ents w ere m ad e from m id-O ctober to m idN ov em ber 2006. R u=run, Ri=riffie, P=pool, S=step. O p u n o h u d ata w a s coiiected by R esh et al. (1990)
MM1

MM2

MM3

PV1

PV2

PV3

R each length

50

25

12.5

50

25

12.5

pH

6

6

6

6

6

6

122.9-132.6

89.7

95.6

123.5

95.5

93.2

0.1

0

0

0.1

0

0

T u rb id ity (NTU)

5.7

2.25

8.64

1.6

3.62

1.62

W id th (m)

7.1

2.2

2.5

5

7.6

2

Site

C o nductivity (u S /cm )
S alinity (ppt)

D e p th (m)
T e m p eratu re in a ir / w ater
(°C)
E ievation (m)

.27-.62

.12-.45

.02-.18

.05-.15

.07-.76

0.25

33/26.2

27/23.2

2 3 /2 2

22/22.3

73

26/21.8
141

2 2 /2 2

5

13

80

268

D istance from m o u th (km)

0.109

1.5

2.19

0.03

0.94

2.29

3
78Ru, 2Ri,
20P

3
30Ri, 25P,
45S

1
60Ri, 40S

4
35Ru,
65Ri

3
30Ri,
30P, 40S

2
45Ru,
25Ri, 30P

W1

W 2

W 3

AVI

AV2

AV3

50

25

12.5

50

25

12.5

Stream o rd er
M orphology (%)

Site
Reach length
pH
C o nductivity (u S /cm )

6

6

6

5-6

6

7

148

134.9

114.6

94.5

78.7

66.1

Salinity (ppt)

0.1

0.1

0.1

0

0

0

T u rb id ity (NTU)

3.94

2.43

2.4

2.8

7.8

3

W id th (m)

2.5

3.5

2

3.6

3

2.7

D ep th (m)
T e m p eratu re in a ir /w a te r
(°C)
E levation (m)

0.01

0.25

0.07

.07-.17

.08-.73

.1-.43

33/25.5

29/24.1

27/23.5

26/24.4

25/23.7

25-22.9

11

75

190

1

50

311

D istance from m o u th (km)

0.2

0.9

1.6

0.075

0.73

4
45Ru, 55Ri

4
40Ru,
20Ri, 20P

2
80Ri, 20P

2
40Ru,
60Ri

2
20Ru,
60Ri, 20P

1.26
1
30P, 70S

HV1

HV2

HV3

MPiV

OIIA

R each length

50

25

12.5

-

--

--

pH

6

6

6

7.6

7.6

9.2

128.1

119.4

115.1

120

120

113

0.1

0.1

0.1

-

--

--

Stream o rd er
M orphology (%)

Site

C o nductivity (u S /cm )
Salinity (ppt)

OI

T u rb id ity (NTU)

3.6

1.5

4.5

-

--

--

W id th (m)

6.5

2.4

1.2

12

2

5

D e p th (m)
T em p eratu re in a ir /w a te r
(°C)

0.01

.09-.25

.05-.17

0.5-1.0

0.2-0.3

0.001-0.3

28/25.1
16

25/24.2

2 4 /2 3

2 6 /26

225

2 5 /2 3
2

2 7 /2 3

118
1

122

335

2

0.4

2
50Ru,
20Ri, 30P

1
40Ru,
20Ri, 40 P

4

3.1
2

4.0
1

Elevation (m)
D istance from m o u th (km)
Stream o rd er
M orphology (%)

0.02
3
40Ru, 60Ri

it intersects the Nuuati, entering the Pacific
Ocean as a fifth-order stream. Site VV2 is
approximateiy 200 meters from the mouth.
The reach extends 50 meters from the

upstream side of the bridge on the road
immediateiy to the right of the mouth. Site
W 2 is reached by following the road to the
head of the Vaiare-Paopao cross-isiand trail. It
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is to the right of the end of the road through
the stand of coconut paims. Site W 3 is
reached by following the main channel
upstream about 45 minutes from site VV2.
The reach extends from the base of a fourmeter waterfall 12.5 meters downstream.
A/areiaifM-Vaioro (A V)
The town of Afareiatu is on the eastern
side of Moorea. The Vaioro River flows from
the southeast face of Mount Mouaputa and
meets the Pacific Ocean as a second-order
stream at the north end of Afareiatu. Site AVI
is 75 meters upstream from the mouth. There
was significantly more garbage within the
reach than observed at other low-gradient
sites. Site AV2 is approximately 750 meters
from the mouth of the Vaioro River and
extends 25 meters upstream from the base of
the trail to the top of Mouaputa. The head of
the Mouaputa trail branches off to the left
across the stream from the trail to the Vaioro
waterfall. Site AV3 is reached by hiking for
approximately two hours up the Mouaputa
trail. The trail follows the stream for most of
its length. The sampling site is located just
downstream of the confluence where the hail
leaves the stream and extends up a steep hill
with a coconut palm at the top. The trail
crosses just upstream of the site, but causes
minimum impact.

Tlzt? OpMHoTmRz'per cafclzmenl
The Opunohu river catchment is the
largest on Moorea. The Opunohu is located
on the north side of the island. It flows from
the northern slope of Mt. Tohiea and meets the
Opunohu Bay as a fifth-order stream. Resh et
al. (1990) surveyed this stream, and it is used
as a comparison to the five streams that I
sampled. Comparable sites are: siteMPIV,
which is located 0.4 km upstream from the
mouth of the Opunohu on a fourth-order
tributary that flows down the Mouapu valley;
Site OIIA, which is a second-order site near
Marae de Titiroa; and site OI, which is a firstorder stream reached by following a south
bound trail from the Belvedere (Resh et al.
1990).
Functional leering groups
Benthic macroinvertebrates are assigned
to FFGs based on feeding mode and food
preference (Vannote et al. 1980). Shredders
feed on living and dead plant material,
breaking down the coarse particulate organic
matter (CPOM) into fine particulate organic
matter (FPOM). Collectors gather or filter the
FPOM. Grazers scrape off the algae attached
to available surfaces within the stream.
Predators feed on living organisms (Merritt
and Cummins 1996).

Haapili-VaircmM (HV)
Benhn'c nMcroinoerfcBrafc sampling
The town of Haapiti is located on the
western side of Moorea. The Vairemu River
runs from the southwest face of Mount
Mouapu and enters the Pacific Ocean as a
third order stream. The mouth is located in
the middle of town to the north of a soccer
field. Site PV1 is 20 meters upstream from the
mouth and there is a road along the
unvegetated right bank. Sites PV2 and PV3
are reached by following the road on the right
bank. Approximately one kilometer up, there
is a fork in the road. Site PV2 is reached by
taking the fork to the right until the main
channel is reached. The reach extends 25
meters upstream from the road. Site PV3 is
reached by taking the left fork for another
kilometer until it can no longer be traveled by
car. The site is past the length of road covered
by herbaceous vegetation. A dry streambed
crosses the road at the top of the hill. The dry
bed is followed until running water is
reached. The right bank is mostly sediment
and highly susceptible to erosion.

Benthic macroinvertebrates were collected
at each site using a D-frame net and a small
aquarium net. Each of 15 sites was divided
into three subsites. Each subsite was sampled
with three one-minute kicks of the D-net
across the width of the stream. If the stream
was too narrow, the three kicks were done
longitudinally starting downstream.
In
addition, a five-minute search was performed
in each sub-site.
Instream rocks were
inspected for gastropods and an aquarium net
was used to catch shrimp. Organisms were
sorted and identified in the laboratory using a
lOx microscope. Each specimen was identified
to the species level if possible. Others were
identihed to family.
Dale analysis
The total number of individuals and
biomass estimates were calculated for each
sample. The latter was determined by

assigning each species identified a biomass
equivaience (BME) number, with one
Chironomid (Diptera) as the basic unit
(Appendices A-E). The BME was a rough
estimate; gastropods and shrimp were divided
into size ciasses in five-millimeter increments.
Crabs were assigned a BME based on the size
of their carapace.
Each taxon was assigned to a FFG. AH
sub-samples from each site were combined,
and the percentage of each FFG in each site
was caicuiated based on the number of
individuai organisms and the BME estimate.
Statisticai anaiyses of species richness and
FFG percent composition were performed
using JMP 5.1 (SAS institute 2003). Normally
distributed data were anaiyzed using ANOVA
and the student's t-test. Ali other data were
analyzed using the Wiicoxin and Tukey tests.
RESULTS
Species richness

A totai of 52 taxa were found in the 15
sites sampled (Appendices A-E).
Species
richness ranged from 14 to 23 in the
headwaters, 14-19 in the mid-reaches, and 15
to 29 near the mouth (Appendices A-E).
Highest species richness was found at the
mid-elevation sites in the Vairemu and Vaioro
Rivers (HV2 and AV2) and the site with the
least lowest species richness was the m id
elevation site on the Vaihana River (PV2, Fig.
2). The number of taxa was relatively constant
in the Vaipohe River (W ).
The highest insect taxa richness was found
at downstream site PV1, the lowest at
downstream site AVI (Fig. 3). The highest
species richness of crustaceans and molluscs
occurred at downstream sites MM1, PV1, and
AVI, while the lowest occurred at upstream
sites MM1 and AV3 (Fig. 4). Fifteen taxa
occurred exclusively at one site. Overall, the
number of individual species did not change
much from headwaters to mouth, but the
species richness of insects was highest in highelevation sites and the species richness of
crustaceans and molluscs was highest in the
lowest-elevation sites (Fig. 2-4). Statistical
analysis found a significant difference only in
mollusc and crustacean richness between low,
mid, and high elevations.
F u n ctio n al feed in g y ro n p lo n g ifad in n! c o n a tio n
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Macroinvertebrate
FFG
composition
showed variation from headwaters to mouth.
The percentage of grazers increased in three of
the five streams sampled (i.e. PV, VV, and AV)
based on number of individual organisms
(Fig. 5) and the BME estimate (Fig. 6). The
percentage of shredding organisms decreased
from upstream to downstream along the
continuum both by number and BME. The
percentage of predators remained constant in
three of five streams (MM, AV, HV), ranging
from approximately five to ten percent of each
sample.
The BME estimate of predators
showed no similar trends between the
different catchments sampled. The percentage
of collectors decreased in three of the five
streams sampled (PV, W , and AV) by
individual numbers. Like the predators, the
BME composition of collectors showed no
distinctive trend. Statistical analysis found no
significant difference between the elevational
variations observed in FFGs.
Ti?c OpMMoim Ricer caicFwcni
In the Opunohu, total species richness
increased from 19 in the high-gradient site to
28 in the low-gradient site (Fig. 7). Crustacean
and mollusc taxa increased from 3 in the
headwaters (Ol) to 13 near the mouth (MPIV).
The number of insect taxa varied; the highest
species richness (12) was found in the highgradient site, while the lowest (6) was found
in the mid-reach site (OlIA). The percentage
of shredding organisms stayed constant across
the continuum (Fig. 7). The percentage of
grazers increased from headwaters to mouth.
Both predators and collectors showed drastic
variability between the three sites.
The
percentage of predators decreased from 86%
in site Ol to 5% in site OIIA. The collectors
increased from 13% in site Ol to 85% in site
OIIA. Collector and grazer proportions did
not vary much between sites OIIA and MPIV
(Fig. 8).

35
30

-S
o 10
5

0 '.......................... ..................,----- ------------------- ---------,--------------- ----Low

M id

H ig h

E te v a tio n

MM
PV
VV
AV
HV

E )e v a tio n

MM
PV
VV
AV
HV

E ie v a tio n

Fig. 2: Species richness at fifteen s tu d y sites. Richness w a s calculated using the totai n u m b er of taxa
found, th e n u m b e r of insect taxa an d th e n u m b e r of m ollusc an d crustacean taxa.
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MM3

MM1

MM2

PV1

PV2

PV3

HV1

HV1

HV1

H Coitectors
D Grazers
HUShredders
a Predators

Fig. 3: Functional feeding group com position by abundance of individuals.
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MM1

MM2

H Cotiectors
O G razers
H Shredders
H Predators

PV1

PV2

VV1

VV2

AVI

HV1

Fig. 4: Functional feeding group composition by biomass equivalence.
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Elevation
Fig. 5: Species richness in the O punohu River catchm ent

MPIV
H grazer
D collector
H shredder
predator

Fig. 6: Functional feeding g roup com position by abundance of individuals in the O punohu River
catchment.

DISCUSSION

elevations, the number of insect species
increased from mouth to headwaters in HV
and AV and remained constant in the
Mahaerua River (MM) and VV. This trend
could be attributed to the small size of many
insect species in these rivers and the
susceptibility of insect larvae to the frequent
disturbances caused by flooding observed in
island streams.
The pattern of species richness for
gastropod molluscs and crustaceans did
match RCC predictions, increasing from
headwaters to mouth down the continuum.
The aquatic gastropods and decapods of
Moorea are all marine in origin and their
larvae must still return to the sea to mature
(Greathouse 2006).
This is a possible

Does specfes newness wMfc/z RCC predfchoMS?

The RCC predicts that species richness
increases from upstream to downstream as the
size of the stream increases. In the small
streams sampled on Moorea, the total species
richness did not vary significantly between
high-gradient, mid-reach, and low-gradient
sites. The highest variation was seen in the PV
catchment, where species richness ranged
from 14 to 29 (Fig. 2), but the lowest richness
was found in the mid-elevation site. The
pattern of insect species richness also did not
match RCC predictions. Although ANOVA
found no significant difference between
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explanation for why the highest concentration
of species was found closer to the mouth. The
streams were aiso iarge at tower etevations,
providing more habitat and attowing resource
partitioning between more species of grazing
gastropods.
In the Opunohu River catchment, patterns
of total species richness did follow RCC
predictions, increasing from 19 in the
headwaters to 28 at the mouth (Fig. 7). The
number of mollusc and crustacean species
increased down the continuum while the
number of insect species decreased.
Do FFG s wafcf: RCC predictions?
Shredders

The pattern of shredders found along an
elevational gradient in Moorean streams
matched RCC predictions. The percentage of
shredding individuals decreased
from
upstream to downstream in all streams
sampled, with the exception of HV.
According to the RCC, shredding organisms
should compose one-third of the functional
community in high elevation sites, but
shredder biomass was depauperate in all
headwaters sites sampled except MM3 (Fig. 6).
Shredding organisms were 18% of individuals
found and 34% of the biomass (Figs 5-6).
Shredding insects were mostly absent on
Moorea. Only one family of shredders was
present, Pyralidae (Lepidoptera). Only two
individuals of Pyralidae were found, one in a
headwaters site, one in a site near the mouth
(Appendices A-B).
The major shredders
found
in this study were Taltrids
(Amphipoda) and two species of millipede,
OxidMs gracilis Koch (Paradoxosomatidae) and
G/yp/HM/MS grMM/afMS Gervais (Cambalopsidae).
Grazers

The pattern of grazers along the streams
sampled also matched RCC predictions,
increasing down the continuum in three of
five streams. In MM and HV the number of
individuals decreased but the rough estimate
of BME remained relatively constant from
headwaters to mouth. IPs not an issue of
canopy cover because all headwaters sites had
similar coverage. Grazers were the only FFG
that matched the predictions made by the
RCC in the Opunohu.
P redators an d collectors

The RCC predicts that the proportions of
predators and collectors should remain
constant for streams smaller than fifth order.
The prediction for predators applied in all but
one stream, PV. Predators should compose
about ten percent of all samples, but they only
appeared in that abundance in two samples,
HV2 and PV2.
The low percentage of
predatory
species
may
result
from
competition with fish for food (Greathouse
and Pringle 2006), an aspect not considered in
this study.
The functional composition of collectors
should either stay the same or increase down
the continuum. In all streams sampled, the
proportion of collectors varied greatly and did
not show a trend in abundance or BME. Atyid
shrimp were classified as collectors 2/3 of the
time and MacroFrac/uMW shrimp and crabs
were classified as spending 1/2 of their time
collecting (Greathouse and Pringle 2006).
A potential problem with the results of
this study is that the exact role of many of the
macroinvertebrates found in the functional
communities of Moorea is not known.
Crustaceans, such as shrimp and crabs, are
generally omnivores and it is not known how
much of their time is divided between each
feeding mode or how life history affects
feeding preference. The role of crustaceans in
the continuum can only be estimated. The
large crustaceans composed a high proportion
of the biomass in the system, resulting in a
higher percentage of collectors (Fig. 5).
Some aspects of the RCC applied to the
small streams of Moorea, but others did not.
Longitudinal patterns of crustacean/mollusc
species richness and shredder, grazer, and
predator percent composition matched RCC
predictions. Total species richness, insect
species richness, and the percent compostion
of collecting organisms did not. Although
statistical analysis found no significance
between the longitudinal variations observed
in FFGs, the RCC was developed only to show
trends, some of which were observed in the
streams on Moorea. A more comprehensive
study by Greathouse and Pringle (2006) in
Puerto Rico found similar results even though
the island of Puerto Rico is much larger than
Moorea, much closer to a major land mass,
and contains higher-order streams.
The
Puerto Rico study also found a greater
diversity of insects, including beetles
(Coleoptera), mayflies (Ephemeroptera), and
caddisflies (Trichoptera) (Greathouse and
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APPENDIX A: Benthic macroinvertebrate species found in the Mahaerua River. Sam pies were
collected 17 October and 18 October 2006. BME= Biomass Equivaience.___________________

SPECIES
MOLLUSCA
Famiiy Neritidae
TVer/bna aMr/cM/a/a Lamarck
S'cp/arm
Linnaeus
C/irAon spbrosa Budgin
/Ver/tmo cona/A Lamarck
TVer/nwa mrr;7u! Gmeiin
A^c/*/7;7;'a
Pease
Famiiy Thiaridae
77:/aro grnM//gra Lamarck
Me/awo/Jay
Mtiiier
Famiiy Pianorbidae
Famiiy Limnaeidae
Species A
Species B

FUNCTIONAL
FEEDING
GROUP
MM1

SITE
MM2

grazer
grazer
grazer
grazer
grazer

N (58) BME (4800)
N(1)BME(15)
N (7) BME (2370)
N(12) BME (780)
N (2) BME (6)

N (2) BME (2880)
N (3) BME (750)

N (i)BM E(i5)

grazer

N(10) BME(i50)

N(47) BME (7i5)

N(68) BME (1020)

grazer
grazer
grazer

N (36) BME (660)
N (2) BME (50)

N (i)BM E(i5)

N(i)BME(15)

N(1)BME(150)

N(i)BME (50)

MM3

grazer
grazer

CRUSTACEA
Famiiy Atyidae
p/7zpe.s Newport
Ca/*;<7ma we6cr; De Man
Famiiy Paiaemonidae
Macw&rac/MM/w /#r Fabricius
MacrobracAiMW
Guerin-Meneviiie
Macro^rac/HM/n /a/iwaaM.S' von
Martens
Famiy Grapsidae
Gaoyasar/Ha angMyt/^*OMj iarva
Miine-Edwards
Gcoyasarwa aagMyr//7oay
Miine-Edwards
Zaf?Maa/M/w Papa.soi<7gMw
Miine-Edwards
Order Isopoda
Order Copepoda
Order Ostracoda
Famiiy Taiitridae
INSECTA
Order Odonata
Famiiy Libeiiuiidae
Famiiy Coenegrionidae
Order Fiemiptera

i/3 grazer, 2/3
coiiector
1/3 grazer, 2/3
coiiector
1/2 coiiector, 1/2
predator
1/2 coiiector, 1/2
predator
1/2 collector, 1/2
predator

coiiector
1/2 coiiector, 1/2
predator
i/2 coiiector, i/2
predator
shredder
coiiector
grazer
shredder

N (484) BME
(1iOOO)

N(!)BME (60)

N (3) BME (320)

N(1)BME (4000)

N (5) BME (650)

N(4) BME (12)
N (20) BME (2500)

N (i)BM E(i0)

predator
predator
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N (1) BME (15)

N (29) BME (435)

N(1)BME(4)
N (4) BME (24)

N (2) BME (8)
N (ii)BM E (66)

SPECIES

FUNCTIONAL
FEEDING
GROUP
MM1

Family Saldidae
ta/2/t/gmA Cobben
Order Diptera
Family Chironomidae
Chironomini sp. A
Chironomini sp. B
Orthocladinae
Family Tabanidae
Family Ephydridae

SITE
MM2

MM3

N(151)BME(151)
N (5) BME (5)

N (27) BME (27)
N(!4) BME (14)

N (2) BME (4)

N(!)BME (2)

N(6) BME (18)

N(48) BME (144)

N (14) BME (35)

N (12) BME (30)

predator

collector
collector
collector
predator

N (27) BME (27)
N (32) BME (32)
N(1)BME(1)

Edwards
Family Psychodidae
Family Stratiomyiidae
Family Dolichopodidae
Family Ceratapogonidae
Family Simuliidae
Craig
sp.
Craig
AwM/iMW
Craig
/oti/ Craig
Order Lepidoptera
Family Pyralidae
Species A
Species B
Order Collembola

grazer
collector
collector
predator
collector

NEMATODA

collector

OL1GOCHAETA
Species A
Species B

collector
collector

Worm with many spines

collector

N(1)BME(4)

ACAR1NA
Species A
Species B
Species C
Species D

predator
predator
predator
predator

N(1)BME (0.5)

shredder

N (2) BME (40)

DIPLOPODA
Family Cambalopsidae
G/ypA/M/^
Gervais
Family Paradoxosomatidae
Koch

collector
collector
collector
collector
collector

shredder
shredder
collector

N (1)BME(2)
N(1)BME (2)

N(118) BME (300)

N(3) BME (1.5)
N(3) BME (1.5)
N(!)BME (0.5)

N (12) BME (240)
N(1)BME (40)

shredder
20

TOTAL NUMBER OF TAXA
108

18

17

APPENDIX B: Benthic macroinvertebrate species found in the Vaihana River. Samples were
collected 27 October 2006. BME= Biomass Equivalence.________________________________

SPECIES
MOLLUSCA
Family Neritidae
/Ver/t/w# anr/cM/aZa Lamarck
porce/Zana Linnaeus
CZ/Z/zon ^pz'zzo^a Budgin
Aerz'Zzzza caz?a/z.s Lamarck
//gz*z'Zz'aa ZMZ7*zZaGmelin
Agz*z'Zz'Zz'a raZz/Ja Pease
Family Thiaridae
77aa/*a graai/cra Lamarck
ATeZazzoz'zZg^' Za/zerca/aZa
Muller
Family Planorbidae
Family Limnaeidae
Species A
Species B

FUNCTIONAL
FEEDING
GROUP
PV1

SITES
PV2

PV3

grazer
grazer
grazer
grazer
grazer

N(28) BME (14885)
N(17) BME (12280)
N(15) BME (5820)

N(1)BME (2000)

N (2) BME (2880)

grazer

N (51) BME (765)

N (15) BME (295)

N(17) BME (255)

grazer

N (246) BME (5200)

N (11) BME (375)

grazer
grazer

N(1)BME (300)
N(1)BME(2)

N (19) BME (430)
N(12) BME
(1130)

grazer
grazer

N(1)BME (2)

N (4) BME (460)

N(1)BME (3)

CRUSTACEA
Family Atyidae
/IZyozz/a pz'Zzpas Newport
CarzzZz'zza weZzez*/ De Man
Family Palaemonidae
Mac/*oZz/*acZzzazw Zaz*Fabricius
ATacroZvac/aaw aa.sZraZe
Guerin-Meneville
ATacz*oZzz*ac/zzazwZaZZazaaa^
von Martens
Famiy Grapsidae
Gco^e^ar/Ma aaga^Zz/roa.s
larva Milne-Edwards
Geoye^arzzza aaga.s'Zz/roaj
Milne-Edwards
LaZzaaaz'aza Zrape^oz'zZea/a
Milne-Edwards
Order Isopoda
Order Copepoda
Order Ostracoda
Family Talitridae
INSECTA
Order Odonata
Family Libellulidae
Family Coenegrionidae
Order Hemiptera

1/3 grazer, 2/3
collector
1/3 grazer, 2/3
collector
1/2 collector, 1/2
predator
1/2 collector, 1/2
predator
1/2 collector, 1/2
predator

N(59) BME (1270)

N (11) BME
(2720)

N (23) BME (6090)
N (5) BME (620)

N (l)BME (60)

N (3) BME (4300)

N (13) BME (7250)

N (7) BME (6400)

collector
1/2 collector, 1/2
predator
1/2 collector, 1/2
predator
shredder
collector
grazer
shredder

N (l)BME (50)

predator
predator

N(!)BME (4)
N(36) BME (216)

N (3) BME (2850)

N(1)BME(10)
N(1)BME(1)
N (3) BME (45)

109

N(12) BME (72)

N(1)BME (6)

SPECIES

FUNCTIONAL
FEEDING
GROUP
PVI

Family Saldidae
S'a/^a/a ra/z/r/gm/x Cobben
Order Diptera
Family Chironomidae
Chironomini sp. A
Chironomini sp. B
Orthocladinae
Family Tabanidae
Family Ephydridae
/IpzzvzV/a^' g/zggygzzzazzag
Edwards
Family Psychodidae
Family Stratiomyiidae
Family Dolichopodidae
Family Ceratapogonidae
Family Simuliidae
&zMM/z'Mzw
Craig
&zzza/zMzzz sp.
SzzHzz/z'zz/Hgxa.s/?gz*azz.s' Craig
zzza/az*z/gz Craig
S'zzzzM/zMW/otzz Craig
Order Lepidoptera
Family Pyralidae
Species A
Species B
Order Collembola

predator

N (2) BME (8)

collector
collector
collector
predator

N (236) BME (236)
N (465) BME (465)

grazer
collector
collector
predator
collector

N (2) BME (4)
N (2) BME (3)
N(1)BME(2)
N(1)BME(1)

NEMATODA

collector

OLIGOCHAETA
Species A
Species B

collector
collector

Worm with many spines

collector

ACARFNA
Species A
Species B
Species C
Species D

predator
predator
predator
predator

DIPLOPODA
Family Cambalopsidae
G/y/zA/a/M.s grzza/aZax Gervais
Family Paradoxosomatidae
QxM&y gracz'/A Koch

PV3

N (58) BME (58)
N (3) BME (3)

N (13) BME (13)
N(1)BME(1)

N(5) BME (15)

N(!)BME (3)
N(6) BME (18)
N (827) BME (3305)
N(1)BME (3)
N (26) BME (78)

N(1)BME(1)

collector
collector
collector
collector
collector

shredder
shredder
collector

SITE
PV2

N (3) BME (6)

N(19) BME (47.5)

N (2) BME (5)

N (14) BME (35)
N(1)BME(40)
N(1)BME (4)

N (4) BME (2)
N (2) BME(l)
N (5) BME (2.5)
N (5) BME (2.5)

shredder

N (1) BME (0.5)

N (2) BME (40)

shredder

N (3) BME (60)
N(1)BME (40)

TOTAL NUMBER OF TAXA

29
HO

14

23

APPENDIX C: Benthic macroinvertebrate species found in the Vaipohe River. Sam pies were
collected 2 N ovem ber 2006. BME= Biomass Equivalence.

SPECIES

FUNCTIONAL
FEEDING
GROUP
W!

MOLLUSCA
Family Neritidae
Aerz/zzza <7Mr!CH/<2?a Lamarck
/ / e p t a r z a porceZ/nna Linnaeus
C/zZ/zozz ^p/zzo.s'zz Budgin
Aerz'Zz'zza cozzn/M Lamarck
Aerztzzzn rzzrrz'tn Gmelin
Aerz'P'/z'a rzz/zz'Ja Pease
Family Thiaridae
77zznz*n grozzz/ern Lamarck
Me/nzroz^/ay /zz/zerczz/ntn Muller
Family Planorbidae
Family Limnaeidae
Species A
Species B

grazer
grazer
grazer
grazer
grazer
grazer
grazer
grazer
grazer

SITES
VV2

VV3

N (4) BME (4480)
N (53) BME (37150)
N (8) BME (22200)
N (1003) BME
(15045)

N (8) BME (6020)

N(2) BME (1080)

N (55) BME (825)

N(110) BME (1650)

N (372) BME (7575)
N(1)BME(100)

N (13) BME (275)
N (3) BME (130)

N(4) BME (185)
N(6) BME (715)

N(2) BME (180)

N (30) BME (2400)

grazer
grazer

CRUSTACEA
Family Atyidae
/Izyc/'&zpz/zpes' Newport
CnrzWzzzn we/zerz De Man
Family Palaemonidae
Macz*o/zz*ac/zz'zzzzz /ar Fabricius
Afacro/zrac/zzzzzzz nzz$tz*n/e
Guerin-Meneville
Mncz*o/zz*oc/zzMzzz /utzzzznzzMJ von
Martens
Famiy Grapsidae
G e o s a M r ? M # n zzgzzjtz^*ozzs' larva
Milne-Edwards
G e o s a y a v / z z a azzgzz.s*Zz/z*ozzy

Milne-Edwards
Ln/zzznzzzzzzzz rrp p ejo za/azzzzz

Milne-Edwards
Order Isopoda
Order Copepoda
Order Ostracoda
Family Talitridae
INSECTA
Order Odonata
Family Libellulidae
Family Coenegrionidae
Order Flemiptera

1/3 grazer, 2/3
collector
1/3 grazer, 2/3
collector
1/2 collector, 1/2
predator
1/2 collector, 1/2
predator
1/2 collector, 1/2
predator

collector
1/2 collector, 1/2
predator
1/2 collector, 1/2
predator
shredder
collector
grazer
shredder

predator
predator

N(110) BME (3300)

N(!)BME (600)

N (3) BME (300)
N (4) BME (360)

N (7) BME (2430)

N (3) BME (460)

N(!)BME(4)
N(!)BME (6)

N(2) BME (12)

N (l)BME (15)

SPECIES
Family Saldidae
fa/z/f/ensM Cobben
Order Diptera
Family Chironomidae
Chironomini sp. A
Chironomini sp. B
Orthocladinae
Family Tabanidae
Family Ephydridae
Edwards
Family Psychodidae
Family Stratiomyiidae
Family Dolichopodidae
Family Ceratapogonidae
Family Simuliidae
Craig
sp.
Craig
wa/arJg/ Craig
/ot/i Craig
Order Lepidoptera
Family Pyralidae
Species A
Species B
Order Collembola

FUNCTIONAL
FEEDING
GROUP
VV1

SITE
VV2

VV3

N (7) BME (7)
N (6) BME (6)

N (35) BME (35)
N (!0) BME (10)

N (51) BME (51)
N (2) BME (2)

predator

collector
collector
collector
predator

grazer
collector
collector
predator
collector
collector
collector
collector
collector
collector

shredder
shredder
collector

N (l)BME (3)

N (3) BME (6)

NEMATODA

collector

OLIGOCHAETA
Species A
Species B

collector
collector

N(18) BME (45)

Worm with many spines

collector

N(1)BME (4)

ACARINA
Species A
Species B
Species C
Species D

predator
predator
predator
predator

DIPLOPODA
Family Cambalopsidae
G/ypAm/M^
Gervais
Family Paradoxosomatidae
graci/A Koch

N(1)BME(1)

N(1)BME(1)

N (!4) BME (35)

N (11) BME (27.5)

N(1)BME (0.5)
N(1)BME (0.5)

shredder

N (2) BME (40)

shredder

N (2) BME (80)

TOTAL NUMBER OF TAXA

15
M2

14

15

APPENDIX D: Benthic macroinvertebrate species found in the Vaioro River. Samples were
collected 7 Novem ber and 11 N ovem ber 2006. BME= Biomass Equivalence.___________

SPECIES

FUNCTIONAL
FEEDING
GROUP
AVI

MOLLUSCA
Family Neritidae
awr/cM/a/a Lamarck
Scp/ar/a porcc/Zana Linnaeus
ChW?OMsp/aosa Budgin
/Vcr//ma caaa/M Lamarck
A^er/t/aa farri/a Gmeiin
/Veria'/ia raAMa Pease
Famiiy Thiaridae
FA/ara graai/cra Lamarck
Mc/aaoMas /a^erca/ata Mtiiier
Family Pianorbidae
Famiiy Limnaeidae
Species A
Species B

SITES
AV2

grazer
grazer
grazer
grazer
grazer

N(38) BME (39 i 5)
N(i)BME (260)
N(22) BME (1665)
N(28) BME (i0600)
N(1!)BME (6i0)

N (3) BME (i280)
N (7) BME (2760)

grazer

N(7) BME (105)

N (80) BME (i200)

grazer
grazer
grazer

N (il)B M E(i65)

N(i)BM E (35)
N (2) BME (135)

grazer
grazer

AV3

N(i)BM E (260)
N(i)BME (880)

N(1)BME (3)

CRUSTACEA
Famiiy Atyidae
yfryo/Ja p;7/pe.s Newport
CarM/aa wc^er/ De Man
Famiiy Paiaemonidae
Macro^racAia/H /ar Fabricius
Macro/vac/a'aw aa.s/ra/e
Guerin-Meneviiie
Macro/trac/?/a/a /a//waaM.s' von
Martens
Famiy Grapsidae
Geo^asarwa aaga.sl//roa.s iarva
Miine-Edwards
Gcojgjar/aa aaga^i/roay
Miine-Edwards
La^aaa/aw /rapcsoMea/a
Miine-Edwards
Order Isopoda
Order Copepoda
Order Ostracoda
Famiiy Taiitridae
INSECTA
Order Odonata
Famiiy Libeiiuiidae
Famiiy Coenegrionidae
Order Hemiptera

1/3 grazer, 2/3
coiiector
1/3 grazer, 2/3
coiiector
i/2 coiiector, i/2
predator
i/2 coiiector, i/2
predator
i/2 coiiector, i/2
predator

coiiector
1/2 coiiector, 1/2
predator
i/2 coiiector, 1/2
predator
shredder
coiiector
grazer
shredder

predator
predator

N (63) BME (i860)

N(9) BME (1280)

N(5) BME (1040

N(7) BME (180)

N (i2) BME (1250)

N (6) BME (680)

N (i) BME (1500)
N(1)BME(120)
N(i)BM E (6000)

N(i)BME (3)
N (30) BME (2270)
N(i)BM E (50)
N (i)B M E (l)
N (2) BME (30)

N (6) BME (90)

N (13) BME (78)

SPECtES

FUNCTIONAL
FEEDING
GROUP
AVI

Family Saldidae
S'a/cZM/a /aA/t/emA Cobben
Order Diptera
Family Chironomidae
Chironomini sp. A
Chironomini sp. B
Orthocladinae
Family Tabanidae
Family Ephydridae
4//MV/7/MS cAeg.se/Manae
Edwards
Family Psychodidae
Family Stratiomyiidae
Family Dolichopodidae
Family Ceratapogonidae
Family Simuliidae
A/MM/iMM? ^Msser/oraw Craig
AwaZ/MW sp.
AwaZ/M/M gxa.speraa.s Craig
A'/MMZ/M/MwaZarJeZ Craig
A/MM//MWZotACraig
Order Lepidoptera
Family Pyralidae
Species A
Species B
Order Collembola

SFTE
AV2

AV3

predator

collector
collector
collector
predator

N(71)BME (71)

N (25) BME (25)
N(1)BME(1)

N(1)BME (2)

grazer
collector
collector
predator
collector

N (353) BME (35:
N(14) BME (14)

N(6) BME (12)t

N(1)BME(1)

collector
collector
collector
collector
collector

N(1)BME (3)

shredder
shredder
collector

N(30) BME (90)

N(1)BME(4)

NEMATODA

collector

OLIGOCHAETA
Species A
Species B

collector
collector

Worm with many spines

collector

ACARINA
Species A
Species B
Species C
Species D

predator
predator
predator
predator

N(1)BME (0.5)

shredder

N(1)BME (20)

N(9) BME (180)t

19

14

D1PLOPODA
Family Cambalopsidae
GZypA;'aZM.s graa/ata-s Gervais
Family Paradoxosomatidae
GxZ<7a.s gracz'/A Koch

N(16) BME(40)

N (41) BME (102.5)

N (2) BME (5)

N(1)BME (0.5)

shredder
16

TOTAL NUMBER OF TAXA
114

APPENDIX E: Benthic macroinvertebrate species found in the Vairemu River. Samples were
coHected 10 N ovem ber and 14 N ovem ber 2006. BME= Biomass Equivalence.____________

SPECIES

FUNCTIONAL
FEEDING
GROUP
HV1

MOLLUSCA
Family Neritidae
Aer/fma
Lamarck
po/*ce//u/?a Linnaeus
CZ/YAo/? ,sp;7/o.su Budgin
Aer/Ymo cana/M Lamarck
Aer/Y/z/a tarr/fa Gmeiin
Aer/Y/7/Yv ra^/Wa Pease
Famity Thiaridae
77z/'ara graai/era Lamarck
Me/aao;Jas ta^erca/ata Mutter
Famity Ptanorbidae
Famity Limnaeidae
Species A
Species B

SITES
HV2

HV3

grazer
grazer
grazer
grazer
grazer

N(!7) BME (2180)
N(38) BME (17560)
N(10) BME (6225)

N (11) BME (5420)
N(12) BME (2010)

N (3) BME (1620)
N (2) BME (2700)

grazer

N (3) BME (45)

N (28) BME (420)

N (55) BME (825)

grazer
grazer
grazer

N (22) BME (290)
N(1)BME(100)

N (l)BME (15)
N (2) BME (200)

N (2) BME (30)
N (5) BME (370)

N(7) BME (210)

N (3) BME (290)

N (2) BME (860)
N(1)BME(120)

grazer
grazer

CRUSTACEA
Famity Atyidae
T?yoa7a p;7/pas Newport
Car/fYiaa we/?e/*/ De Man
Famity Pataemonidae
Macro^racAia/a /ar Fabricius
AYacroArac/a'aa? aa.s/ra/g
Guerin-Menevitte
Macro^racA/aw /a//waaa.s* von
Martens
Famiy Grapsidae
Geoseyar/aa aagas'ti/roa^ tarva
Mitne-Edwards
Gco.se.sar/aa aaga.s/i/roas
Mitne-Edwards
La^aaa/a/a //*ape.soz'<7eaa?
Mitne-Edwards
OrderIsopoda
Order Copepoda
Order Ostracoda
Famity Talitridae
INSECTA
Order Odonata
Famity Libettutidae
Famity Coenegrionidae
Order Hemiptera

1/3 grazer, 2/3
cottector
1/3 grazer, 2/3
cottector
1/2 collector, 1/2
predator
1/2 collector, 1/2
predator
1/2 coltector, 1/2
predator

N(2) BME (170)

N(!)BME (5000)
N(5) BME (1400)

collector
1/2 collector, 1/2
predator
1/2 coltector, 1/2
predator
shredder
collector
grazer
shredder

predator
predator

N(10) BME (980)

N (l)BME (10)
N(1)BME(1)

N (5) BME (30)

N(23) BME (138)

N (5) BME (30)

SPECIES

FUNCTIONAL
FEEDING
GROUP
HVI

Family Saldidae
-SaMM/a
Cobben
Order Diptera
Family Chironomidae
Chironomini sp. A
Chironomini sp. B
Orthocladinae
Family Tabanidae
Family Ephydridae
cAeeyewawae
Edwards
Family Psychodidae
Family Stratiomyiidae
Family Dolichopodidae
Family Ceratapogonidae
Family Simuliidae
577MM//M7M
Craig
sp.
-SY/HM/mn?
Craig
Craig
/otn Craig
Order Lepidoptera
Family Pyralidae
Species A
Species B
Order Collembola

HV3

predator

collector
collector
collector
predator

N (62) BME (62)
N (38) BME (38)

grazer
collector
collector
predator
collector
collector
collector
collector
collector
collector

N(4) BME (12)

shredder
shredder
collector

NEMATODA

collector

OLIGOCHAETA
Species A
Species B

collector
collector

Worm with many spines

collector

ACARINA
Species A
Species B
Species C
Species D

predator
predator
predator
predator

D1PLOPODA
Family Cambalopsidae
G/ypAm/m gwM/otMx Gervais
Family Paradoxosomatidae
groct/M Koch

SITE
HV2

N(140) BME (140)
N(18) BME (18)

N (6) BME (6)
N (6) BME (6)

N(1)BME (2)

N(1)BME(2)

N(10) BME (30)

N (2) BME (6)

N(1)BME (2)

N (7) BME (17.5)

N(7) BME (17.5

N(1)BME(4)

N (5) BME (20)

shredder

N(!)BME(20)

N(!)BME(20)

shredder

N (6) BME (240)

N(69) BME (172.5)

15

TOTAL NUMBER OF TAXA
116

18

16

FEEDING PREFERENCE OF THE CUSHION STAR, CUECETA
NOVAEGUEVEAE IN MO'OREA
SIGRIDV. HAWKINS
PnoiroMmcnta! Sconce Po!!cy and MaHayomcHt, Ltn!oers!tyo^Ca!!/brn!a, BorMoy, Ca!!)bnz!a 94720 USA
Abstract. Previous studies of the feeding biology of Calcita HooacyMineac Muller &
Troschel in H awaii have shown that the cushion star prefers to prey on coral species of
the genus Pocillopora over the genus Ponies. Distribution and feeding biology studies of
C. MouaegMiweae in Cook's Bay on the island of Mo'orea, French Polynesia have shown
that it habitats near Ponies spp. coral in areas where Ponies spp. coral is sparse, and
prefers to prey on Acropora spp. coral. The purpose of this study was to further examine
coral prey preference of C. Mooaeyaineae in Mo'orea, using specimens from four areas on
the island for better representation of its feeding ecology on Mo'orea, French Polynesia.
My studies showed that C. MOPaegMineae in Mo'orea prefers Acropora spp. and Poc!!!opora
spp., over Ponies spp. (p=0.0046), and showed no preference for Acropora spp., over
Pocillopora spp.. The study further determined that C. MouaegMmeae primarily feeds
noctumally, and moves persistently in search for food. As a coral predator, C.
nouacgMineac can affect abundance of certain coral species, and change the overall reef
ecology in Mo'orea.
Key words; asteroid, Culcita novaeguineae; /eediwy preference; locomotion,*Moorea, French
Polynesia; predation
al (1972), Glynn & Krupp (1986) and Birkeland
(1988) determined that C. noracyaincae's coral
feeding is relatively specialized, because it has
a large biomass to support in relation to its
stomach surface. The studies showed that C.
nouacgMincae prefers to prey on small or
encrusting
scleractinians,
especially
pocilloporids and acroporids (Goreau et al
1972, Glynn & Krupp 1986 as quoted in
Birkeland 1988).
A study in Mo'orea, French Polynesia
determined that the cushion star preferred
habitats where Pontes spp. was present
(Roberge 2000). In the study Roberge observed
that G Houaegaineae was found within lm of
the Pontes spp. thirty five percent of the time,
even though Porites represented only 3.75% of
the surveyed area. His focus was the
distribution and locomotion of the cushion
star, and he did not examine food preference
as a factor in habitat selection.

I N T R O D U C T IO N

Changes in abundance of certain species
of echinoderms can have large-scale effects on
reef community structure. To understand the
variations in structure and function of coralreef communities, it is necessary to
understand the ecology of coral reef
echinoderms (Birkeland 1988). For example:
Lessios et ai. (1984) reported a several-fold
increase in benthic algae following the
widespread mortality of an echinoid species
on Caribbean reefs. Likewise, increases in
abundance of an asteroid species can bring
about major changes in community structure
of corals (Birkeland 1988). A good example of
this occurred in Mo'orea, French Polynesia in
the 1980s, when the predatory sea star
AcaiitlMsfer plane! killed entire coral
communities (Moran et al 1988).
C. HovaegMiweae is an echinoid that is also
known to prey on coral. Studies by Goreau et
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The first feeding biology study on
Mo'orean cushion stars was done in 2003
(Bertics 2003). In the study Bertics conducted
laboratory feeding trials in which the cushions
stars were offered three species of coral, as
well as algae, sediment, rocks, and fungi. Her
study showed that C. MovaegMineae preferred
Acropora spp. over all other food choices.

wouaegMzneae moves in a persistent pattern
toward food. As a relatively slow mover,
cushion stars need to be able to detect their
food and move toward it consistently to
survive as a predator.
M ETH O D S

Study sites
While both studies contributed to the
better understanding of the ecology of
cushions stars on Mo'orea, French Polynesia,
their scope was limited to C. wouaegMzweae
found in Cook's bay, and was not
representative of the island of Mo'orea. The
reef ecology of Cooks Bay differs from other
areas on the island, because of the extensive
development along the bay, and the associated
pollution. For example, in their study sites,
Roberge and Bertics found very little
PociNopora spp. and Pontes spp., whereas I
found both coral in abundance in other areas
on the island. I also frequently observed
cushion stars in the vicinity of PodHopora spp.
and Acropora spp.
The purpose of my study was to first
examine if cushion stars feed diumally or
noctumally, and then to determine C.
nooaegMineae's
coral
preference
using
specimens from different areas on the island
for a more representative sample of Mo'orea's
cushion star population. In conjunction with
coral preference I also observed C.
norae?MH!eae movements to determine if
cushion stars searching for food move in a
persistent pattern, or randomly. My
hypotheses were: (1) C. norzaegazMcae feeds
noctumally. During my initial surveys which
were all conducted during the day, I did not
observe any cushion stars feeding, indicating
they prefer feeding at night.
(2)
C.
wopaegMzneae in Mo'orea prefer to prey on
Acropora spp., over PodHopora spp., or Pontes
spp. During field surveys in search of cushion
stars, I found more cushion stars near ^4cropora
spp., specifically Acropora cerdcorm's than other
coral species indicating that Acropora spp.
might be a choice prey coral. (3)
C.

C. novaeguineae specimen collection,
coral gathering, and field observations were
conducted at four sites on Mo'orea (Fig. 1)
during the period from Oct 11-30, 2006. The
first site was located at Cook's Bay near the
Richard B. Gump Research Station, were I
collected four specimens at distances between
7-50 meters from shore. Another study site,

FIG. 1. Collection and field observation sites in
Mo'orea, French Polynesia
Faimano Beach, was located approximately
two miles east of the Gump Research Station; I
collected three specimens there, at distances
between 20 and 50 meters from shore. The
third site was Tamae beach on the
northeastern side of Mo'orea, near the airport,
ca 15 km from the research station. Here, I
captured three cushion stars in an area 250-300
meter off shore. The last study site was near
the Vaihapu reef crest approximately two
kilometers north of the Gump Research
Station; I collected three cushion stars there.

All C. nouaegMineae were found in water
between 2.5 and seven meters deep.

digestive system. During the experiments I
placed one coral specimen from each species
of comparable size at the opposite end of the
compartment as the cushion star. In the round
tank, I placed the cushion stars around the
center pole of the tank, and three coral
specimens (one per species) for each cushion
star around the outer perimeter of the tank. At
the end of the observation period, I removed
the corals from the compartments.

Cora/ gafLcrZng
Coral for feeding experiments were
collected by hand using a mesh bag. Only live
coral fragments that were broken off by
natural processes were collected,
in
accordance with laws protecting these
organisms. Specimens were transported in
plastic tubs with seawater, and then stored in
large outdoor rectangular tanks with
continuous flowing seawater, 51 cm deep.
Specimens from three genera were used:
Acropora, PocZZZopora, and Ponies. Ponies was
primarily represented by Ponies /o&ata, which
was abundant at all locations, PocZZZopora spp.
which was scarce near the Gump Research
Station, but relatively abundant at the other
locations, and Acropora spp., specifically
Acropora ceroicornis, which I found only at
Tamae at approximately 300 meters off shore.

Cora/ pr</eronco
My second experiment was to examine
coral preference when G nooaegnineae was
offered three choices of coral: Acropora spp.
PocZZZopora spp., and Porites spp. I held 39 trials
in which I placed one coral specimen from
each species of comparable size at the opposite
end of the compartment as the cushion star in
the rectangular tank. In the round tank, I
placed the cushion stars around the center
pole of the tank, and three coral specimens
(one from each species) for each cushion star
around the outer perimeter of the tank. I
continuously observed the cushion stars for
three hours between 5:30 pm and 10:00 pm
recording which coral was visited and how
often. At the end of the observation period, I
removed the corals from the compartments.
The cushion stars remained without food for
12 hours.
After I determined that G noraevMineae
prefers both Acropora spp. and PocZZZopora spp.
over Porites spp., I conducted another
experiment. I held 48 trials using the same
experimental design, but with only two coral
species, to determine if C. nooagnineae prefers
either Acropora spp. or PocZZZopora spp.
I statistically analyzed the results using
Wilcoxon tests for 3-coral experiments, and
the Rank-sums test for 2-coral experiments.

Preference/or feeding diurnaZZi/ or nocfarnaZZy
My first experiment determined if C.
nooaegnineae prefers to feed during the day or
at night. C. wocayaZneae was observed
continuously for a period of three hours in the
morning between 4:00 am and 8:00 am, and
again between 6:00 pm and 10:00 pm..
Thirteen feeding trials were held using the
same specimens for both day and night
feeding experiments. The experiments were
conducted in a 3.5 ft. diameter round tank,
and an 8.0 X 4.0 X 2.0 ft. rectangular outdoor
tank with continuously flowing seawater. The
rectangular tank was divided into three
compartments using mesh screen and bricks;
one of the compartments was used as a
holding tank for newly captured cushion stars,
another as storage for food coral, and one for
feeding trials. Newly captured cushion stars
were isolated from food for 12 hours before
starting feeding experiments to purge their

Locomotion
To determine if G nopaegMincac moves
toward its food in a pattern or haphazardly, I
observed and recorded their movements for
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18 days during feeding trials. I recorded the
distance each specimen moved during each
observation period, whether it moved toward
coral or away from it, if it climbed the side of
the tank, and if it moved clockwise or
counterclockwise.
Most
locomotion
experiments were held in the round tank,
therefore it was more practical to use clock,
and counterclockwise directions rather than
right or left.

field observations

To observe C. novaegMineae in their natural
environment, four field observations were
made between 29 Oct and 6 Nov, 2006. In
Cook's Bay three transects covering
approximately 5 X 200 meters were surveyed
for C. Movogaineae at night, using underwater
flashlights. Transects started 25 meters from
shore at the station and concluded 200 meters
north in a path parallel to the shore. Four
transects covering approximately 10 X 50
meters were surveyed at Tamae beach.
Transects started at the left-hand-side of the
beach 300 meters from shore, and paralleled
the shoreline. At Faimano beach three
transects approximately 7 X 150 meters were
surveyed, starting 50 meters from shore near
the boat channel marker on the left side of the
beach, and progressed parallel to the shore.
For each specimen observed during
transects I recorded the substrate composition
it was found on, its distance from coral heads,
whether of not it was feeding, and what it was
eating. To determine if it was eating, I dove
down, picked up and turned over C.
novaegMiweae to see if its stomach was
extruded.

time they needed to "get back on their feet".
To analyze the relationship between C.
novagMineae size and the time it takes to turn
over, I performed a linear regression analysis.
RESU LTS

Day vs. vigbf/ceding preference
Cushion stars prefer to feed at night. I
calculated the frequencies of individuals
feeding during the day, and compared them
with the frequencies of individuals feeding at
night. The results showed that 81.6 percent of
the time C. novaegHineae was eating was at
night, and 23.1 percent during early morning
hours (Fig. 2).

FIG. 3. Diumal/noctumal preference
Coral preference
When C. novaegnineae was offered three
species of coral, it showed a strong preference
for Acropora and Pocillopora spp. over Pontes
spp.. A Wilcoxon test determined a significant
difference between groups (p= 0.0046). Of 39
trials overall, C. novaegMineae chose Acropora
spp. 46.2 percent of the time, Pocillopora spp.
30.8 percent, and Pontes spp 10.3 percent. It
did not eat 12.8 percent of the trials, and fed
on other things such as detritus materiel in the
tank, and even pieces of plaster in the tank
from a recent repair 11.8 percent. Individual
feeding frequencies are depicted in Table 1 in
the appendix.

Turning
To determine a relationship between C.
novaegMineae size, and the time it takes turn
when it is flipped on its back, I conducted 40
experiments with 12 specimens. Each trial I
turned the cushion stars over onto their backs
and monitored their behavior and how much

In the experiments when C. n o v a e g M i n e a e
was offered two species of coral, it showed a
slight preference for Pocillopora spp. over
Acropora spp. A Rank-sums test showed
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insignificant preferences between the two
groups (p = 0.4482). Of 48 trials the cushion
stars frequented PoczPopora spp. 47.9 percent of
the time and Tlcropora spp. 39.6 percent.
Individual frequencies are depicted in Table 2
in the appendix.

Locomotion
In 219 observation hours combined, C.
MooaegMineae moved frequently and in a
persistent pattern (Fig 3).
FIG. 4. Correlation experiment between
size and time turning over.
more often in the evening than in the morning.
In fact, of the 23.1 percent when C.
aoracyaiaeac was eating during the early
morning, it did so before sunrise. Once
daybreak advanced, the cushion stars stopped
eating, and moved away from coral in search
for shelter. During daytime field observations,
I rarely observed C. nopaegazneae on open
sand, but generally found them next to coral
heads or wedged underneath. During evening
feeding and locomotion experiments I
observed that cushion stars would stop
moving when a flashlight was pointed toward
them, and individuals that were climbing the
side of the tank would release their hold, and
tumble
down.
C.
zzooaeyzzzzzeae
is
photosensitive, and it is possible it experiences
disorientation in bright light.

FIG. 3. Movement patterns of C. wooaeyMineae.
Overall the cushion stars moved on average
34.5 cm per hour. The furthest an individual
moved in one hour was 4.9 meters. In 56.3
percent of the trials, Caicita nouacyaineae
moved toward coral, in 31 percent of the trials
it moved away from coral. 17.2 percent of the
trials it did not move, and it moved clockwise
13.8 percent of the time and counter clockwise
6.9 percent. During 19.5 percent of the
experiments it climbed up the side of the
tanks.
Parmay

In my study C. zzooaeyzzz'zzeae showed a
clear preference for Tlcz'opora spp. and
PoczPopora spp. over Pontes spp.. When it had a
choice, C. zzooaeyMzzzeae would prefer not to eat
Pontes spp. coral even though it was relatively
abundant in three of my study sites. It was not
abundant in Cook's Bay. In fact, the reef in
front of the Gump Research Station in Cook's
Bay does not have much live coral. It is mostly
composed of sediment, calcified rock, and
coral rubble (Bertics 2003). Roberge's study in
2000, suggested Pontes spp. might be a
potential choice prey of C. zzooaeyzzzzzeae,

There was no clear correlation between C.
aouacyaiaeae size and the time it takes to turn
over. Using linear regression analysis P=
0.2317, and Rsquare was 0.03843 (Fig. 4).

DISCUSSION
The hypothesis that C. aouaeyaaieac
prefers to feed at night rather than during the
day was confirmed in both my laboratory
experiments and during field observations. C.
nouaegMineae fed approximately four times
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CONCLUSION

because of its close proximity to the coral,
however this does not seem to be the case.
Pontes coral is considered a large species, and
it is possible that C. novaeguineae has
difficulties climbing it, and therefore does not
eat it (Glynn and Krupp 1986). It might be
using Pontes coral heads as shelter in Cook's
Bay.
Bertics' (2003) feeding experiments using
only specimens from Cooks Bay, showed a
strong feeding preference for Acropora spp. In
my experiments, C. novaegaineae showed a
slight, but statistically insignificant (p=0.4482)
preference for Pocillopora spp over Acropora
spp., .suggesting that cushion stars will eat
both coral if they are readily available.
C. novaeguineae move in a persistent
pattern in search for food. My experiments
showed that cushion stars moved toward food
more often than not. Eighty percent of the
time when C. Movaegai?;eae moved away from
food it was a new specimen. New specimens
generally moved toward a corner of the
rectangular tank where they wedged
themselves into the comer and remained
motionless. In the round tank, the cushion
stars climbed up the side of the tank to the
waters edge, and then crept along the edge.
Once cushion stars sensed that there was no
escape, they would change patterns, and
either crawl back to the center pole and
remain there, or crawl next to another
individual and "huddle" together. Somewhat
"habituated" cushion stars generally moved
and mounted coral within the first hour of an
observation period. This suggests that C.
novaegameae detects food, possibly by smell,
and then purposefully moves toward it.

C. novaegaineac in Mo'orea is a coral
predator that has exhibited coral preference.
Its selective predation on Pocillopora spp. and
Acropora spp. can potentially limit the
abundance of these coral species on the island
of Mo'orea, especially the coral Acropora
cervicomis, which in northern Mo'orea, only
occurs in the Tamae region. Changes in the
abundance of the two preferred coral can
affect the overall reef ecology and fish habitat.
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There was no clear correlation between C.
novaegaineae's size and turn-over time, but
figure 4 shows a slight pattern: larger
individuals turned over faster than smaller
ones. Turning from their aboral side back
onto their oral side likely requires significant
energy which larger individuals are more
likely capable of.
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APPENDIX A

TABLE 1. Percent frequency by individuals

Individua! Feeding Frequency -Three Cora! Species
S p e c im e n

L o c a tio n

% A crop ora

% P o c illo p o ra

% P o r ite s

%

% not

O th e r

e a tin g
3 3 .3

1

C ook s B ay

3 3 .3

0 .0

0 .0

2

C ooks B ay

3 3 .3

0 .0

3 3 .3

3 3 .3
0 .0

4
7

C ook s B ay
C ooks B ay

1 0 0 .0
2 8 .6

0 .0
7 1 .4

0 .0
0 .0

0 .0
1 4 .3

5
6

M a h a re p a
M a h a re p a

2 2 .2

3 3 .3
2 2 .2

0 .0
2 2 .2

1 1 .1

4 4 .4

3

Tam ae

3 0 .8

2 3 .1

8

Tam ae

2 0 .0

2 0 .0

TABLE 2. Percent frequency with Two Corals
Feeding Frequency with Tw o Cora! Species
Specimen
Location
% Acropora %Poci!)opora
66.7
7 Cooks Bay
33.3
50.0
33.3
9 Faimano
16.7
33.3
10 Faimano
0.0
50.0
12 Faimano
50.0
33.3
5 Maharepa
33.3
50.0
6 Maharepa
11 Maharepa
25.0
25.0
66.7
50.0
3 Tam ae
66.7
33.3
8 Tam ae

3 3 .3
0 .0
1 4 .3

1 1 .1

3 3 .3
2 2 .2

7 .7

7 .7

3 8 .5

2 0 .0

0 .0

2 0 .0

DISTRIBUTION AND DISPERSAL OF THE SOUTH PACIFC TREE,
FAGRAEA BERTERIANA (LOGANIACEAE)
Z A C H A R Y R. H A N N A

Fzzuzrozzzzzezzfat Sczezzce Pofzcy azzd Mazzagezzzezzf, Ltzzzuerszty o/^Catz/orzzza, BerFetey, Catz/orzna 94720 LfSA
y4bs^racf. Tahitian iegend states Fagraea Ferferzazza is a gift of repentance from the
god, Tane. The scientific community knows iittie more about this tree than its interisiand distribution in the South Pacific. I surveyed the island of Moorea to map an intraisiand distribution of F. Ferferzazza and quantify environmentai characteristics
surrounding the tree's growth. I tested dispersa! hypotheses by coiiecting bird
observations and conducting seed germination experiments that included a number of
seed scarification treatments. The tree occurred in densities ranging from 44 to 244
trees/hectare and at elevations spanning from approximately 300 to 900 m. Density
differed with significance between two sites, Tohiea and the Cross Island Trail. Tree
density increased with greater elevations and more southerly aspects. Ninety-five
percent of the trees sampled grew on slopes greater than 80%. There was no correlation
between tree density and slope or between density and tree height. Tree density did not
significantly differ between three substrate types: rock, rocky soil, and soil. 1 observed
Silvereyes and Red-vented bulbuls consuming F. Ferferzazza fruits and germination from
seeds, although at a less than 1% rate. The germination success and bird observations
served as a preliminary investigation of the dispersal of F. Ferferzazza and fostered ideas
concerning worthwhile future directions of study.
Key words.* Fagraea Ferferzazza; free; dzsfrzFzzfzozt; Moorea, FrezzcF Polynesia; density;
eieoafionai gradient; gerzninafion; bird dispersal;
IN T R O D U C T IO N

Many factors
can influence
the
distribution of plants in the tropics (Clark et
al. 2005). It can be difficult to parse out these
factors. Islands can offer a solution to this
dilemma.
Fagraea Ferferiana (A. Gray ex Benth),
spelling as per Welsh 1998, is a little-known
tree of the South Pacific. Currently, only
broad distributional data exists for this
organism.
In order to obtain an
understanding of how P. Ferferiana is
distributed on the islands to which it is native,
this study was conducted on Moorea, French
Polynesia.
The belief of a number of Mooreans in
rural agriculture occupations is that F.
Ferferzazza does not germinate from seed.
Instead, the plant spreads asexually, growing
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FlG. 1.
Five sites sampled for Fagraea
Ferferzazza density and other associated
environmental .variables on Moorea, French
Polynesia.
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from clippings of the plant's vegetative
structure (Tapu, pers. comm.). One elder that
was later interviewed believed that F.
can grow from seed, but it takes
much longer than growth from a clipping of
the plant's vegetative structure. Mooreans
thus prefer to use clippings when planting the
tree in their gardens as part of their cultural
tradition (Murphy, pers. comm.). A source in
the agroforestry literature states that F.
berferiaHH can be cultivated from seed (Elevitch
and Wilkinson 2000).
Steidl, in 2005,
attempted to germinate 2840 seeds, scarifying
80 mechanically and 80 with an acid treatment
and planting the seeds on various substrates.
Steidl observed no germination (Steidl 2005).
Whether this tree germinates from seed is
an integral piece of the study of this plant's
distribution. Accordingly, this study sought
to map the distribution, quantify associate
environmental variables, germinate seeds, and
study possible dispersal pathways of F.

majority of native plants on islands in this
region reside in the high elevation wet zone
cloud forests and the subalpine zones at the
high elevation ridges and peaks (Meyer and
Florence 1996).
Previous study of this tree on Moorea
documented its presence in the garden on the
estate of Marimari Kellum located in southeast
Opunohu Bay (Figure 1). 1 obtained all fruits
supplying seeds for the germination
experiment from Marimari Kellum's. The F.
berfenana population on her property exceeds
two-hundred individuals and these are
hypothesized to be of the lineage of one tree
planted in Kellum's garden thirty years ago
(Steidl 2005, Kellum, pers. comm., Mishler
pers. comm.).
Disfn&Mh'on
I searched for F. &crfer:ana within 15 m of
either side of the trails and roadways on
Moorea (Figure 2). While searching, I used a
GPS and compass to record the coordinates of
all sites visited. This spatial data was then
plotted on a map (produced by Ministere de
L'Urbanisme des Transports Terrestres et de
L'Administration Generale, 1989) from which
I obtained elevational information.

M ETH O D S

Study organism
F. &erferiana, in the family Loganiaceae, is
a tree indigenous to the south Pacific. Its
native range spans from French Polynesia
west to Samoa and north to New Guinea
(Welsh 1998, Elevitch and Wilkinson 2000).
The plant's flowers are white and fade to
yellow after five to six days (Hargreaves and
Hargreaves 1970). It produces red, roughlyspherical, indehiscent fruits.
Voucher
specimens were deposited in the Jepson
Herbarium,
Univerisity
of
California,
Berkeley.

EMPiroMmcMtal Data
In addition to the distributional sampling
of F. bcrfcriana, 1 quantified a number of
ecological variables associated with the plant's
growth. At sites supporting populations of
<10 individuals, I recorded the slope, aspect,
height from ground to extent of canopy,
growth substrate for the trees present, number
of trees within a 5 m radius.
Where populations of >10 individuals
were found, I also took density data by
measuring the distance from a random point
to the nearest F. berferiana individual (Cottam
and Curtis 1956). This nearest F.
individual was then my sample tree at which I
logged the same environmental data
previously mentioned as recorded at the sites

Study sites
I conducted this study on Moorea, French
Polynesia from 3 October -1 5 November 2006.
Moorea is a high, volcanic island in the Society
archipelago in the South Pacific. Its tallest
peak, Tohiea extends above 1000 m. The
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placing twenty-five seeds in each of six petri
dishes, for a total of 150 seeds.
These
germinated from 10 October - 17 November
2006. Seed quantity was maximized in order
to address the question of whether F. berteriana
can propagate from seed. I approximated the
number of seeds in F. berforiana fruits by first
measuring the diameter of a fruit. I then
weighed the flesh of the fruit, excluding the
rind. A small section of this flesh was then
weighed and the seeds were counted. I
calculated that section's proportion of the total
weight and used this to estimate the total
number of seeds in the fruit. This procedure
was repeated for 10 fruits and used to
construct an approximate number of seeds per
unit diameter of fruit.
1 planted approximately 27,900 untreated
seeds in soil and 28,600 spread out on coconut
bark and these germinated from 27 October —
17 November. Approximately 16,400 seeds
were spread out on a rock surface and these
germinated from 6 November -1 7 November.
To simulate passage through a bird's
digestive tract, I treated seeds with 6 M HC1
for 15, 30, and 45 second time intervals and
followed the HC1 treatment with rinsing. I
treated approximately 10,200 seeds for 15
seconds with HC1,11,900 seeds for 30 seconds,
and 10,800 seeds for 45 seconds. I planted
these seeds in soil on 8 November and they
germinated until 17 November.
The final seed treatment was coffee. Seeds
were submerged in a coffee solution for 19.5
hours and then rinsed.
I spread
approximately 17,500 seeds on rock, 17,100
seeds on coconut bark, and I planted 16,600
seeds in soil.
These germinated from 7
November - 1 7 November.
I planted the seeds in 35x15 cm trays,
which I placed in an area with partial shade
and watered twice a day. I elevated the trays
on brick with water moats surrounding them
after an initial ant invasion resulting in the
loss of a few seeds. Sterilized potting soil was
utilized for the soil treatments and also in the
trays under the rocks and coconut bark in
treatments involving those materials. As a

with <10 individuals. I took ten samples in
each of five study sites, except for the Cross
Island Trail, where the terrain conditions
allowed me to only take seven samples.

FlG. 2. Map of Rotui sample site on Moorea,
French Polynesia. Points along line are the
random points from which the distance to
the nearest F. berfenana individual was
measured. The buffer is the 15 m on either
side of the trail that was searched.
Disperser o&serpations
Fruit doves are present on Moorea and in
order to see if they could be possible
dispersers of F. berteriana seed, I observed
birds on fruiting F. &erferiana individuals at
high and low elevation sites. On three days
in November, beginning between 5:40 and
6:15 AM, I observed fruiting F. Ferferiana
individuals for four hours. Observations were
conduced at two high elevation sites, Three
Coconuts Pass and Cross Island Trail, and at
the low elevation site, Marimari Keilum's
garden.
On the tree being observed in
Marimari's garden, I counted the total number
of F. berteriaMa fruits present and the subset of
these fruits that displayed evidence of
consumption by birds.
Germination Experiment
I attempted to germinate individual seeds
between moist filter paper in petri dishes by
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control, I left one tray with just sterilized soil
and no seeds.
In total, the germination experiments
involved approximately 160,000 seeds.
Anf dispersal
Fire ants colonized the untreated seed
experiments on 28 October, the second day of
the experiment. For approximately 12 hours,
they removed seeds from the experiment and
carried them away along their ant trail. 1
counted the number of seeds that the ants
carried past an arbitrary point on their ant
trail. Beginning at 4:00 PM on 28 October, 1
counted seeds for five minutes and I
replicated this interval 5 times, for a total of 25
minutes of observation.
Statistical analyses
I chose to use the continuous, plotless
density measure of the distance between a
random point and the nearest F. l?erfenana
individual instead of the defined area measure

ANOVA's for density versus substrate and
density versus sample site and employed
Student's t-test with a Bonferroni correction to
reveal which categories differed with
significance. All statistical analyses were
computed with JMP IN version 5.1.2.

RESULTS
Distri&MfioH
Five sites supported populations of > 20 F.
&erten'ana individuals. These five sites were
the Cross Island Trail, Muaputa, Tohiea, Three
Coconuts Pass, and Rotui (Figure 1). The F.
&erfcnana individuals found at these sites was
almost exclusively confined the ridge tops and
just down from the ridgelines. The low end of
the elevational range for natural populations
of F. bcrfcnana began at about 300 m and
extended to 700 m. Scattered individuals
occurred up to approximately 900 m elevation,
such as just below the summit of Rotui. F.
berfcriana grew along the coast of Moorea, but

TABLE 1. Fagraea. &erfcnaaa densities at five sites on Moorea, French Polynesia.
Site
Density (trees / ha)

Tohiea
244

Three Coconuts Pass
44

of the number of trees within a 5 m radius of
the sample tree because the plotless measure
is able to pick up changes in density on a
larger and finer scale than the fixed radius
method. To test the validity of this, I ran a
linear regression between the log of the
distances and the number of trees in the plots.
In order to obtain a normal distribution, I first
applied a log transformation of the distances
to the nearest F. FertenHMH individual.
Henceforth, the distances to the nearest F.
berferKHM individuals will be referred to as
density.
I ran linear regression analyses of density
and elevation, density and aspect, density and
height, and density versus slope. I ran

Cross Island Trail Rotui Muaputa
50
67
118

the instances in which this was observed were
all associated with cultivation of the plant as
an ornamental (Appendix 1).
FucfroKwenfal data

F. FerferMHH density, as calculated using
the nearest individual method, varied
between the five sites supporting >10
individuals (Table 1). I found F.
on
three different substrates: rock, rocky soil (soil
with numerous, large rocks), and soil. Out of
the 47 trees at the five sample sites for which
slope was measured, only 2 trees were
growing on <80% slopes. Seventeen of the 47
trees were found on >150% slopes. Heights of
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seeds. F. berteriana can germinate from seed
on Moorea. The untreated seeds were the
only seeds that germinated. One untreated
seed in soil sprouted on 7 November and a
second on 12 November. One untreated seed
on coconut bark germinated on 7 November
and four germinated on 11 November. No
other seeds germinated.
The three HC1
treatments exhibited the growth of a light
green mold in the soil around and on the
seeds.
Ant dispersal
FlG. 3. The log of the distance from a
random point to the nearest F. berteriana
individual versus the elevation at which the
measurement took place on Moorea, French
Polynesia.

The ants removed an average of 7 seeds per
minute from the untreated seed experiments.
Some ants were trapped on the trays when I
isolated the experiment within a moat. These
ants continued to move seeds around. By 17
November, they had removed virtually all of
the seeds from the coconut bark and cashed
them in the soil beneath the bark. Four of the
five germinations that occurred with the
coconut bark treatment took place under the
bark after ants moved the seeds there. One
occurred on the bark.

sampled F. berteriana ranged from 1 m to 12 m,
but the average height was 4.3 m. Aspect
measurements did not reveal that F. berteriana
was strictly confined in its orientation to the
sun.
Disperser observations
No birds were observed consuming F.
berteriana fruits at either the Three Coconuts
Pass or the Cross Island Trail site. While I did
not sight any birds on or near the observation
tree on Three Coconuts Pass, I did identify 5
Red-vented bulbuls, Pycnonotns ca/er, and 9
Silvereyes, Zosterops iateraiis, within a 5-meter
radius of the tree observed at the Cross Island
Trail site. At Marimari Kellum's garden, 6
Red-vented bulbuls and 5 Silvereyes
consumed F. berteriana fruits.
Eleven
additional Red-vented bulbuls and 41 other
Silvereyes were visitors to the observation
tree. Out of 80 F. berferiana fruits on the
observed tree, 40 displayed evidence of bird
consumption.

Statistical analyses
F. berteriana density was significantly
correlated with elevation (P=0.0013, R^=0.2082)
(Figure 3) and aspect (P=0.0458, R^=0.0876)
(Figure 4).
There was no significant
correlation of density and tree height
(P=0.9129, R2=0.0003) or density and slope
(P=0.2758, R2=0.0263).
Mean F. berteriana density did not differ
significantly by substrate type (P=0.8924,
R2=0.0061). Between some sites, density did
vary significantly (P=0.0113, R—0.2610).
Toihea differed significantly from Three
Coconuts Pass (P=0.0070) and the Cross Island
Trail (P=0.0036).

Germination experiment
D IS C U S S IO N

The average F. berteriana fruit size was 23.5
mm and this contained approximately 1200

Moorea hosts natural populations of F.
berteriana of considerable densities (Table 1).
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The tree density at Tohiea, the densest site,
was similar to the density of Douglas-fir (200
stems/ha) in an otd-growth, mixed-conifer
stand in the Sierra Nevada of Caiifornia, USA
(Ansiey and Batties 1998). These naturai F.
bcrteriaHH populations were generally confined
to at or just below ridge tops. Not once did I
find natural populations on lowland slopes.
F. berfcnaMG density increased with higher
elevations and with a more southerly
exposure to the sun (Figures 3 and 4). A rapid
increase in rainfall corresponds with moving
higher in altitude on high islands, such as
Moorea (Meyer and Florence 1996). On
Moorea, in the southern hemisphere, slopes
facing the northwest receive the most intense
solar radiation. This was the aspect with the
lowest F. bertenaMH density.
Higher F.
FerferzaMH densities were correlated with
increased rainfall and shade conditions.
Density only
differed significantly
between two pairs of sites: Tohiea and Three
Coconuts Pass and Tohiea and the Cross
Island Trail. Tohiea's F. berfenaMH population
reached 500 m, approximately 180 m higher
than the populations at Three Coconuts Pass
and the Cross Island Trail. This difference in
elevation may correspond with a drastic
difference in rainfall (Meyer and Florence
1996).
The observation that Red-vented bulbuls
and Silvereyes will consume F. berfenawH fruits
is a first step in a study of its dispersal. The
fact that these birds are also found where
there are natural populations of F. FericnanH
allows for the possibility that the birds may be
consuming the fruits there also. It is likely
that the seeds of F. Ferfenana on Moorea will
be viable after passing through a bird's
digestive tract since the plant is documented
as dispersed by pigeons in the Marquesas
(Petard 1986, Whistler 2001). Red-vented
bulbuls and Silvereyes are both introduced,
non-native birds on Moorea (Meyer and
Florence 1996). The bird that once may have
dispersed F.
on Moorea may now be
extinct.
There are nine native ant species present

129

on Moorea (Ledoux et al. 2006). Ant dispersal
of F. Ferfenana does not explain the growth of
the tree on rock substrate. I observed the ants
removing seeds from a non-soil substrate
(coconut bark) and storing them in the soil.
Germination on rock would be unlikely in the
case of ant dispersal.
Seven successful germinations out of
approximately 160,000 seeds is quite a low
germination rate. With 1200 seeds in the
average fruit, it may be that the germination
rate is really this low. Alternatively, it may be
that the partially shaded conditions in which
the experiment was conducted were not
optimal for germination.
The distribution of F. berfenana on Moorea

FlG. 4. The log of the distance from a
random point to the nearest F. FerfcnaKH
individual versus the aspect of the tree on
Moorea, French Polynesia.
is a patchy one, which may be indicative of
dispersal by frugivores (McConkey et al.
2004). The tree appears to thrive at high
elevations with shade and ample rainfall. This
study suggests that the germination rate of F.
berteriaMH is quite low. If the tree is dispersed
by birds, then very few of the dispersed seeds
develop.
Why natural populations of F. Ferferiana
are almost exclusively confined to the very
tops of ridges still remains to be explained.
Study of the viability of seeds after passage
through Silvereyes and Red-vented bulbuls
seems the next logical step that must be made
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APPENDIX A

Map of the sites searched on Moorea, French Polynesia. The white areas are where no F.
berfenana was found and the biack areas are where the tree was found.

FUNCTION, DESIGN, SCALING, AND SEXUAL DIFFERENCES OF
DIMORPHIC CHELAE IN THE LAND CRAB, CARDISOMA
CARNIEEX
TOM HATA
Integrative Biology, University of Cali/vrnia, Berkeley, Caii/bmia 94720 USA
Abstract. Crab chelae are a model system for studying the relationship between the
biomechanics of an organism's structure and its ecological role. This study investigated
how chelae dimorphism may correlate with specialization in function in the land crab
Cnrdisoma carni/i?x (Herbst 1791). This was achieved by comparing field observations of
preferential claw usage during diurnal activities to a mechanical model derived from
anatomical claw measurements, claw closing effort of captured specimens, and
calculations of expected closing force. Behavior, mechanical scaling, and effort were also
compared between males and females. Foraging, eating, and lead claw entering burrow
showed significant differences in claw use frequency. It was also found that the major
and minor claws scaled differently with respect to carapace length, with the major claw
displaying positively allometric scaling and the minor claw displaying near-isometric
scaling. Measurement of claw closing effort with respect to claw length showed high
correlation in male minor and female major claws.
In males, expected force
measurements showed a greater rate of growth in the minor claw than in the major claw
with respect to claw length, but in females, expected force in the major claw exhibited a
greater rate of growth. A possible explanation for the differences in design between
sexes may be that there are functional differences between male and female chelae, such
as the primary use of male minor claw and female major claw in gripping objects when
stressed.
Key tvords;

biomechanics; Brac/iyura; /Mncfiowai morphology; force generation; sexual

dimorphism
IN T R O D U C T IO N

Ecological
functions
of anatomical
structures are often closely tied to the
mechanical design of these structures. The
relationships between form and function have
been studied for centuries in many
vertebrates, invertebrates, and plants. Most
recently, arthropods-particularly crabs—have
been the focus of thorough investigation.
Crab chelae, or claws, serve many ecological
functions, such as foraging (Schenk and
Wainwright 2001), mate acquisition (Schenk
and Wainwright 2001), defense (Barnes 1974),
offense (Meglitsch 1972), and manipulating

objects (Meglitsch 1972).
Despite the
multipurpose nature of the chelae, they are
mechanically simple, and so they are a model
system for exploring the relationship between
morphology and ecology (Schenk and
Wainwright 2001).
Many Brachyuran crabs exhibit claw
dimorphism, which can often be attributed to
some specialization in function between the
claws.
The larger claw is commonly
designated as the "crusher" claw (major claw)
and the smaller claw is designated as the
"cutter" claw (minor claw). This dimorphic
design is assumed to be a tradeoff between
closing speed and force generation, with the

minor claw adapted for speed and the major
claw adapted for power (Schenk and
Wainwright 2001). The most extreme example
of claw dimorphism in crabs is observed in the
fiddler crab (family Ocypodidae, genus L/ca).
In this case, the claw dimorphism is also
sexually dimorphic, with only males
possessing a large major claw. In this case,
form of the major claw is a consequence of
sexual selection (Levinton and Judge 1993,
Levinton et a!. 1995, Levinton and Allen 2005).
Diet is also a factor associated with claw
design (Yamada and Boulding, 1997). Studies
have shown that crabs that feed on fast
moving prey have fast, relatively weak claws,
while crabs that feed on hard-shelled prey
have slow, powerful claws that operate at
higher mechanical advantage (Seed 1995,
Yamada and Boulding, 1997).
Cardisoma carnf/ex (Herbst 1791), a
member of family Gecarcinidae, is a
burrowing land crab that is common on the
island of Moorea, French Polynesia (Bickel
1997) as well as throughout the Pacific
(Denhoy and Battersby 1992). Adult crabs are
eight to thirteen centimeters in carapace width
(Denhoy and Battersby 1992), and they are
opportunistic scavengers, feeding on leaves,
plant parts, detritus, and mud (Bickel 1997).
C. caruzfex individuals of both sexes exhibit
dimorphic chelae. Although there have been
several studies on its ecology (Denhoy and
Battersby 1992; Bickel 1997; Cheng 2000;
Elitzur 2001), no claw mechanical studies have
been done, and it remains a poorly studied
species.
The main objective of this study was to
determine relationships between function,
closing force generation, and anatomical
scaling of the dimorphic claws in C. carnz/ex.
The first objective was to observe C. carni/ex in
the field in order to establish the ecological
roles of the major and minor claws. I expected
to see preferential usage of one claw over the
other depending on the activity. Another
objective was to determine whether there were
differences between the major and minor
claws in scaling of claw size relative to crab

size and in scaling of claw shape relative to
claw size. Based on a study of fiddler crabs by
Levinton and Allen (2005), 1 expected the
major claw to scale allometrically, while the
minor claw would scale isometrically.
Preliminary observations of crabs led me to
expect that the major claw would exhibit
changes in claw shape relative to claw size,
while the minor claw's shape would be
independent of size.
The third objective of
this study was to determine differences in
closing force generation between the major
and minor claws by measuring claw closing
effort and calculating expected closing force at
the claw tip by using a mechanical model
from anatomical measurements. Again, based
on Levinton and Allen's 2005 study of fiddler
crabs, I expected the major claw to
allometrically scale in force generation as a
function of claw length, becoming weaker
relative to an isometric scaling of force as claw
size increased. In contrast, I expected the
minor claw to scale isometrically in force
generation. The final objective of this study
was to determine whether there were
mechanical claw differences between sexes.
Since both sexes exhibited claw dimorphism, I
expected anatomical scaling and closing force
generation between sexes to be similar for the
major and minor claws.

F!G. L Map showing the location of the study site at
Gump Biological Research Station on Moorea, French
Polynesia (17°30' W Lat., 149°50'S Long.)

To stiffen muscles fibers to measure
closing muscle pennation angle, the claws
were then preserved in the closed position in
10% formol for at least 24 hours. The manus,
but not the dactyl, was then cut along line X-X
(Fig. 2a) using dissecting scissors for smaller
claws or a handsaw for larger claws. Dactyls
were removed carefully from the claw, since
the closing muscle apodeme usually remained
attached to the dactyl. In order to determine
pennation angle, the bottom portion of each
claw was placed over a vertical strip of tape,
with the area where the closing apodeme used
to lie placed along one edge of the tape. A
string tied to two dissecting pins was pinned
down across the claw, parallel to the visible
muscle fibers. The claw was then removed
and another piece of tape was placed down,
with one edge of the tape lying along the path
of the string. The string was removed and the
intersecting pieces of tape were digitally
photographed.
The pennation angle was
measured by using the program ImageJ to
determine the angle of intersection.

External Claw Measarenrenls

Externa! c!aw measurements and carapace
width were measured in order to determine
whether daw scaling was isometric or
aHometric. In order to prepare crabs for
dissection, they were put into containers of
seawater and placed in the freezer for
approximately two hours, or until they
stopped moving.
Crabs were sexed by
abdomen shape and their carapace widths
were recorded. For this study, carapace width
was used as a proxy for crab size. Claws were
identified as either major or minor and
separated from the rest of the body using
dissecting
scissors.
External
claw
measurements were chosen from Levinton
and Allen (2005). Claw length, dactyl length,
dactyl height, pollex length, manus height,
manus width, and manus length (fig. 2a) were
measured to the nearest .05mm using vernier
calipers.
Muscle Pennation Angie

Crab chelae can be described as a simple
lever system. Pennate muscles attached to an
apodeme contract to rotate the dactyl
(moveable finger) around a pivot point to
either open the claw or close it against the
pollex (fixed finger) (Levinton and Allen 2005)
(Fig. 2b). An interna! morphological property
that affects closing force is the pennation angle
(tx) of the claw closer muscle, which, in
arthropods, is the angle at which muscle fibers
connect to the apodeme (Schenk and
Wainwright 2001). The calculation of force in
relationship to pennation angle can be written
as (Schenk and Wainwright 2001):
Fm = A o sin 2tx

MMsde Cross-sectional Area

Force generation in equation 2 is
proportional
to
a
second
internal
morphological
property: muscle cross-

(2)

FtG. 3. Diagram of a major claw dactyl and
its closer apodeme. Forces and lever arms are
labeled for the closing lever system. Lin is the
in-lever, the distance from the pivot to the
apodeme joint perpendicular to muscle
contractile force Fm- Lout is the out-lever, the
distance from the pivot to the dactyl tip
perpendicular to force exerted at claw tip, F^.

Fm is the force exerted by the muscle, A is
the muscle cross-sectional area (MCA), and <?
is the stress generated per unit MCA. As the
equation
shows,
force generation
is
maximized as muscle pennation approaches
45° (Schenk and Wainwright 2001).
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sectional area, which is equai to apodeme area
(Levinton and Alien 2005). In order to
measure apodeme surface area, the closing
muscle apodeme was separated from the
dactyl after the dactyl was extracted from the
rest of the claw. The apodeme was then
scraped clean of muscle fibers and digitally
photographed along with a known scale.
Using these photographs, ImageJ (Rasband,
2006, National Institutes of Health), was used
to calculate the apodeme surface area. Surface
areas of excessively damaged apodemes were
not included.

Force CaicMlahon
Expected maximum closing force at the tip
of the claw (Fc) was determined by first
calculating the expected maximum force
exerted by the claw closing muscle (Fm) using
equation 2. For the maximum stress value (cr),
200 kilopascals was used. Testing of isometric
stress has shown that this value is relatively
constant among a variety of animals (Vogel
2003). As Fm is the force input and Fc is the
force output in the closing lever described in
figure 3, Fm can be determined by multiplying
Fc by mechanical advantage (MA).

Mechanical Advantage
Fc = MA Fm

The force generated by the muscle is
transmitted through the lever system, where
the mechanical advantage (MA) of the lever
system becomes yet another morphological
factor that influences closing force. In a lever
system, lever-arm length is the distance from
the fulcrum to the force vector, perpendicular
to the force. MA is determined by the relative
proportion of lever-arm length (in-lever/outlever) (Levinton and Allen 2005). Values of
MA greater than one represent a proportional
increase in force exerted on the load and a
corresponding decrease in velocity in moving
the load, while MA values less than one
represent a decrease in force exerted and
increase in velocity (Vogel 2003).
In order to measure mechanical advantage
of the closing lever system, the in-lever and
out-lever of the lever were measured, as
shown in figure 3. In-lever distance was
measured from the pivot point to the middle
of the thick, central line of the apodeme,
perpendicular to this central line. Out-lever
distance was measured from the pivot point to
an imaginary line perpendicular to the dactyl
tip, parallel to the dactyl tip. Measurements
were taken using vernier calipers to the
nearest .05mm. Mechanical advantage was
calculated using equation x.

(3)

Statistical Analysis
To obtain claw use frequencies, claw
usage data were grouped by time of day
recorded and summed together within each
group. This avoided an overabundance of
frequencies of 1 due to small sample sizes. For
each size class, claw usage was sorted by
activity. For each activity, claw usage for
major claw, minor claw, and both claw were
divided by the total claw usage for that
activity to obtain a frequency of claw usage.
In order to determine whether different
activities had different frequencies of claw
usage, the claw usage frequency data were
analyzed using Kruskal-Wallis tests for group
differences and Tukey-Kramer HSD for
multiple paired tests. The Tukey-Kramer tests
were corrected for multiple tests at the .95
significance level. Kruskal-Wallis tests were
used, because data was not normally
distributed, even with transformations. For
this analysis, the groups used were the six
observed activities, the response was claw
frequency, and the tests were done by claw.
The activity "lead claw entering burrow" was
removed as a group for the analysis of both
claws used, because it is physically impossible
for these crabs to enter their burrows with
both claws leading.

137

frequency for fighting was significantly higher
than frequencies for lead claw entering
burrow, foraging, eating, and removing dirt.
Also, usage frequency during threat display
was significantly higher than the frequency
during eating. Finally, minor claw frequency
of usage in "lead claw entering burrow" was
significantly higher than the other five
activities.
For Kruskal-Wallis tests of claw usage by
activity, eating (p=0.0244), foraging (p=0.0025),
and lead claw entering burrow (p<0.0001)
showed significant differences in claw usage
(Appendix B). For the activity of eating, the
frequency of use of both claws was
significantly higher frequency than the
frequency of use of just the major claw. As for
foraging, both claws were used at a
significantly higher frequency than both the

To determine whether daw frequencies
differed within activities, the usage frequency
data was once again analyzed using KruskalWallis test and Tukey-Kramer HSD. The
groups used were the three categories of claw
use, the response was claw frequency, and the
tests were done by activity. For the analysis of
the activity "lead claw entering burrow", the
group "both claws" was removed for the same
reason stated in the previous paragraph.
Kruskal-Wallis and Tukey Kramer HSD were
also used to compare relative frequencies of
claw usage for ambidextrous activities.
Linear regressions of log-log plots were
used to analyze scaling of the anatomical and
mechanical data.
AM regressions were
performed by sex in order to determine if
there were differences in scaling between
sexes. Excluding the field data, all other data
were log transformed. First, claw size was
analyzed as a function of carapace width.
Next, all other measurements (external claw
measurements,
indentation
volume
of
polystyrene, apodeme surface area, pennation
angle,
measurements
of
mechanical
advantage, effort exerted, and calculated
closing force) were analyzed as a function of
claw length. For measurements showing no
linear correlation for either claw of either sex,
measurements were analyzed using KruskalWallis and Tukey HSD tests, grouped by claw
and sex. Specifically, this was done for
measurements of mechanical advantage.
RESULTS

FtG. 4. Claw use frequency of ambidextrous
feeding, grouped by claw. Means and quantiles
are shown for each group. Analysis by KruskalWallis test showed significant difference
between treatments (p=0.0027).

FieM Observations
Kruskal-Wallis tests showed that for each
category of claw use, claw usage frequencies
were significantly different between activities
(p<0.0001 for both claws used, p=0.0198 for
major claw, and p=0.0008 for minor claw)
(Appendix A). For activities performed using
both claws, the usage frequency of removing
dirt was significantly higher than those of
threat display, and fighting. For activities
performed using only the major claw, usage

major claw and the minor claw used alone.
Finally, for lead claw entering burrow, minor
claw frequency of usage was significantly
higher than major claw frequency.
Eating was the only ambidextrous activity
observed where relative usage rates between
claws could be measured. Kruskal-Wallis test
showed the usage rate between major and
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minor ciaw to be significantly different
(p=0.0024), with minor claw usage frequency
(0.621) significantly higher than major claw
usage frequency (0.379) (Fig. 4).

to the CW'°4 (R2=1.04). Excluding female
major claw manus width, scaling of external
claw measurements ranged from CL°s?7 to
CH MR(Appendix C). Scaling for female major
claw manus width is claw length to the CL°-^
(R2=0.974) (Appendix C).

Closing E^brf
M uscle Pennation A ngie

Linear regressions of log-log plots of
volume of polystyrene indentation as a
function of claw length showed that in males,
there was no correlation with the major claw
(p=0.7275) but there was a strong correlation
with the minor claw (p<0.0001) (Fig. 5). In
contrast, females exhibited no correlation with
the minor claw (p=0.1308) but did exhibit
strong correlation with the major claw
(p=0.0069).

Linear regressions of log-log plots of
muscle pennation angle as a function of claw
length displayed no correlation in males
(major: p=0.438; minor: p=0.735), but
displayed strong correlation in females (major:
p=0.0264; minor: p=0.0345) (Fig. 7). Female
major claw closing muscle pennation angle
scaled to CL^RM (R2=0.4382) and minor claw
pennation angle scaled to CL °^4 (R2=0.7352)
(Appendix C).

External Claw Measurements
M uscle Cross-sectional A rea

Linear regressions of log-log plots of claw
length (CL) as a function of carapace width
(CW) and external claw measurements as
functions of claw length displayed strong
correlations (p<0.05) (Fig. 6) for both sexes.
For males, the major claw scaled to C W ^s
(R—.991) and the minor claw scaled to CW^2
(R—.988). For females, the major claw scaled
to CW12M(R2=1.21) and the minor claw scaled

Linear regressions of log-log plots of
apodeme surface area as a function of claw
length showed strong correlations in both
major and minor claws of males and females
(p<0.05) (Appendix C). In males, major claw
apodeme area scaled to CL'^s (R2=0.629) and
minor claw apodeme area scaled to CL2°&*
(R2=0.922). In females, major claw apodeme

FtG 5. Log-log plot of volume of polystyrene indentation as a function of claw length. Indentation
volume was used as a measure claw closing effort. In males, the major claw displayed poor correlation
(n=14, p=0.7275), and the minor claw displayed high correlation (n=!2, p<0.0001). In females, the
major claw displayed high correlation (n=7, p=0.0069), and the minor claw displayed poor correlation
(n=7, p=0.1308).

F!G. 6. Log-log plot of the claw length as a function of carapace width. In males, both the major claw
and the minor claw displayed high correlations (n=17, p<0.0001 for both graphs). In females, the major
claw and the minor claw exhibited high correlations as well (n=7, p<0.0001 for both graphs).
scaled to CL'°si (R2=0.976). In females, major
claw in-lever scaled to claw length to C L °^
(R2=0.974) and minor claw in-lever scaled to
CL' Ms (R2=0.935). Major claw out-lever scaled
to CL°9S9 (R2=o.939) and minor claw out-lever
scaled to CL' °-6 (R—0.994).
Kruskal-Wallis test and Kramer HSD
analysis of mechanical advantage showed that
MA in male and female major claws was
significantly higher than MA in male and
female minor claws (Fig. 8). MA in female
major claws was also significantly higher than
MA in male major claws.

area scaled to CL' ^ (R2=0.896) and minor claw
apodeme area scaled to CL'^° (R-=0.785).
Mechanical Advantage
Linear regressions of log-log plots of the
in-lever, out-lever, and mechanical advantage
as a function of claw length showed strong
correlations for in-levers and out-levers in
both major and minor claws of males and
females (p<0.05), but showed almost no
correlation for mechanical advantage for any
claw of either sex (Appendix C). In males,
major claw in-lever scaled to C L °^ (R-=0.983)
and minor claw in-lever scaled to CL"2
(R-=0.976). Major claw out-lever scaled to
CL0936 (Ri=0.985) and minor claw out-lever

Force Calculation
Linear regressions of log-log plots of
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expected maximum closing force as a function
of ciaw iength showed strong corrections in
both major and minor ciaws of maies and
femaies (p<0.05) (fig. 9). In males, major claw
force scaled to C U ^ (R^=0.893) and minor
claw force scaled to CL^** (R2=o.845). In
femaies, major claw force scaled to
(R2=.943) and minor claw force scaled to CU ^
(R2=0.719).
D IS C U S S IO N

My results show that there are strong
anatomical and mechanical differences
between the major claw and minor claw. The
major claw length scaled allometrically as a
function of carapace width, and several
external
claw
measurements
scaled
allometrically as functions of claw length as
well. The minor claw, however, appeared to
scale nearly isometrically with respect to both
claw length against carapace width and
external measurements against claw length.
Positively allometric scaling of the major
claw not only demonstrates that the claw
becomes proportionally larger relative to the
carapace as size increases, but it also shows
that there is some degree of shape change as
claw size increases. For both sexes, there are
relative increases in dactyl and pollex length

FlG. 7. Log-log plot of pennation angle as a
function of claw length in females. . Both the
major claw (n=7, p=0.0264) and the minor claw
(n=7, p=0.0345) exhibited strong correlations.
The graph for pennation angle in males is not
shown, because both claws exhibited poor
correlations.

and a relative decrease in manus length with
respect to increasing claw length. Empirically,
I also observed that the curvature of the dactyl
seemed to increase, as well as the relative
slenderness of the dactyl and pollex when
compared to the claw size. On the other hand,
the nearly isometric scaling of the minor claw,
especially so in males, shows that minor claw
shape is relatively independent of claw size.
Measurements of internal anatomy also
exhibited differences in scaling. An example
of this is apodeme surface area, which is also
defined in this study as the muscle crosssectional area. As equation 1 showed, force
generation at the muscle is directly
proportional to muscle cross-sectional area.
Analysis of regression involved correlating an
area as a function of a distance, so for
isometric scaling the expected value would be
CLL Scaling of apodeme surface area in the
major claw was negatively allometric, which
suggests that unless there were other
compensating factors, larger claws were
weaker per square of unit length. However,
the minor claw apodeme in male crabs scaled
very close to the 2"<* power in males, so it

FlG. 8. Mechanical advantage (MA) of
claws grouped by claw and sex, showing
Tukey Kramer HSD analysis. Means and
quantiles are shown for each group. KruskalWallis test showed significant difference
between treatments (p<0.0001). The major
claw treatments in both sexes were
significantly greater than minor claws
treatments in both sexes. Female major claw
treatment was also significantly greater than
male major claw treatment (ot=0.05)

F)G. 9. Log-tog ptot of expected claw dosing force at daw tip as a function of daw length. In
males, both the major daw (n=13, p<0.0001) and the minor daw (n=13, p<0.0001) displayed high
correlations . In females, the major daw (n=7, p=0.0003) and the minor claw (n=6, p=0.0330) exhibited
high correlations as well.
(45.141°) than the mean pennation angle for
the major claw (53.407°). Thus, in this respect
the minor claw closing muscle is more
efficient in generating force than the minor
claw muscle in males.
Female measurements of pennation angle
provided an unexpected result. In females,
there are strong correlations between
pennation angle and claw length.
It is
important to note that for this study, there was
a low female sample size, with only seven
females measured.
The smallest female
measured had pennation angles of 53.255°
major and 47.095° minor and the largest
female had pennation angles of 46.701° major
and 41.643°. This shows that as female crabs
increase in size, force generation efficiency in
terms of pennation angle moves from favoring
the minor claw to favoring the major claw.
The decreasing pennation angle can be

could be considered isometric. Female minor
claw closing apodemes scaled more negatively
isometrically than did female major claw
closing apodemes, which raises an issue of
differences between sexes which will be
discussed later in the paper. The male minor
claw's isometric scaling means that, with
regard to muscle cross-sectional area, force
generation per square of unit claw length is
independent of crab size.
As mentioned earlier, there are potentially
several factors that could provide force
generation compensation for negatively
allometric scaling of muscle cross-sectional
area. One such factor is the muscle pennation
angle, which maximizes force production as it
approaches 45°. In males, no correlation was
found between pennation angle and claw
length. However, the mean pennation angle
for minor claw was closer to the ideal 45°
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partially explained by observing the
anatomical scaling of the manus width (CL°^)
in relation to the scaling of the manus length
(CL0.S86) Division of manus length scaling by
manus width scaling results in a ratio of
CL°n2, which may be a significant difference
in scaling. Thus, with the manus length
growing much more rapidly than the width,
pennation angle may have to decrease in order
for the muscle to fit inside of the manus.
However, this explanation would not apply to
the female minor claw, as the ratio of scaling
for manus length to manus width is CH°°57
An expected result of this ratio would be that
pennation angle would increase with an
increase in claw length. However, this ratio
may not be large enough to significantly affect
pennation angle, and lack of correlation in
male pennation angle shows that the ratio of
scaling for manus length to manus width may
not necessarily have a large effect on
pennation
angle.
More
accurate
measurements of pennation angle and larger
sample sizes may show that like males,
pennation angle does not scale in females
relative to claw size.
Mechanical advantage is not a factor that
determines force generation, but rather it
affects force transmission and amplification
from muscle to claw tip. It may be important
to note that my method of measuring
mechanical advantage differs from the
methods of previous studies.
When I
measured mechanical advantage, the two
lever arms I measured were perpendicular to
the contractile force and the load. This runs
contrary to previous studies of mechanical
advantage in crab claws, which have
measured from the pivot point to the tip of the
claw for the
out-lever, which is not
necessarily perpendicular to the load(see
Yamada and Boulding 1997, Schenk and
Wainwright 2001, Levinton and Allen 2005),
which may lead to inaccurate values of
mechanical advantage. This may also have no
significant effect when comparing relative
values, but it would affect calculations of
predicted force. No correlation was found

between mechanical advantage and claw
length. This could be attributed to variability
in claw shape between crabs. However, one
way analysis of mechanical advantage showed
significant differences between major and
minor claws by sex. As observed by Levinton
and Allen (2005) and Schenk and Wainwright
(2001),
mechanical
advantage
was
significantly higher in the major claw than in
the minor claw. This supports the "crusher
and cutter" model, where the major claw is
designed to be more powerful by being
physically larger of the two claws and by
operating at higher mechanical advantage.
Recent studies, however, have not
explored sex differences in mechanical
advantage within species that exhibited
dimorphism in both sexes. No significant
difference was found between the minor claw
MA values between sexes, which suggests
similarity in design in this respect. However
major claw MA was significantly different
between sexes, and female major claws
operated at a significantly higher mechanical
advantage.
This may correlate with
differences in major claw function between
sexes. Although it was almost impossible to
positively identify the sex of crabs observed in
the field, I mostly observed territoriality in
male crabs, judging sex by claw and carapace
size, as well as claw shape. These crabs
exclusively fought using their major claws.
Assuming that females do not exhibit the
same degree of territoriality, perhaps male
major claw design may be additionally
influenced by pressure exerted by sexual
selection. In fiddler crabs, it was found that
major claw MA decreased and claw closing
speed increased as claw size increased
(Levinton and Allen 2005). Levinton and
Allen concluded that this decreased MA was
related to the increased closing speed and that
faster claws may be advantageous during
fights between males. While C. carni/ex does
not exhibit scaling of MA in its claw closing
system, Levinton and Allen's conclusions may
be a possible explanation for lower MA values
in the male major claw. Even if the male claw
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predominantly used to clamp on to various
objects when the crab is stressed. This was
witnessed on several occasions when male
crabs would grab tightly onto nearby objects
primarily using their minor claws while being
handled, holding onto these objects for
minutes at a time.
In females, the opposite phenomenon was
observed, with major claw effort displaying
high correlation and minor claw showing poor
correlation. In this case, the major claw may
be better adapted to prolonged clamping than
the minor claw due to a variety of factors.
Muscle cross-sectional area grows more
rapidly in the major claw than in the major
claw and pennation angle approaches the
ideal 45° in the major claw as claw size
increases in females. Also, it appears that
female major claws do not exhibit the same
exaggeration of major claw shape present in
males. This may be due to the fact that
extremely large females were not found, but it
may also be true that extremely large females
do not exist. These differences in effort
between sexes may suggest that there might
be functional claw differences between sexes.
Scaling of expected claw closing force
once again displays similarities between the
major claw of one sex and the minor claw of
the other sex. In males, expected force in the
minor claw scaled with claw length to a
greater exponent than the major claw. In
females, the expected closing force of the
major claw grew more rapidly with respect to
claw length than the minor claw. If we accept
the previously mentioned notion that the male
minor claw and female major claw are
primarily responsible for strongly gripping
onto objects when the crab is stressed, then
larger increases in force generation for those
claws would be more beneficial to the
organism's performance than if closing force
scaled in a different manner. The data also
showed that out of the four claw and sex
combinations, the male minor claw exhibited
the greatest rate of growth.
A possible
explanation for this is that the minor claw's
high rate of growth compensates for the

design did not assist in maie-to-maie fighting,
its exaggerated length may be important as a
form of dispiay. In larger maies, it appeared
as if the dactyl and pollex of the major claw
became disproportionately long and slender.
A disproportionate increase in length with
respect to height would cause a likely decrease
in mechanical advantage.
Differences in claw performance based on
sex are confirmed by measurement of effort.
Recent studies used direct measurements of
claw closing force to compare claw differences
(Levinton and Judge 1993, Levinton et al. 1995,
Yamada and Boulding 1998, Levinton and
Allen 2005), but this option was unavailable
during this experiment. Instead, effort, an
indirect measurement of force, was used. It is
important to note that during these tests, it is
very likely that the crabs acted under varying
degrees of motivation. This means that this
test was by no means a measurement of
maximum effort, but rather a measure of effort
that the crabs chose to exert. In males, minor
claw effort displayed high correlation as a
function of claw length, while major claw
effort displayed very poor correlation. A
predicted result would be that both the major
and minor claws would exhibit correlations of
effort with respect to claw length, and that the
correlations would be distinct from each other.
A possible explanation for the major claw's
poor correlation may be that relative to the
minor claw, the major claw requires more
energy to operate.
Depending on how
threatened it felt, the crab may not be inclined
to clamp down using full force, especially if it
had to do it over a time interval. Another
possible reason may be that the structural
design of the larger major claws may not be
able to support a full exertion of force at the
tip. As noted earlier, the dactyl and pollex
become relatively long and slender as claw
size increases, to the point where they appear
relatively fragile. If this were the case, then
crabs may be more inclined to exert some
closing force that is less than their maximum.
This may also show a functional difference
between claws, where the minor claw could be
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removing dirt from the burrow during
digging is also an activity where both claws
were observed to be used at the same time.
This is most likely due to the fact that carrying
out dirt with both claws at once would be the
most efficient way to do this activity.
Unlike the previously discussed activities,
eating appears to favor the use of the minor
claw. Although the activity was done most
frequently using both claws, with the
exclusive use of the minor claw second in
frequency, the minor claw was used more
significantly more frequently than the major
claw during ambidextrous feeding.
A
possible explanation for this is that the minor
claw is more efficiently designed for this
activity, such as in its ability to shred food. It
may also be more energetically favorable to
use the minor claw; since it is smaller, it may
require less energy to operate. On several
occasions while observing feeding in the field,
I saw crabs picking at grass and eating with
both claws. Although the minor claw was
used more frequently, it seemed as if the
major claw was primarily used to pull out
tougher grass. In other words, the crabs used
the additional force generated by the major
claw during feeding when it was needed,
instead of using it as often as it used the minor
claw. The simultaneous use of the major and
minor claws also shows how the two claws
can overlap in function. Other than the
activity of fighting, of which there was not a
statistically significant sample size, it
appeared that there were no activities that
were claw exclusive.
Although the field observations provide a
general idea of how C. carwi/ex uses its major
and minor claws in nature, the design of the
study has provided limited insight as to the
direct relationship between claw usage as a
function of crab size (due to limited sample
size) or as a function of sex (due to the
difficulty of identifying sex in the field).
Future studies of crab behavior may
involve more vigorous observations of activity
in order to determine functional differences by
size or sex. One set of activities I could not

relatively low value of force that the minor
claw could potentially generate when
compared to the major claw.
Regardless of sex, the major claw did
appear to be important in the role of attack
and defense.
In observed crabs, threat
displays were primarily made using primarily
what seemed like body size to intimidate
other crabs. If the degree of threat display
escalated, then the major claw was thrust
forward, often culminating in a fight between
crabs, which exclusively involved their major
claws. The defensive value of the major claw
can perhaps be observed by the orientation of
the crabs as they enter their burrows. Crabs
entered their burrows with their major claw
facing the entrance significantly more often
than with their minor claw facing the
entrance. Although there are many possible
reasons behind this, one reason may be that
having the major claw at the entrance may
provide a greater threat deterrent than the
minor claw would. Other possibilities include
that the crabs dig with their minor claw, that
they eat stored food with a certain claw, or
that the crabs are simply programmed to enter
their burrows in this manner. An unexpected
observation was made several times in the
field, when crabs would exit their burrows in
one orientation and enter their burrows in the
opposite orientation. Again, there could be
various explanations for this phenomenon,
including the importance of orientation for
various activities while inside of their burrows
or perhaps the lack of importance of
orientation.
While the major claw may be important
for attack and defense, the use of claws in
other activities seems to be more dependent
on both claws being used in conjunction.
When crabs foraged, they most often used
both claws to secure their grip on their food.
This may be attributed to the fact that there
was high competition for food at the two
study sites, so foraging crabs needed to secure
their food and run back to their burrows as
quickly as possible to prevent their food from
being stolen by other crabs. The act of
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observe was the act of digging as weH as other
activities performed whiie crabs were in their
burrows. Correlating this information with
biomechanical data could provide further
insight in the relationship between claw
design and function. Future biomechanical
studies could involve direct measurements of
closing force using devices such as force
transducers and measuring claw closing
speed. Also, similar studies could be done on
the other species of crabs present on Moorea.
In summary, the dimorphic chelae in C.
cami/ex displayed differences in function,
anatomical scaling and force generation. In
addition, although sexual dimorphism may
have seemed subtle at first, many differences
in claw design were found between sexes, and
possible differences in function could be
inferred. Through this study, we saw how
mechanical design related to ecological
function through correlations between
dimorphic structures and their functional
specialization.
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APPENDIX A
Kruskal-Wallis test and Tukey-Kramer test analysis of claw use frequency against observed activity. *
signifies a Kruskal-Wallis P-value between .001 and .05, ** signifies a P-value over .05.
Activity
Removing Dirt
Foraging
Eating
Threat Display
Fighting
Fighting
* Major Claw
Threat Display
Lead Claw Entering Burrow
Foraging
Eating
Removing Dirt
Minor Claw Lead Claw Entering Burrow
Eating
Foraging
Threat Display
Fighting
Removing Dirt

Claw(s) Used
Both Claws
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Mean Freq
Group
1.000
A
0.590
A B
0.500
A B
0.214
B
0.000
B
1.000
A
0.595
A B
B C
0.228
B C
0.218
0.132
C
B C
0.000
0.772
A
0.368
B
0.192
B
0.190
B
B
0.000
B
0.000

APPENDtX B
Kruskal-Wallis test and Tukey-Kramer test analysis of claw use frequency against ciaw(s) used, by
activity. * signifies a Kruskal-Wallis P-vaiue between .00 i and .05, ** signifies a P-vaiue over .05.

Treatment
* Eating

Threat
Display

Foraging

Lead Ciaw
Entering
Burrow
**

Removing
Dirt

**

Fighting

TukeyKramer
Test
Both Claws
Minor Claw
Major Claw

Group
A
A B
B

Major Claw
Both Claws
Minor Claw
Both Claws
Major Claw
Minor Claw

n/a
n/a
n/a
A

Minor Claw

A

B
B

Major Claw
Both Claws
Both Claws
Major Claw
Minor Claw
Major Claw
Both Claws
Minor Claw
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0.595
0.214
0.190
0.590
0.218
0.192
0.772

B

n/a
n/a
n/a
n/a
n/a
n/a

Mean
Frequency
0.500
0.368
0.132

0.228
n/a
1.000
0.000
0.000
1.000
0.000
0.000

APPENDIX C
Scaling of claw measurements as a function of claw length. Scaling is reported as exponent (e) of base
carapace length (CL) to which the measured parameter (X) scales in the equation:
X=bCL"
b is a constant. * signifies a P-value between .001 and .05, ** signifies a P-value over .05.
Claw
Major

Minor

Measurement
dactyl length

Sex
Male
*
Female
dactyl height
Male
Female
Pollex length
Male
Female
manus height
Male
Female
Manus length
Male
Female
Manus width
Male
Female
in-lever
Male
Female
out-lever
Male
Female
** MA
Male
**
Female
* apodeme area
Male
*
Female
** muscle pennation angle Male
*
Female
dactyl length
Male
Female
Male
dactyl height
Female
Male
Pollex length
Female
manus height
Male
Female
Male
Manus length
Female
Male
Manus width
Female
in-lever
Male
Female
out-lever
Male
Female
** MA
Male
**
Female
apodeme area
Male
*
Female
** muscle pennation angle Male
*
Female
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e
1.102
1.148
0.966
1.068
1.091
1.139
0.966
0.939
0.901
0.886
0.928
0.773
0.962
0.986
0.936
0.989
0.027
-0.003
1.798
1.609
-0.048
-0.204
1.094
1.073
0.974
1.046
1.109
1.108
0.959
0.960
1.050
0.877
0.904
0.934
1.124
1.248
1.082
1.026
0.042
0.222
2.084
1.420
0.039
-0.234

Ri
0.996
0.848
0.985
0.965
0.978
0.960
0.981
0.989
0.969
0.956
0.971
0.974
0.983
0.974
0.985
0.939
0.075
0.000
0.629
0.896
0.051
0.660
0.988
0.999
0.985
0.986
0.937
0.992
0.963
0.625
0.866
0.961
0.992
0.939
0.971
0.935
0.976
0.994
0.017
0.282
0.922
0.785
0.010
0.624

ONTOGENY OF DEFENSE:
DOES LIFE HISTORY AFFECT PREDATOR RESPONSE BEHAVIOR IN THE
PYGMY OCTOPUS, OCTOPUS BOCXI?
J U L IE E . H IM E S

lufegrahuc Biobgi/, University o/Caii/br;;ia, Berkeley, Caii/brnia 94720 USA
Abstract. Organisms experience physioiogicai and ecoiogica! changes during
ontogenesis, and studies have shown that such changes have an impact on behavior over
the iife cycle. However, little is known about how octopus behavior changes during
ontogeny. The pygmy octopus, Octopus bocki (Adam 1941), expresses differences in
chromatophore development and mantle length between developmental stages. These
changes may be important in predator defense, therefore 1 hypothesized that predator
response behavior also changes over the life cycle. Timed interactions between an
octopus and a fish predator were used to compare the behaviors and color displays
exhibited by three different size categories of O. bocki; juvenile, sub-adult, and adult.
Color display diversity was analyzed using the Shannon-Weiner diversity index. The
analysis revealed a negative correlation between color display diversity and size during
predator interactions, supporting the hypothesis that behavior changes over the life
cycle. Counter-intuitively color display diversity decreases while chromatophore
development increases. To broaden the context in which behavior was examined,
interactions between adult O. bocki were used to investigate how adults use color
displays. The number of color/texture combinations was graphed to compare displays
expressed during predator interactions with those expressed during intraspecific
interactions. A Wilcoxon test revealed that adult O. bocki used significantly more color
and texture displays during intraspecific interactions than during predator interactions. 1
concluded that adult octopuses use color displays for communication rather than
predator defense and that these displays change during ontogenesis.
Key words.* ontogeny; behavior; coinmnnicnhon; Octopus bocki; pygmy octopus; predator
response; Moorea, Trend; Polynesia
density (Packard 1985). These physiological
changes may influence predator response
behavior; for example, Hanlon and Messenger
(1988) suggest that the use of chromatophores
and iridophores differs between juvenile and
adult cuttlefish, Sepia q/jficina/is (Linnaeus
1758). Juvenile cuttlefish were more likely to
exhibit inappropriate body patterning when
placed on a uniform background than adults.
Like cuttlefish, octopuses also have the ability
to change color, pattern, and texture, yet little
is known about the ontogenetic changes in
octopus behavior.
In order to study the ontogeny of octopus
predator response behavior, Octopus bocki
(Adam, 1941) was used as the model species.
This species is a pygmy octopus commonly
found in shallow coral rubble on reef crests
around Moorea, French Polynesia. Because O.
bocki reproduces year-round (Cheng 1996), it
was possible to collect juvenile, sub-adult, and

IN T R O D U C T IO N

Predator avoidance is critical during any
stage in an organism's life. Juvenile animals
that cannot depend on parental protection are
under strong selection pressure to exhibit fully
developed predator avoidance behavior at an
early age (Impekoven 1976, Miller and Blaich
1986, Goth 2001). Because some organisms
change drastically as they age, altering size,
appearance, and even habitat, that predator
response behavior may also change during the
life cycle is not surprising. The ontogenetic
aspect of behavior has been studied in social
organisms such as mammals, birds, and
insects (Pongracz and Altbacker 2000, Mondor
and Roitberg 2002), however little is known
about how behavior changes over the
ontogenetic stages of solitary marine
invertebrates.
A cephalopod's life cycle involves changes
in body size and chromatophore number and
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adult individuals simultaneously, facilitating
life history studies.
During preliminary observations, adult O.
exhibited a large variety of possible color
patterns while sub-adults and juveniles were
more limited in the range of displays they
could produce. This physiological difference
reflects Packard's (1985) findings that
chromatophore number and density increases
over the life cycle of cephalopods. These
observations led to the hypothesis that adult
O. &ocAr will show a wider range of color
patterns in response to a predator than
immature individuals. My goals were to
determine whether ontogeny affects the way
in which an octopus responds to a fish
predator, and also to investigate how color
patterns and texture are used in O. &och.

juvenile (five mm or less), sub-adult (six to
nine mm), and adult (ten mm or larger).
Juveniles and sub-adults were kept in plastic
cups and adults were kept in Tupperware
containers. Each cup or container was covered
with a lid to prevent escape. Seawater in the
cups and containers was taken directly from
the ocean and changed twice daily. Adults
and sub-adults were fed crustaceans collected
from the rubble, and juveniles were fed
plankton or minute crabs each night. Factors
such as temperature, light, salinity, and pFf
remained uniform for all animals.

METHODS

Octopus collection

The specimens for this study were
collected from three sites: the reef by the
village of Maharepa and two locations on the
Vaipahu reef crest (Fig. 1). These sites were
chosen based on the abundance of O. Foclri
found in previous studies (Pearson 1994,
Cheng 1996).
Site 1 is close to the Gump Research
Station and very shallow (0.5 m) with many
exposed slabs of coral rubble. Sites 2 and 3 are
deeper (3 m) and had to be accessed by boat.
At Site 1, four large garbage cans were placed
on flat exposed coral rubble on the reef crest at
wading distance from each other. A nonporous cinderblock was placed at the bottom
of each can. Pieces of coral rubble were then
selected from the surrounding crest and
stacked in the cans. The rubble drained for at
least 30 minutes and no more than 45 minutes,
allowing the octopuses and other organisms to
crawl into the shallow pool of water that
collected at the bottom of the can. After 30
minutes the rubble was removed and replaced
on the reef. Octopuses and potential food
items such as crustaceans were collected in
sealed containers and transported to the
laboratory.

FlG. 1. Three collection sites were
located on the Vaipahu reef crest
(Sites 1 and 2) and the Maharepa
reef (Site 3), Moorea, French
Polynesia.
Respouse io predators

A transparent 19-liter observation tank
was used for experimentation. The sample
size was 21 - seven octopuses per age group.
An octopus was placed in a small empty
transparent jar with many holes to allow
water flow, and set in the middle of the tank.
Opaque barriers surrounded the observation
tank so that no outside stimuli could disturb
the octopus. A small window (eight x five cm)
was cut to allow observation with minimal
disturbance. The octopus acclimated for at
least 30 mins, at which time a fish was added
to the tank for a ten minute timed trial. I
assumed that any species of fish is perceived
as a predator to the octopus, whether it
naturally eats octopuses or not. The species of
fish used in these experiments was the
blacktail snapper, LMf/auHS /tduus (Scneider
1801).
During the ten minute trial,

Octopus care

A dissecting microscope was used to
determine sex (by the presence of the
hectocotylized third right arm on males) and
mantle length (from the center of the eyes to
tip of mantle). The octopuses were separated
into three categories based on mantle length:
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observations on the movements, color
changes, texture, and other behaviors such as
inking were recorded using voice recording
software. These behaviors aiong with
descriptions of each are listed in Table 1. The
fish were kept up to four days before release.
The order of experimentation was randomized
using Excel's random number generator, and
the test was repeated three times per octopus.
Experiments took place during the day, and to
avoid stress no single octopus was tested more
than once per day.
TABLE 1. N a m e s a n d d e s c rip tio n s o f b e h a v io rs
o b s e rv e d d u r in g in te ra c tio n s b e tw e e n O.
hoch: a n d a fish p re d a to r.

Behavior
Colors
Red
White
Red With
White
Spots
Flickering
Red
Flickering
Blue
Flash Red
Textures
Smooth
Mantle
Papillae
Eye
Papillae
Movements
Still
Crawling
Positions
Normal
Ballooning

Other
Inking

Response to iutruspeci/i'cs
To observe chromatophore usage during
intraspecific interactions in adult O. hoch, an
adult was added to the home container of
another adult. Hiding places such as coral
pieces or shells were removed from the home
container before the second adult was added.
The different colors and textures displayed by
the resident adult were observed and recorded
for five minutes. Testing was performed
during the day, and each adult was observed
interacting with every other adult.
Data analysis
The average percent time each age group
spent exhibiting different color patterns
during predator interactions was graphed for
comparison. The predator response data were
then analyzed using the Shannon-Weiner
diversity index. This test allowed for
comparison of the color pattern diversity
across a size gradient. In order to find
correlations between color display diversity
and mantle length, a bivariate fit analysis of
the average H' values was run using JMP 5.1
(SAS Institute Inc. 2003).
A count of the number of color and
texture combinations was totaled to compare
the displays exhibited by adults when
encountering a predator to the displays
exhibited by adults when encountering
another adult. A Wilcoxon test was then run
using JMP 5.1 to find significant differences
between the number of colors and textures
displayed during intraspecific interactions and
predator interactions.

Description
Red chromatophores
contracted on mantle and/or
arms
No chromatophores
contracted
Chromatophores contracted
on mantle except at certain
locations
Chromatophores rapidly
contract and relax on mantle
and/or arms
Iridophores rapidly contract
and relax near eyes or on
mantle
Chromatophores contract
once simultaneously on
mantle and arms
No papillae on mantle, eyes,
or arms
Small papillae on mantle

RESULTS

Response to predators

One papilla above each eye

During interactions between the octopus
and fish a total of 14 behaviors were observed,
and six of these behaviors were color patterns.
The average percent time each age group
spent displaying each color pattern is graphed
in Fig 1.
The Shannon-Weiner diversity index
analysis compared color pattern diversity
across a range of octopus mantle lengths. A
bivariate fit of the average H' values showed a
significant correlation between color display
diversity and mantle length (R^ = 0.65, p =
0.003). These results are shown along with a
linear fit line in Fig. 2.

Mantle location does not
change
Mantle location changes
Mantle is relaxed, arms are
resting
Mantle rises above the
substrate and web forms a
"balloon" or "parachute"
position
Octopus releases a
pseudomorph or diffuse ink
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CobrPattems

observed in predator interactions were "erect
mantle" and "clubbed mantle." The mantle
was described as erect when it was elongated
and held upright. A "clubbed mantle"
described an erect mantle with a large,
rounded end. In Fig. 3, I compare the average
number of color/texture combinations of each
individual adult recorded during predator
interactions to those recorded during
intraspecific interactions. A color/ texture
combination was defined as each unique pair
of behaviors, one color and one texture,
displayed simultaneously. For example, a
common color/ texture combination was
red/smooth. The results of the Wilcoxon test
found a significant difference in the number of
different
color/texture
combinations
displayed during predator interactions and
intraspecific interactions (p < 0.0001).

sSub-aMt
aAdult

FIG. 1. The average % time each age
group spent displaying each color
pattern during predator response
trials.

2. A list of the colors, textures, and
positions expressed by adult O. &och
during
predator
interactions
and
intraspecific interactions. An "X" indicates
observed behaviors and
indicates that
the behavior was not observed.

TABLE

Color
Red
Flickering Red
Flash Red
Red With White
Spots
Red With Blue
Mantle Spots
Red With Blue
Arm Base Spots
White
White With Blue
Mantle Spots
Flickering Blue
Texture
Smooth
Mantle Papillae
Eye Papillae
Mantle Tip
Papilla
Position
Normal
Ballooning
Erect Mantle
Clubbed Mantle
Total

FlG. 2. Bivariate fit of average H'
values is graphed by size (mm)
(R^=0.65, p=0.003), illustrating a
negative correlation between octopus
size and color display diversity in
response to predators.
Response to fntraspecffics

During adult intraspecific interactions,
nine color patterns, four textures, and three
body positions were observed. 1 present a
comparison of behaviors that were seen in
predator interactions with those seen in
intraspecific interactions in Table 2. Three
colors, one texture, and two body positions
were observed which were not seen in
predator interactions. Iridophores, producing
blue iridescent spots, were displayed on the
mantle and at the base of the arms. A single
papilla was also sometimes observed on the
tip of the mantle. The two new postures
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Predator

Intraspecific

X
X
X
X

X
X
X
X
X
X

X

X
X

X

X

X
X
X

X
X
X
X

X
X
-

X
X
X
16

-

11

1

2

3

4

individual Adu!t Octopus

5

observed in trials where two adults were
allowed to interact are greater than those
observed in predator interactions (Table 2). I
graphed the number of color/texture
combinations for each individual (Fig. 5). In
every adult, the number of color/texture
combinations displayed is greater by at least
double in the intraspecific interaction than in
the predator interaction. I included texture in
this graph because, although textures were
rarely observed during predator interactions,
textures such as mantle papillae were
common during intraspecific interactions. The
results of a Wilcoxon test showed a highly
significant difference between displays
observed during intraspecific interactions and
predator interactions.
Moynihan (1985) defines systems of
communication as the transmission and
recognition of signals, which encode specific
information. Octopuses and other coleoid
cephalopods have an amazing ability to
communicate by sending visual signals
through
the use
of chromatophores
(Moynihan 1985). Communication, rather than
noncommunication (or crypsis) or aposematic
display, provides an explanation supported by
the results of this study. The adults use their
developed chromatophores for intraspecific
communication, such as sexual or hostile
displays, rather than for predator deterrence.
This conclusion helps to explain why
adults display less color diversity than
juveniles and sub-adults when faced with a
predator. One possible explanation for the
trend found in Fig. 2 is that juveniles and sub
adults do not need to use their
chromatophores for communication. They are
not sexually mature, therefore intraspecific
interactions are not an important part of their
lives. The color patterns used for
communication may still be developing
during these early life stages, but have not
been differentiated toward the correct
behavioral context.
Hanlon and Messenger (1988) proposed
that
the
cuttlefish,
Sep#?
o/j5c:nah,s
demonstrated a shift from crypsis to
communication during the life cycle. All age
groups of O. &ock: in my study exhibited red
coloration for the majority of predator tests
(Fig. 1), however juveniles and sub-adults
exhibited red for a smaller percentage of time
than adults. O.
is a nocturnal species, and
red is a difficult color to detect at night.
Therefore, red may represent the cryptic or
normal coloration of this species. Thus,
Hanlon and Messenger's (1988) study is not

6

^ .
Predator
nConspecific
Adutt________

FlG. 3. Average# of color/texture
combinations expressed
during
predator
interactions (light bars)
and intraspecific interactions (dark
bars). The number of displays given
during intraspecific interactions is
significantly different than during
predator interactions (p < 0.0001).
DtSCUSStON

The resulting H' values of the ShannonWeiner diversity index are strongly correlated
with size. There was a negative correlation
between mantle length and color pattern
diversity (Fig. 3). Thus, as the octopus grows,
the diversity of color patterns that it displays
behaviorally when encountering a predator
decreases linearly. These results are opposite
of the proposed hypothesis that more mature
O.
will display more color variations, yet
support the general hypothesis that ontogeny
affects predator response behavior.
The trend found in the Shannon-Weiner
index prompted further exploration into how
color patterns are used in adult O. &ock:. From
preliminary observations, this species has the
ability to display more patterns as an adult
than as a sub-adult or juvenile because
chromatophores are less developed in
immature octopuses (Packard 1985). However,
the increase in color pattern ability as this
species grows does not result in an increase in
the color diversity displayed when the
octopuses interacted with a predator.
The results of intraspecific interaction
experiments between adult O. &ock; suggest
that
color
patterns
are
used
for
communication
rather
than
predator
deterrence (see Table 2 and Fig. 4). The
numbers of colors, textures, and positions
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supported by my data, as juveniles and sub
adults showed less cryptic coloration than
adults (Fig. 1). While there is not a shift from
crypsis to communication in O. bocki, there
does seem to be a shift toward communication
over the life history of this species.
Furthermore, there seems to be a shift from
less specific to more specific differentiated
behavioral responses to certain situations as
an octopus matures.
The results of these predator and
intraspecific
interaction
experiments
demonstrate the effects of ontogeny on the
behavioral displays of pygmy octopuses.
Display behaviors change as the octopus
grows, and these changes may be attributed to
sexual maturity and the development of
chromatophore
usage
in
intraspecific
communication.
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OCTOPUSES OF MO'OREA, FRENCH POLYNESIA
JULIE HIMES

Ocfo^MS bocA;/
COMMON NAME: Bock's pygmy octopus
MANTLE LENGTH: Up to 2.5 cm
CHARACTERISTICS: This species normaiiy

appears dark red, but can exhibit white
spots on the mantie and/or arms, or blue
iridescent spots on the mantle and / or
arms. O. &odd is characterized by a pair
of dark spots inside the mantle cavity.
HABITAT: O. &och' is very common
around Mo'orea. This species inhabits
coral rubble on shallow barrier reef crests
with high flow.
DEPTH: Intertidal - 5 m
DISTRIBUTION: The Philippines to French
Polynesia

Julie Himes
Transparent hatchling O. &och are common
in coral rubble on barrier reef crests around Mo'orea.
Hatchlings are usually 4-5 mm mantle length when they
settle out of their pelagic paralarval habitat.

ABOVE LEFT:

Ocfoj7MS cyawea
COMMON NAME: Day octopus, big blue
octopus, Cyane's octopus
MANTLE LENGTH: 16 cm or larger
CHARACTERISTICS: This ocellate species
often displays false eye-spots. It can
exhibit a variety of colors including gray,
white, red, and mottled brown.
HABITAT: This species inhabits dens in
coral rubble crevices. It forages during
the day and during the full moon. On
Mo'orea, most adults were found on
fringing reefs at depths of 1-10 m.
DEPTH: Intertidal -1 8 m
DISTRIBUTION: O. ci/HMen is an Indo-Pacific
species found from Hawai'i to French
Polynesia and west to the east coast of
Africa.

Christine Huffard
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OctopMS
COMMON

NAM E:

Star-sucker

pygmy

octopus
MANTLE LENGTH: U p to 1.5 cm
CHARACTERISTICS: T h is sp e c ie s s h o w s re d
o r b r o w n c h ro m a to p h o re s a n d can
d is p ia y w h ite m a rk in g s . T h e fu n c tio n of
ste lla te s u c k e rs o n m a ie s o f th is sp e c ie s is
unknow n.
O . w o l/ i' inhabits corai heads
and corai rubbie. Specimens were found
on barrier reefs of Mo'orea.
DEPTH: Intertida! to at least 30 m
DISTRIBUTION:
Red Sea to French
Polynesia, and Philippines to the Great
Barrier Reef.
H A B IT A T :

Roy Caldwell

Julie Himes

ABOVE LEFT: S tellate s u c k e rs a t th e tip s of th e a rm s a re a
d istin c tiv e fe a tu re o f O. woM m ales.

Ocfo^M S c f abacM?MS
COMMON NAME: Undescribed species
MANTLE LENGTH: Up to 2.5 cm
CHARACTERISTICS: This species is

red
with well-defined white spots on the
mantle as well as along the arms. It can
also display mottled yellow and white.
This species has long arms and can
exhibit papillae on the mantle and above
the eyes.
HABITAT: C o ra l ru b b le
DEPTH: 25 m
DISTRIBUTION: Only known

from French

Polynesia
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O cfO i7M S c f

COMMON NAME: N o common name
MANTLE LENGTH: At least 1.5 cm
CHARACTERISTICS: This species is usuaiiy

mottied gray/brown and can turn
entirety biack. A iight spot can be seen
between the eyes as weil as two light
spots at the end ot the mantle.
HABITAT: Only four female specimens are
known. These specimens were all found
in coral rubble on Mo'orea's shallow
barrier reef crests where flow is very
high.
DEPTH: In te rtid a l
DISTRIBUTION:
O n ly
know n
M o 'o re a , F re n c h P o ly n e sia

fro m

AH suckers of this species possess small
fringes (known only from female specimens). The
function of these fringes is unknown.

TOP RIGHT:

BOTTOM RIGHT: O. cf vihensis d is g u is in g its e lf a s a ro ck .
T h e w h ite s p o t b e tw e e n th e e y e s is v isib le in th is
p h o to g ra p h .

OcfopMS Sp.
COMMON NAME: No common name
MANTLE LENGTH: Unknown
CHARACTERISTICS: This species, part

of
the macropus group, has very long arms
and can display red stripes along the
arms. Red squid-like paralarvae can be
found on coral reefs around Mo'orea in
October 4-6 days after the full moon.
Nothing more is known about this
species.
HABITAT: T h is sp e c ie s h a s n o t b e e n
o b s e rv e d a s a n a d u lt in its n a tu ra l
e n v iro n m e n t.
DEPTH: U n k n o w n
DISTRIBUTION: Only known from French

Polynesia
Roy Caldwell
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O cfopM S Sp.
COMMON NAME: W h ite o c to p u s
MANTLE LENGTH: A t le a s t 4 cm
CHARACTERISTICS: T h e m a n tle a n d a rm s
a re n o rm a lly w h ite a n d th is sp e c ie s
d is p la y s p a p illa e b e lo w th e eyes.
HABITAT: T h is sp e c ie s in h a b its coral
ru b b le o n w h ite s a n d . It fo ra g e s a t n ig h t
a n d h a s b e e n o b s e rv e d s w im m in g o v e r
th e s a n d re s e m b lin g a flatfish .
DEPTH: 3 m
DISTRIBUTION: Only known from French

Polynesia

IS THE TAMANU LOSING TURF? DISTRIBUTION AND
PROPOGATION OF THE ECONOMICALLY IMPORTANT
CALOPHYLLHM JNOPHYLLHM OF MOOREA
V A L E R IE B . H O W E L L

E nvironw eniai Science, Policy, andM anage/neni, D n iv e rsiiy o /'C a /^ rn ia , PerAeley, C a/i/ornia 9^720
DS^. vaieriehowei/fd).&erAeiev. eda

Abstract. French Polynesia's indigenous tamanu Tree (Ca/op/rt/NMM iuopiii/HMWi) is an
important natural resource harvested for lumber, resin, and oil. Being a marine-seed
dispersed species it self-propagates and can be found growing along the coastline of
Moorea. Development and harvest patterns on Moorea may be slowing the natural
reproductive rate of the species. Fifty years ago it was recommended as a species to
include in management programs as it had been noted to be in decline due to its slow
growth and high use rates. Interviews with elders, carvers and healers indicated that the
range has indeed diminished. A total island survey was performed and the resulting
map of C. hiopliyNMiH S distribution indicates that the range is healthy- but it will continue
to compete with human development for the diminishing resource of coastal terrain.
Key words.* Tamann; Calophyllum inophyllum; Moorea, French Polynesia; efhnobofony

METHODS

INTRODUCTION
Study site

CaIop7!ynM?M
known to
Tahitians as "tamanu", or, "Beware" when
the strong wood is discussed, or "Poro Ati"
when referring to its beautiful "perfectly
round ball" shaped fruit, is an evergreen
member of the family Clusiacea. Highly
valued by the native culture for its lumber
and medicinal values, and also for its
pleasing beach canopy, it is distributed
along rocky coastline throughout French
Polynesia. Economically promising for its'
anti-microbial, anti-viral, anti-cancerous and
anti HIV-1 (Ishikawa 2000) action,
researchers in French Polynesia are keen to
make use of new chemical analysis which
will allow for developing standardized
therapeutic uses (Laure 2005). Construction
of tikis, canoes, bowls, furniture, musical
instruments and houses (Whistler 1992) as
well as production of traditional medicines
for curing eye infections, skin infections and
even broken bones, however, attracts many
harvesters who gather up the reproductive
nuts, remove nearly girdling squares of bark
or outright chop the tree down. And then
there's the loss of its preferred coastal
habitat: Self-propagated by marine seed
dispersal, like the coconut, this is one of the
first trees to colonize newly formed islands
in the pacific region (Gunn 1976), yet it has
been suggested for more than fifty years that
due to impact of wild harvesting and
competition for turf, it is necessary to
undertake
appropriate
management
measures to insure the tamanu will remain
an important potential source of revenue for
French Polynesia (Petard 1985). Seeing that
the tamanu was recently red-listed by the
International Union for the Conservation of
Natural Resources as a threatened species
(Stephens 1998) I was compelled to
investigate the robustness of the population
on Moorea.

The island of Moorea is located 17
kilometers northwest of Tahiti and is a
typical "high island" with mountains
punching upwards in the center and sloping
downward on all sides with watershed
valleys giving out onto a ring of white
coralline sandy beaches. It is on these
beaches that the tamanu and other marine seed dispersed seedlings mark their arrival,
and to a large extent, where they stay- due
to heavy nature of floating fruits which
wouldn't easily be carried inland by
scavengers or birds (Gunn, 1976). Moorea
has 62 kilometers of this littoral as natural
habitat for C. iuoydynuu; and I chose, due to
its manageable size, to walk the entire
periphery making GIS waypoints of every
specimen on the island- a complete census
taking data on the location, dimensions,
substrate, fruit presence, and evidence of
impact by harvesters along the way. With
this data I plan to test the hypothesis that
tamanu is evenly distributed around the
island.
fHferuicms
Knowing that the tamanu was once
sacred and guarded by taboo, planted
around ceremonial sites and reserved for the
use only of religious and political leaders, I
wished also to learn of any interior sites
which might host tamanu trees growing in
areas of former or current human
plantation. To this end I conducted a series
of interviews with elders, woodworkers,
agro-foresters and healers for clues as to
what the former range of the species might
have been. Mr. Pierre Nardi arrived just
over fifty years ago to the island of Moorea
where he found a sparsely populated island
with plenty of opportunity for farming. In
addition to introducing modern pineapple
culturing methods, he bought land and set
to work planting hardwoods teak and
mahogany. "Tamanu was everywhere back
then. Nowadays there are none left of the
old plantations in the hills and there are
none of the giants left anywhere on the
island." Mr. Nardi indicated to me that the

last ocean-going vessel to be made of
tamanu on Moorea, "The Maire", was
sourced from Vaiare from land belonging to
Monique Donasson- Princess Pomare.
Henri Jones, longtime resident of Temae
beach which was hit by an enormous
hurricane in 1985, indicated that the
exposed beach was once dense with tamanu
where there are now young coconuts and
even younger noni trees.
An elder of the community, Papa Mita,
communicated to me through a translator
that there are fewer trees than before but a
stand of about ten could possibly remain
surrounding an ancient, undiscovered
ceremonial terrace known as a marae, in an
inaccessible valley behind Mt. Rotui.
I also spoke with an expert on
traditional resources, culture and medicine,
Hinano Murphy, and learned that the
tamanu trees which once provided her
afternoon labor (gathering the seeds to place
in the fire to keep mosquitoes at bay) have
been reduced in numbers in the region of
Afareaitu by roughly 80%.
At the
Agricultural vocational school on the island,
which is very much concerned with
conservation of useful plant resources, I was
shown the stumps of two very large C.
which had fallen prey to
negligence, were burned near the base by a
bar-b-que and cut down due to their
dangerous proximity to school buildings.
I learned from Gerard Brigant,, a
tamanu product manufacturer in Papeete,
who buys his seeds from Bora Bora, and
chemist Jean-Pierre Bianchini of the

University of French Polynesia that while
tamanu harvesting might benefit the
economy, Tahiti and Moorea do not have
adequate supply of the resource to fulfill
manufacturing needs.
Woodcarvers however, remarked to me
that the Society for Rural Development had
undertaken the propagation of tamanu at a
site near the hospital in Afareaitu and that
there was a plantation of trees behind the
soccer field in Pao Pao.

o)

Fig. 2 Distribution by habitat
GerwHnahoM
C. mopTn/MMfH propagates by conveyance
of buoyant salt-water tolerant seeds on
ocean currents. Seeds prefer to germinate in
coralline salt-saturated soils (Elevitch) so
beaches are sites of first colonization of the
species.
I also undertook a small
germination study to compare known
germination rates available in the scientific
literature with local seeds and conditions.
One study found average germination times
of 22 days for seeds fully shelled, 38 days for
seeds in cracked shells and 57 days for seeds
still in their shells (Parras). To mimic this
experiment I planted the nuts in three states:
Whole fruit, seed with endocarp, and naked
seed in beach matrix/ soil mixture. Six seeds
each were sown.

I

Fig. 4 Distribution of tamanu trees by location
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Fig. 1 Distribution of Caloybynum iuoybyNum around the island of Moorea, French Polynesia

positions ringing the island where there
were no rock walls.
A histogram showing that more trees
grow where retaining walls are absent (Fig.
2) demonstrates that that is indeed the case
consistently around the island. This
iimportant because, as you can see in Fig. 3
that the tamanu trees preferred habitat is by
far the beach. The second preferred habitat
is also the beach, closer to the water, with
branches hanging over the high water line.
From these two positions the fruit of the tree
could drop into the water and float away for
possible
germination
elsewhere.
Corroborating habitat preferences is another
histogram spread sorting the trees by which
substrate on which they were growing. You
can see in Fig. 4 that of 379 trees found
(excluding the plantation and nursery sites
which are unnatural locations perturbing
the data) 227 were found growing in sand.
Island wide there were not many C.
inopbyHM??: seedlings found. The majority of

RESULTS

Distributional survey
As can plainly be seen in figure one, I
discovered more than 400 tamanu trees
distributed fairly evenly around the entire
island and all of the locations exposed in the
interview process as being former
strongholds of tamanu; Afareaitu, Vaiare,
PaoPao. The oldest and grandest grove of
the former princess is on protected land and
has plenty of sprouts coming up in its'
shade. Motu (Tahitian for island) Fareone
and Tiahura which appear of the coast of
Papetoai also had presence of tamanu,
which is consistent with the known former
range (Burford), however, on Fareone the
were all lined up in a border fence strung
with barbed wire creating cutting across the
center of the island. On Motu Tiahura they
were found growing in more natural
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growing on sand. In Fig. 13, less significant
(P value of .8683) but showing a trend, there
are more larger trees growing on the beach
and over the water than in any other
location.
As for the health of the population. Fig.
14, a distribution of trees by diameter,
shows that the mean diameter was 62 cm
(with a standard deviation of 49.3) with a
few individuals topping the scale near 400
cm. These larger individuals often had
several large trunks diverging from each
other at ground level and sprouting nuts
wedged into crevices in the aging bark. The
trees appeared to overall healthy with no
pests or indications of disease of any kind.
The only
stress observed was that caused, again by
human activity, with 36 individuals (nearly
ten per cent of trees) having had portions of
their bark harvested for medicinal use (see
photo next page).

Wat!

No

Yes

Fig. 2 The majority of Tamanu trees on
Moorea grow where there is no retaining
seawaii- suggesting it is easier to germinate
where there is no waH capturing the coast.
trees had no sprouts around them (Fig. 5) In
Fig. 6 and 7 it is ciear that most sprouts were
found growing in the forest, on rock, or
even on sandy soit. With a significant P
value of .0199 you can see that sprouts are
not found growing in sand or, less
significant (P.4188), on the beach.
It is on the back beach, in a garden, or even
across the coastat road that one would
finsprouts. The hkety explanation for this
apparent contradiction has to do with the
observation that Mooreans regularly clean
their beachfronts of debris and even rake the
tamanu aimonds into piies and remove
them from the environment for personal
use. It is on rocky or grassy substrate that
the locals don't rake away the seedspotentia! sprouts.
An analysis of where one can find seeds
confirms this. Most trees, in fact, were
found with no nuts in trees and no nuts on
ground (Fig. 8 and 9). In Fig. 10, a one way
analysis of where one does find most nuts,
indicates a with a highly significant P value
of .0005, that, once again as was with the
sprouts, it is on rocks in the forest or even
sandy soil, but not sand (Fig. 11). Again, I
believe this to be due to human activity- the
nuts being removed diligently and daily
from beachOne can clearly see in Fig. 12
(significant P value of .0109) that the larger,
therefore older, trees as determined by
diameter at breast height, can be found

GerwuMahon

Fig. X Tanamu germination experiment
The seeds in my germination study
sprouted at a rate consistent with past
findings. However, there was not enough
time to see if seeds in cracked shells and
seeds still in their shells would sprout, also,
at consistent rates.
Incidentally, seeds
sprouted for study were planted at Atatia
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adapted to shallow, often flooded, salty and
windy
environments,
it is
highly
recommended to be planted as a coastal
species windbreak. Where
CalopfiyEMm
u!oplii/nHU! was not represented in great
numbers on the coastline there were in its
place planted single- row windbreaks of
ironwood (Casuarnia spp.).
New
development on the island, namely at the
golf course in Temae, has removed all
coastal vegetation whatsoever and replaced
it with four non-native species- including
two which are on Tahiti's own list of
invasive plants forbidden to be planted and
sited for removal. This includes the octopus
or chenille tree and the tulip tree. But
Moorea's communes own land use
management "best management practices"
recommends using native species and
specifically calls for the leaving of rough
wild vegetation in all new coastal
development and to establish buffer strips
along wetland perimeter.
It is also
specifically called for to discourage the
constructions of rock walls on beaches.
Analysis of Moorea's terrestrial zoning plan
(PGA) policies reveal that current planning
regulations for
tourism zones are
inconsistent with the goals of the Marine
Management Plan (PGEM) as they
encourage large scale tourism development
in the vicinity of important marine protected
areas (MPAs) and fail to control inputs from
reaching the marine environment that
potentially could cause signifcant harm to
marine ecosystems (Duane 2006).
In this study I found that there is a
healthy population of tamanu trees on
Moorea, but their preferred habitat is the
coastal areas which are diminishing.
It
germinates well when humans don't disrupt
their natural propagation and does not seem
to grow as often where there are rock walls.
Because it is a species highly recommended
to be included in Moorea's coastal plans for
protection from cyclones and capture of
coastal runoff, it is hoped that consideration
will be made in future developments to
leave existing tamanu trees were they grow
and encourage the dissemination of young
trees being grown for the public at the

------------ 1------------ 1------------ <-*
1
2
3

Fig. X. Distribution of numbers of sprouts around
Tamanu trees. 1 corresponds to less than 5
sprouts. 2 corresponds to between 5 and 10 and 3
corresponds to greater than ten srpouts.
cultural center by students from
Agricultural vocation high school.

the

DISCUSSION

It is evident at a glance of the
distributional map of Moorea that the
tamanu's preferred habitat on Moorea is its
coastline.
Undeveloped coastline on
Moorea is becoming ever more scarce. An
examination by researchers from University
of California at Berkeley's Environmental
Planning Department found that historic
growth and development patterns on the
island confirmed that most of the land along
Moorea's coastline was built upon, with
development creeping inland up river
valleys. And furthermore, at the observed
rate of development, since 1986, Moorea
may reach build-out in 50 years (Timothy
Duane 2006).
It is clear that since
development follows the coastline in a high
island setting, all native coastal species will
be feeling the pressure from human activity.
Chiefly valued today for its wood and
medicinal products, the tamanu is also a
valuable native coastal stabilizer.
The
tamanu tree is an excellent urban forestry
tree for
large spaces
in
coastal
environments.
The tree's large spreading crown and
horizontal branches make it a good shade
tree and focal point for parks and other
open areas (Friday, 2006). Since the tree is
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APPENDIX

Fig. I Analysis of tree size (diameter at breast height) By Location

Fig. 2 Analysis of tree size (diameter at breast height) By Habitat

Fig. 3 Analysis of Nuts on ground By Habitat
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Fig. 6 Island trees without sprouts outnumber
those with many.

Fig. 4. Distribution of trees with fallen nuts
on the ground.
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Fig. 7 Distribution of fruiting trees (nuts on
branches).

Fig. 5. Distribution of tree size by DBH in
centimeters.

Location

Fig. 8. Analysis of seedling quantity by Location (not significant)
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A SEDIMENTATION STUDY OF
MOOREA'S TEMAE ESTUARY
LOR] LARUE

EMuiroMmcMtai Science PoE'cyan^ Management Uniuersiiy q7Cahyo?-HM, Berkeley, Ca/^bnn'a 94720 USA

AEsfracE Large inland estuaries are a rare occurrence in the South Pacific's Society
Islands. Moorea is one of the few islands that has a large inland estuary. Moorea's Temae
estuary is undergoing change as new development projects in the area are on the rise.
Usually, as development increases, sediment patterns change. This study looked for
changes in the sediment distribution patterns of the Temae estuary. GPS waypoints and
transects were used to create GIS maps of the estuary's location, boundaries, depth, and
sediment distribution. Sieving and settling tubes were used to determine the estuary's
sediment grain sizes; loss on ignition tests examined the sediment's organic matter; and
core samples were taken to inspect for influxes of new sediment. The estuary's observed
sediment distribution matches typical estuarine sediment distribution patterns. It could
not be determined if the new developments have caused any deviations in sediment
patterns. The core samples did not show any obvious new layers of sediment inside the
estuary. The new developments have drastically altered the estuary's natural boundaries;
it is possible the sedimentation patterns within the estuary will change over time as a
result of the disturbance.
Keywords: Estuary, Sediment distribution; Sediment cores; Moorea, ErencE Polynesia

I N T R O D U C T IO N

Sediments are substances that settle to
the bottom of a body of water. Particles that
run off of land into the water are a major
contributor of sediment. As vegetation is
stripped from land to make way for
anthropogenic development, eroded soils can
be carried into local waterways by rain. The
factors that influence the way that sediment is
distributed along the bottom once it enters an
estuary include tides, winds, and currents
(Yaacob, 2005).
This study examined the patterns of
sediment distribution in the Temae estuary on
the island of Moorea, French Polynesia.
Estuaries have a source of fresh water flowing
in, usually a river or stream, which flows
through the estuary 's brackish water out to sea.
In the case of the Temae estuary, the source of
fresh water is not from a natural source. We
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therefore examined the sedimentation patterns
to see if they followed the classic estuarine
sediment distribution patterns (Sokal and
Rohlf, 1969).
The Temae estuary project was
conducted because of the perceived
importance of documenting an area that is
threatened by new development. A major goal
was to describe this unique area before it is
drastically changed or obliterated.
The objectives of this study were 1) to
create a GIS map of the current Temae estuary
including location, boundaries, and depth; 2)
to describe sediment distribution throughout
the estuary; and 3) to examine core samples
taken within the estuary for signs of influxes
of new sediment, possibly caused by the new
developments in the area. This study has
captured a snapshot of the Temae estuary
during a time of change.

METHODS

Shtdy area
This study was conducted in the Temae
estuary on the northeast comer of the island of
Moorea, French Polynesia. Moorea lies in the
tropics of the southern hemisphere (17° 52S,
149° 56W). The study took place over two
months (October and November, 2006) during
the end of the dry season and the beginning of
the wet season. Moorea experiences on average
between 3000-4000 mm of rain per year
(Pasture!, 1993). The mean annual temperature
(near the ocean) is 26°C (Meyer, 1996).
The Temae estuary is the only estuary of its
kind on the island. Large inland estuaries are
rare in French Polynesia. There are only two
large inland estuaries in the Society Islands; the
Temae estuary on Moorea and a similar estuary
on Tahiti.
Until recently, the estuary was
connected to nearby Lake Temae. In January of
2005, construction began on an 18-hole golf
course (Moorea Golf Resort, 2006). The golf
course was built on the land where Lake Temae
met the estuary, severing the link between the
estuary and the lake. At the time of this study,
there was no longer a natural connection
between the lake and the estuary. The fresh
water that flows into the estuary comes mainly
from manmade sources, like golf course
sprinklers. In June 2006, construction began on
a 154 room hotel. By the conclusion of this
study, in November 2006, construction had
begun on a development of 115 residential
units (Moorea Golf Resort, 2006).
Approximately fifty percent of the
perimeter of the estuary was altered by either
rock retaining walls or other human impacts
(earthen dams, dredging). The estuary at low
tide had an area of 40,503 m /sq; high tide was
59,131 m/sq.
The estuary is home to a wide diversity
of wildlife; including shore birds, fiddler crabs,
and eels. According to Edison Pearson, a
fisherman and resident, there is a species of
green crab that is only found in the Temae
estuary. There is also an active benthic
community inside the estuary.
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1/16
1/256

Wentworth Grain Size Scale
Wentworth Size Class
Boulders (B)
Cobbles (C)
Pebbles (P)
Very Coarse Sand (SVC)
Coarse Sand (SC)
Medium Sand (MS)
Fine Sand (SF)
Very Fine Sand (SVF)
Silt (S)
Clay (CL)

FIG . 3. W e n tw o rth grain size scale

Estuary Depth at Low Tide (in cm)

FIG . 4. G IS m a p o f T e m a e estuary depth at lo w tide.

Sampling
The project began by making maps of
the perimeter of the estuary at both high and
low tide. A GPS unit was used to mark
waypoints on a hand drawn map. The data
collected were used to make a GIS map of the
estuary (Fig. 1).
Using the GIS map, transects of the
estuary were made to map surface sediment
and depth. The transects ran parallel from
north to south every ten meters. Every two
meters along each transect a surface sample
was scooped, then observed and recorded (Fig.
2).
Prior to transecting the estuary, a
preliminary sediment sampling was done.
Using the Wentworth scale (Krumbein and
Sloss, 1951), the sediment in the estuary was
categorized into ten sediment sizes (Fig. 3).
Sediment surface grain size was determined
using sieves in the laboratory. Once a basis for
visual observation and differentiation was
established, the transects began.
Thirty
transects, over 1,100 quadrats, were examined.
In order to discover evidence of new
deposition of sediment, thirty three core
samples were taken throughout the estuary.
Sites chosen for samples included areas where
each of the Wentworth grain size categories of
sediment was found in high abundance as well
as from each of the estuary's islands and
around the shore. The cores were taken with a
35cm long piece of 53mm wide PVC pipe and
placed into plastic bags.
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Analysis
Surface sediment samples were
collected in triplicate. Every sediment type
was collected except boulders, cobbles, and
pebbles. The first set of samples was analyzed
using the dry sieving method (Krumbein and
Sloss, 1951). Seven sieve sizes were used,
ranging from 2mm for coarser sediments to
l/256mm for finer sediments (Fig. 6). The
second set of samples was analyzed using
settling tubes (Krumbein and Pettijohn, 1938).
Each sample was treated with hydrogen
peroxide to remove any excess organic
material before adding the samples to the
settling tubes. After placing sediment in the
settling tubes, a hydrometer was used to take
measurements (g/L) at 30 seconds, 2 hours,
and 24 hours (Gee and Bauder, 1986). The
sediments that settled to the bottom of the
cylinder were collected, dried, and weighed
(Fig. 6). Both the dry sieving and settling tube
techniques examined sediment grain size. The
third surface sediment sample was used to test
for organic material using the loss on ignition
technique. This technique required heating
approximately six grams of each sample to
450°C for four hours. The samples were
weighed before and after ignition to
determine the percent of material that was
lost.
Each of the collected core samples was
measured, photographed, and dissected. The
cores were sliced in half vertically and
sediment samples from the top, middle, and
bottom were collected.

Temae Estuary Surface Sedim ents

)0%CoverSVF
O % Cover SF
0 % Cover SM
jo% Cover SC
e % Cover SVC
0% C overP
@%CoverC
j#% C overB
IO%CoverS
e % Cover CL

FIG . 5. Su rface sedim ents b y percen t covera ge, g ra p h ed on U T M grid .
See F ig. 3 fo r le g e n d a b b reviation key

RESU LTS

GTS Mapping

A GIS map of the estuary at the time of
the study was created. In addition to mapping
the Temae estuary's location on Moorea and
perimeter at high and low tide (Fig. 1), maps of
the depth (Fig. 4) and sediment distribution
(Fig. 5) were also produced.
Sediment distribution
The sediments found near the mouth,
or the west side, of the estuary tend to be larger
than the sediments found inland (Fig. 5), or the
east side, of the estuary (near the golf course).
This is consistent with the classic estuarine
sediment distribution patterns.
The GIS maps showed several channels
of deeper water. The sediment grains in these
channels are larger than the sediment grains
adjacent to the channels in the shallower water.
The surface sediments that were sieved
show a trend of increasing grain size. The
smaller grains (l/2048mm, l/256mm, and
l/16mm) are predominately found in the clay,
silt, and fine sands (Fig. 7).
Settling tubes provided settling
velocity information for the samples (Fig. 6). Of
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the surface samples that underwent loss on
ignition tests, results show a trend of higher
percentage of material lost in the smaller grain
sediments (Fig. 8).
Microscopic examination showed that
the sediments were primarily made up of
calcium carbonate. The samples included
small pieces of shells and coral.
Sediment cores
One of the major objectives of this
study was to examine sediment cores to look
for evidence of new sediment layers.
However, visual and microscopic examination
of the cores through dissection did not
provide any conclusive results. The sediment
occasionally showed signs of stratification, but
more often remained the same throughout.
For example, a core sample would appear to
have the same grain size throughout the depth
of the core, but the top 2mm would be a
slightly different color from the rest of the
core. The sediment cores showed evidence of
worm and clam burrowing.
The salinity of the estuary was 31.3ppt
near the mouth and 20.8ppt inland (near the
golf course). The runoff from the golf course
into the estuary had a salinity reading of
0.5ppt.

Settlin g tube results fo r v e r y coarse sand (S V C ).
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FIG . 7. Surface sed im en t s ie ve results. S ed im en ts g o fro m
sm aller g ra in o n le ft to la rger grain o n rig h t o f X axis.

D Percent Lost on ignition

FIG. 8. P ercen t m aterial lost on ig n itio n b y sed im en t type. X-axis sh o w s grain
size categories, y-axis sh ow s p ercent o f m ateria l lo st o n ign ition .

D IS C U S S IO N

GIS mapping
GPS and GIS technology played a
major role in this project. By using GIS maps,
patterns were exposed. Once patterns were
established, the data collected were more
readily interpreted. For example, a pattern
emerged that showed larger grain sizes tended
to be found in areas of deeper water. This
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supports to the idea that larger, heavier grains
sink while finer grains continue to remain in
solution (Selley, 1982).
The GlS depth maps showed channels
of deeper water inland. These deeper channels
may have been formed earlier when the
estuary was connected to the lake.

Sediment d:sfn'&Mf:'o?r

The sediment patterns exhibited in the
estuary are similar to what would be expected
based on standard estuarine characteristics
(Sokal and Rohlf, 1969). In general, the larger
grain sediments, such as coarse sands, were
located near the mouth of the estuary whereas
the finer grain sediments, such as clay, are
found inland. The sediment found near the
shores often had coarser grain sizes than the
sediment found in the center of the estuary.
In contrast, the deeper channels were
characterized by larger grain sediments. This
could be because the larger grains tend to fall
out of suspension in faster moving currents. It
could also be a result of the finer grain
sediments falling out of suspension only to be
swept back into the water column as the tide
changes.
Unfortunately for the study, the area of
the estuary that approaches the new
developments was dredged from the shore to
approximately 20 meters into the water. The
area was dredged three meters deep before any
surface sediment data were collected. If there
were any drastic sediment changes caused by
the new developments, it would have been
most evident in that area.
Sediment cores

The sediment cores proved to be
inconclusive. The expected layers of new
sediment were not observable. No clear link
could
be drawn
between the new
developments near the estuary (golf course,
hotel, or housing) and the sediment layers of
the estuary.
CONCLUSION
The Temae estuary is undergoing
dramatic changes. It was not possible to
determine if these changes have affected the
estuary's sedimentation because before this
study, no previous research had been done on
the Temae estuary's sediment distribution.
Therefore, there were no historical references
for comparison. In lieu of site specific records,
general
estuarine
characteristics
were
referenced. The sediment patterns in the Temae
estuary were consistent with classic estuarine
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sediment patterns. Sediment cores were taken
but did not provide any conclusive results.
The estuary's sediments are primarily
made up of calcium carbonate. Microscopic
investigation showed that the sediment was
filled with broken pieces of shells, coral and
urchin spines. This information leads to the
conclusion that the primary source of
sediment has been coming from the ocean.
The new developments may also be
introducing sediment into the estuary, but this
could not be proven that with any certainty.
The development of the golf course
has cut off the major source of fresh water,
Lake Temae, from the estuary. Without a
constant outward flow of freshwater, the
estuary could potentially fill up with incoming
marine sediment. In addition to filling with
sediment, the salinity and chemistry of the
estuary could drastically change. If so, the
estuary's benthic communities and other
wildlife may be reduced in numbers. As this is
the only estuary of its kind on Moorea, some
of the species that inhabit this unique niche
may soon be threatened.
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DISTRIBUTION, ECOLOGY, AND SYSTEMATICS OF THE FILMY
FERNS (HYMENOPHYLLACEAE) OF MOOREA, FRENCH
POLYNESIA
JO E L

H. N l T T A

Department q/Tntegratiue Biology, Lffn'ucrsz'h/ q/Cali/ornia, Berkeley, Caii/orzzia 94720 DBA

Abstract. Ferns present an interesting case in island biogeography because of their
unusually high dispersal ability. A general survey of the filmy ferns (Hymenophyllaceae)
of Moorea, French Polynesia was undertaken by observing distribution in the field,
conducting tests of desiccation tolerance, and inferring a phylogeny based on
morphological characters. A total of 12 filmy fern species (including three new records
for Moorea) were found to occur in moist, well-covered habitats throughout the island,
with distinct sets of high elevation and low elevation species. Five species were included
in an experiment to determine relative degree of desiccation tolerance; results indicate
that terrestrial species have lower desiccation tolerance than epiphytic or epipetric
species. In order to place the Moorea Rimy ferns in the larger archipelago context, eight
addiRonal Society Island species were included in the phylogeny for a total of 20 taxa
based on 21 morphological characters. The resulting tree was used to interpret
distributional and experimental data and to infer biogeographic patterns. Filmy fern
species are widely dispersed throughout the Society Islands, and there is no indicaRon of
an adapRve radiaRon on Moorea.
Key words; Filmy Ferns; Hymenopizyilaceae; Moorea, Frenc/z Polynesia; Society Islands,
Frenciz Polynesia, desiccation tolerance; systematics; island BiogeograpFy

their name from their extremely thin lamina,
which is only one cell layer thick. In addiRon,
filmy ferns also lack any differenRated
epidermis or stomata. Thus, they are highly
dependent on environmental moisture and
occur only in moist (but not completely wet)
areas.
The filmy ferns have diversified
extensively within this niche, displaying an
amazing degree of variaRon in both
morphology (erect to long-creeping rhizome,
robust roots or rootless, simple to divided
fronds, overall size minute to large) and
growth habit (terrestrial, epipetric, epiphyRc,
and liana) (Dubuisson et al. 2003). These
characterisRcs make filmy ferns an ideal
model system for studying processes of
evoluRonary adaptation and dispersal.
Although the fern Hora of many Pacific
islands such as the Hawaiian Islands has been
extensively studied (Robinson 1914, Palmer
2002), those of the Society Islands have
received relaRvely little attenRon. The most
comprehensive review of the ferns of the

I N T R O D U C T IO N

Ferns are interesRng plants to consider
from a biogeographical perspecRve because of
their extremely high dispersal capability. The
spores of most fern species are small,
lightweight, and can remain viable for months
in an air-dry condiRon; these characteristics
have enabled ferns to become widely
dispersed, even to oceanic islands located
thousands of kilometers from the mainland
(Tryon 1970). Ferns on remote islands are of
parRcular significance because they represent
a disharmonic subset of the source Rora
(Whittaker 1999). Although many potenRally
colonizing fern species may disperse their
spores over a wide area, only those that can
tolerate the condiRons of the new habitat will
be able to survive and successfully establish a
populaRon (Wolf et al. 2001).
One such group of ferns that seems to be
restricted in its potenRal habitat is the filmy
ferns (Flymenophyllaceae). These ferns derive
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Society Islands is Copeland's
(1932)
Pteridophytes of the Society Islands, however,
extensive taxonomic revisions since that time
have rendered it nearly unusable. More
recently, Murdock and Smith (2003) compiled
a checklist for ferns on Moorea based on field
work, a literature review, and survey of
herbarium specimens. Two additional filmy
fern species were described on the island just
last year (Ranker et al. 2005)
This study was conducted on the island of
Moorea, French Polynesia at the University of
California, Berkeley Gump Research Station.
My goal was to describe the diversity of
Hymenophyllaceae on Moorea by 1)
observing distribution throughout the island,
2) conducting tests of desiccation tolerance,
and 3) inferring a phylogenetic tree based on
morphological characters that can serve as a
framework to interpret distributional and
experimental data. In order to place the
Moorean filmy ferns in a larger Society Island
context, herbarium samples from various
locations outside Moorea are also included in
the tree.

FtG. 1. Mat-like covering of Crepidomanes
miKMfMS on a tree branch halfway up the trail
to Mt. Mouaputa summit. Photo by Joel Nitta.

Family C/;aracfen'siz'cs
Filmy ferns are an ancient group, with
putative fossils dating back to the Triassic
(Axsmith et al. 2001). They occupy a basal
position in the leptosporangiate clade, sister to
the most basal family Osmundaceae (Pryer et
al. 1995). The Hymenophyllaceae family is
highly diverse (>600 species).
Members of the Hymenophyllaceae family
are characterized by their simplified lamina,
which is only a single cell thick and lacks any
differentiated epidermis or stomata. Filmy
ferns also have unique sori. Unlike many
ferns which bear sori on the underside of the
leaf, filmy fern sori occur at the edge of the
leaf, on the tips of veins. The sori are
contained within involucres (synonymous
with indusia for this family). The receptacles
that bear the sporangia may either be exserted
or included. Although the family contains a
range of morphological diversity, many filmy
ferns are reduced in size, with fronds reaching
lengths of less than 2 cm (reviewed in
Dubuisson et al. 2003).

FIG. 2. Bivalved (left) vs. tubular (right)
involucres. Involucres of most species are no
more than a few mm long. Adapted from
Palmer 2002.
The ecology of filmy ferns reflects their
morphology. The thin lamina of filmy ferns
dries out quickly, so they are restricted to
perennially moist habitats. Most filmy ferns
are either epiphytic or epipetric, with a few
terrestrial and liana species. If the habitat is
favorable, ferns may occur in a dense mat of
interweaving rhizomes and cover the
substrate (Fig. 1).
Taxonomy ofthe Hymcnop/;i/Faceac
Although
the
monophyly
of
Hymenophyllaceae as a family is undisputed,
there has been a great deal of debate
concerning intrafamilial relationships. Two
main genera have been traditionally
recognized based on involucre morphology,
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Tr/cbowMMes having tubular involucres and
HymeKopbybMW having bivalve involucres (Fig.
2). Over the years, several modifications have
been proposed to this bigeneric scheme.
Morton (1968) added four monotypic genera,
and defined multiple subgenera, sections, and
subsections
within
Tn'cbomaues
and
HymeHop/iyNMTn. Iwatsuki (1984) contended
that involucre morphology within the family
actually varies over a range from tubular to
bivalve, and proposed eight genera to match
this finer gradation in morphology. Other
classification schemes have involved upwards
of 30 to 40 different genera (Copeland 1938,
Pichi-Sermolli 1977).
Recent molecular phylogenetic studies
have shed new light on systematic
relationships within the family. A molecular
phylogeny based on the chloroplast rbcL gene

contains two large monophyletic lineages,
which correspond to the traditional
Tn'ci:o?7iH?ies / Hipueuopbi/HM??: split (Pryer et al.
2001).
Other studies have elucidated
relationships within genera (Dubuisson et al.
2003, Ebihara et al. 2004), and Ebihara et al.
have proposed yet another classification
system based on monophyletic groupings
found using rbcL data (Ebihara et al. 2006).
As the taxonomy of this group is still in
flux, I have chosen to use Ebihara's recently
published revised taxonomy of the family,
which is supported by molecular data. This
taxonomy largely retains the Hyu!cnophy/ium
genus sensu lato, while splitting the
Trichomanoid group into several genera.
Prior to this study, a total of nine species
of filmy ferns were known to occur on Moorea
(Copeland 1938, Murdock and Smith 2003,

Family Hymenophyllaceae
Genus /Sbrod/'cfyum
Subgenus /4brod/cfyum
Abrod/cfyum caudaftvm (Brack.) Ebihara & K. twats.
Subgenus Pacbycbaefum
/Sbrod/cfyum denfafam (Bosch) Ebihara & K. iwats.
Genus Ca///sfopfeds
Ca///sfopfeds ap//fo//dm (C. Pres!) Cope!.*
Genus Crep/domanes
Subgenus Crep/d/tvm
Crep/domanes bam/Ve (G. Forst.) Bosch
Subgenus Crep/domanes
Section Crep/domanes
Crep/domanes b/puncfahvm (Poir.) Copel.
Section Gonocormus
Crep/domanes m/nafam (Blume) K. Iwats.
Crep/domanes sp. 1
Crep/domanes sp. 2
Genus D/dymog/ossum
Subgenus D/dyrnog/ossum
D/dymog/ossum fab/fense (Nadeaud) Ebihara & K. !twats.
Genus /-/ymenopby//om
Subgenus Mecod/um
/-/ymenopby//um po/yanfbos (Sw.) Sw.
Subgenus P/euromanes
/-/ymenopby//um pa//;dam (Blume) Ebihara & K. Iwats.
Subgenus Spbaeroc/on/'um
/-/yme/7opby//um d/g/fab/m (Sw.) Fosberg**

FIG. 3. Taxonomic relationships of the filmy ferns of Moorea sensu Ebihara et al. (2006).
* Tn'diomaues Hpu/bhMW! is listed as Tncbowaues socieieuse in Murdock and Smith (2003), but they
report that the two are very similar and most likely the same species. ** H. digifatmn is also listed
as H. tHCMt'afMm, but this is most likely a species complex.
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Ranker et al. 2005). I discovered three filmy
ferns previously unreported in the literature
for Moorea, bringing the total to 12. The
Moorean filmy ferns are a diverse group,
representing five of Ebihara's nine genera.
Classification of the Moorean filmy ferns
following Ebihara's system is outlined in
Figure 3.

M ETH O D S

Disfrz'bMh'oMAnalysis

Distribution analysis was primarily
conducted by observing ferns near hiking
trails. Filmy ferns only occur in shaded, moist
areas, and are thus restricted to forests on the
island's interior. There are many hiking trails
traversing different parts of the interior of
Moorea, ranging in elevation from sea level to
1207 m, at the top of the highest peak, Toihea.
Trails I hiked included Three Coconuts Pass,
Mt. Rotui, Mt. Mouaputa, and the Vaiare to
Paopao cross island trail (Fig 4). I also
sampled ferns from Marimari Kellum's
property and the Mahaeru stream valley on
the south face of Mt. Tohiea. These areas
lacked trails, but I was able to sample by
hiking cross-country.
Sampling involved
gathering ecological data such as relative
percent cover, aspect, habitat, height, and
population density, as well as taking GPS
coordinates for each specimen.

Desiccation Tolerance

Most animals and flowering plants cannot
survive being dried to equilibrium with the air;
however, many organisms under 5 mm in size
posses the ability to survive complete
desiccation (defined as 10% or less of original
water content) (Alpert 2006). Desiccation
tolerance is truly a remarkable feature, as it
requires complete suspension of metabolism
and the preservation of organelles that are
normally bathed in fluid (Hoekstra et al. 2001).
Desiccation tolerance is known in a few
animal species, approximately 350 species of
adult flowering plants and ferns, and the
majority of lichens and mosses (Alpert 2006).
Filmy ferns, although normally restricted
to moist, shady areas, are also known to
survive long intermittent periods of drying
due to sunlight (Shreve 1911). Filmy ferns
occur in similar habitat and have even
adapted similar growth forms to many mosses,
so it is unsurprising that they have also
evolved desiccation tolerance as well. Proctor
(2003) conducted one of the only physiological
studies of filmy ferns, and found two species
with different overlapping ranges in south
west England to have different degrees of
desiccation tolerance as measured by
chlorophyll fluorescence.
The ability to tolerate drying is likely to be
linked to geographic range. In this study, I
have
conducted
desiccation
tolerance
experiments in the laboratory on each species
to determine if they have different desiccation
tolerances and how these relate to their
distribution on the island.

Desiccation Tolerance Experiment

I conducted a laboratory experiment in
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MR
3C
MO
St!
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FlG. 4. Location of filmy ferns study sites
on Moorea. All sites indicated by heavy black
lines. Key: 3C = Three Coconuts Trail, C-1 =
Cross Island Trail, MA = Mahaeru Creek, MO
= Mt. Mouaputa Trail, MR = Marimari
Kellum's property, R = Mt. Rotui Trail.
Adapted from Ministere de L'Urbanisme des
Transports Terrestres et de L'Administration
Generale.
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order to determine if the various species of
fiimy ferns on Moorea have different abilities
to tolerate desiccation that might influence
their distribution. The experiment relied on
ion leakage as a measure of membrane
damage due to desiccation, a technique
commonly used in mosses and lichens (Shirazi
et al. 1996). In these plants, intracellular
cations have been shown to leak from cells
following desiccation stress; plants that are
desiccation tolerant show significantly less
leakage than those that are sensitive (Brown
and Buck 1979). In addition, given enough
time, desiccation tolerant plant species will be
able to repair the damage to their membranes
and ion leakage will decrease or cease
completely (Leopold et al. 1981).
Due to time restrictions, it was not
possible to include all 12 Moorean filmy fern
species in the experiment. Instead, 5 species
representing a variety of habitats and
morphology were selected. Fern specimens
were immediately placed in airtight containers
in the field upon collection, and used within
12 - 24 h to prevent any desiccation damage
before the experiment began. All samples
were soaked in tap water in the laboratory
overnight to insure maximum hydration prior
to the experiment. Each sample consisted of a
minimum of 0.015 g (wet weight) of frond
material, with a maximum sample wet weight
of 0.080 g. 8 samples (n = 8) were used per
replicate. In order achieve a homogenous
sample containing only lamina and veins,
fronds were cut so that no part of the stipe or
rachis was included in the sample. Samples
were washed with deionized water, blotted
dry, and weighed. These were placed in
airtight containers, kept at 24°C in the dark at
either 100% or 20% relative humidity.
Humidity was maintained by placing
deionized water or silica gel respectively
inside the containers. Degree of desiccation
damage and subsequent repair was measured
twice, after periods of 7 and 14 days. At each
of these times, fronds were removed from the
containers, weighed, placed in 12.5 mL
deionized water, allowed to sit for 2 hours,
and removed.
A Corning Checkmate II
conductivity meter (Corning Inc., Corning,
USA) was used to measure conductivity of the
resulting solution. After this measure of

membrane damage due to desiccation,
samples were soaked in tap water for 24 hours
in a controlled setting (63% RH, 24°C,
darkness) to allow frond membranes to
recover. Conductivity of the samples was
then measured again following the protocol
described above. Finally, samples were dried
overnight in an oven at 65°C and weighed to
determine dry weight.
For statistical analysis, ion leakage was
expressed by dividing conductivity (pS/cm3)
by dry weight (g) for each sample to correct
for dependence of leakage on membrane mass.
Data were found to deviate from a normal
distribution by the Shapiro-Wilk test (p <
0.0001). A log transformation of the data still
did not approximate a normal distribution (p
< 0.0001). The Wilcoxon test was used to
determine if there was any significant
difference between groups in the data.
Significance of difference between specific
groups was determined using the Tukey test.
Morphological Phylogeni/
Outgroup selection was limited because of
extremely low degree of homology between
Hymenophyllaceae and its sister family
Osmundaceae. Instead of choosing a specific
outgroup, tree rooting was based on current
molecular phylogenetic studies at the sub
generic and species level (Ebihara et al. 2006).
Terminal taxa of the phylogeny include all
Moorean filmy fern species observed in this
study as well as several species known to
occur on other islands in the Society Island
archipelago.
Morphological characters were chosen
based on the criteria that they be 1) heritable, 2)
unique, and 3) significantly different between
taxa (Brent Mishler, pers. comm.) Several
characters were chosen based on those used in
the morphological phylogeny of Tnchow:a?:es
taxa by Dubuisson (1997). Character states for
each Moorean filmy fern species were scored
by examining specimens collected in the field.
Character states for non-Moorean filmy ferns
were scored by examining specimens collected
on Tahiti and by examining herbarium
specimens deposited at Tahiti (TA) and
Berkeley (UC). After all characters were
scored, a data matrix was compiled using

Inocnrpus ^dgi/erus.

MacClade 4.0 (Sirtauer Associates Inc.,
Sunderland, USA).
The data matrix was loaded PAUP 4.0
(Sinauer Associates Inc., Sunderland, USA)
and hypothetical phylogenetic trees were
generated by using maximum parsimony
analysis; these were then compiled into one
single consensus tree.

Cross-Island Trail - This trail connects the
port of Vaiare, on the west side of the island,
to the town of Paopao, located at the mouth of
Cook's Bay to the north. It climbs gradually
following a stream valley, then crosses the
ridge (331 m) between Mt. Mouaputa and Mt.
Tearai, then finally makes a long descent into
Paopao. Habitat and filmy ferns observed
were similar to the Three Coconuts Pass trail.

RESULTS
Distribution Analysis

Mnri?HHri Keilunds Properly - This piece of
land is situated between Opunohu Bay and
the eastern face of Mt. Rotui. There was no
trail available, but I hiked toward Mt. Rotui
until the slope became too steep to continue.
Habitat and filmy ferns occurring here were
again similar to the other two low- to mid
elevation sites. One difference is that this site
is where I first observed Cr. sp. 1, a new record
for Moorea. Cr. sp. 1 occurs at Marimari
Kellum's property on rocks within a nearly
dry stream bed and on larger boulders up the
hillside.

Below I describe the filmy fern occurrence
at and condition of each study site. Filmy
fern occurrences are summarized in Table 1.
Three Coconuts Pass - This trail leads from
the Belvedre (247 m), a lookout with a vista of
Mt. Rotui, to a ridge known as Three Coconuts
Pass (357 m). It is mostly flat, meandering
through the forest, crossing a few streams, and
finally climbing near the end when the pass is
reached. The habitat is typical of low to mid
elevation Polynesian forest, dominated by
Inocappus yugi/erus (Park.) Fosberg. and
Any'optens eoecta (G. Forst.) Hoffm. Cr. bundle
and Cr. InpMnctntMn: were common on tree
trunks and rocks (the latter occurring more
often on rocks). D. tohitensis was slightly more
difficult to find, and occurred on the trunks of

Mt. Rotui Trail - This trail starts on the
coast between Cook's Bay and Opunohu Bay
and climbs a north-facing ridge to the top of
Mt. Rotui (899 m). Unlike the preceding three
sites, it lacks a low- to mid-elevation Inocarpus

TABLE 1. Distribution of filmy ferns along trails on Moorea. Data are relative abundance and
elevations (in meters) for each species by site. Relative abundance was determined by ease with
which specimens could be found in the field; white = common, grey = uncommon, black = rare.
Elevation is based on GPS readings from collected specimens and field notes._________________
A. caudal.
A. dentat.
Site
Ca. apii/oiia Cr. bipunct. Cr. bunnie
Cr. nu'nutus
marimari
40 -150
40 -150
x island
40 - 330
40 - 330
3 cocos
250 - 300
250 - 360
mahaeru
400 - 500
400 - 500
490
130 - 300
130 - 300
400 - 500
rotui
600-800
mouaputa
600-830
460 - 800
400 - 830
100 - 450
100 - 450
500 - 830
-

-

-

_________________ __________

marimari
x island
3 cocos
mahaeru
rotui
mouaputa

[ Cr. sp. 1
40-150
130
515

D. taditeuse
40 -150
40 - 330
250 - 360
130 - 300
100 - 300

H. digital.
400 - 500
650-800
500 - 830
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H. poiyan.
-400 - 500
600 - 800
500 - 800

H. pallid.
820

Cr. sp. 2
800
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Figure 5. Results of desiccation tolerance test. Data are electrical conductivities
(pS g*i dry weight) and 95% confidence intervals. Species key: B = Cr. bipuHcfafaw:, N = A.
G = H. digifaam, H = Cr. baan'lc, P = H. poiyaufbos. For each species, the black bar is
electrical conductivity immediately following desiccation, the white bar is electrical conductivity
following a 24 hr recovery period, and the grey bar is control (no desiccation). * indicates results
found to be significantly different from others by the Tukey test.
/agi/eras forest. Rather, the lower elevation
hillside is mostly dry and dominated by
PsidiMW! gaajaua Linn, and Hibiscus iiiiaccus L.
Thus, none of the typical low-elevation filmy
ferns are to be found on this trail. Filmy ferns
did not appear until higher elevations, when
the habitat changes to cloud forest. The cloud
forest is dominated by smaller trees and
shrubs such as Mcfrosi&ros coiiina (JR & G.
Forst.) A. Gray, FVeimnanMia parui/Iora Forster,
and Fagraea berteroaaa A. Gray. Dicranopieris
linearis (Burm. f.) Underw. dominates along
the trail itself, often growing so thickly that it
appears to limit the growth of other plants. H.
poiyanfbos was the most common fern, often
occurring in mats covering tree trunks and
branches. Cr. yniuMfus occurred less frequently,
and H. digiiafH?n (previously unknown in the

literature to occur on Moorea) was
occasionally spotted underneath overhanging
branches or roots.
Mabaeru Creek - Mahaeru creek has its
headwaters at the southern base of Mt. Tohiea.
This area lacked a hail, but I followed a ridge
next to the creek toward Mt. Tohiea until the
slope became too steep to allow further
progress. This area contained very high fern
diversity. Cr. bmmie and Cr. HpancfaiMni were
plentiful at low elevations near the creek, and
D. ta/nteHse was common on fMOCHryus^agi/eras
trunks. Once I climbed above 350 m, I began
to see A. deafafam on steep hillsides, and
occasionally A. caadafam on tree ferns. Other
high-elevation species such as those on Mt.
Rotui were also present, but not as numerous.
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I only saw one occurrence of Ca. apii/bha,
mixed in with a population of A. &nfafMW.
Mi. MoMapuia Trad - This trail starts out
above the town of Afareaitu (100 m) and
climbs to the summit of Mt. Mouaputa (831 m).
It follows a creek through a mid-elevation
faocarpMS fagi/eras forest for about 3 km, then
climbs a ridge to the top of the mountain. The
ridge is initially dry and dominated by
Dicraaopichs linearis, but eventually gives way
to a humid cloud forest. Thus, this trail
contains a variety of habitats and a high
diversity of filmy ferns. Typical low elevation
species were found along the creek, with the
rare addition of Cai. apii/oiia and Cr. sp. 1.
Upon reaching the base of the ridge (460 m),
the trail enters a Micoaia caiuesceas DC
dominated thicket, and A. deafafaa! is
common on the exposed soil. Higher up in
the cloud forest, some rare species such as H.
padidaa; and Cr. sp. 2 (previously unknown in
the literature to occur on Moorea) were
discovered by carefully searching in the area
next to the trail.
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evolutionary relationships between Society
Island filmy fern species. * indicates ferns not
known from Moorea.
(post-recovery ion leakage values were not
significantly different from control values).
Morphological Pdi/iogeay

Desiccation Tcieraace Experaaeaf
A total of 25 morphological characters
were defined and scored (see Appendix A).
Some characters had to be excluded because
they did not meet all three requirements
mentioned above in the methods section.
Characters were restricted to macroscopic
features that could be seen either with the
naked eye or under a dissecting microscope
(up to 40x magnification).
Characters
included all major parts of the sporophyte:
rhizome and roots, stipe, frond, and sporangia.
Spore and gametophyte characters were not
used.
21 characters were used to produce a
phylogeny with 20 terminal taxa (figure 6).
This phylogenetic tree is the consensus tree
(consistency index = 0.0500) of 12 equally
parsimonious trees, each with a length of 65
steps. Terminal taxa included all 12 Moorean
species, plus 8 additional species that do not
occur on Moorea but are described from other
locations in the Society Island archipelago: H.
ddaiaiaay (G. Forst.) Sw., H. iya&ricafaya Blume,
H. fau&ngense (L.) Sm., H. ^labedafaya Labill.,
Vaaden&oscdia. davadioides (Gaudich.) Copel., V.

Average
water
content
following
desiccation was 52.8% + /- 2.2% for samples
dried at 100% RH and 13.2% + /- 2.2% for
samples dried at 20% RH.
At 100% RH, electrical conductivity was
significantly higher for A. deafafayn over all
other species after 7 days of drying; by 14 days
of drying, A. denfafaa! still showed the
greatest amount of ion leakage, but the
electrical conductivity of Cr. Parade also
became significantly greater than the other
three species (fig. 5).
These and other
differences were found to be significant by the
Tukey test at the 0.05 level, corrected for
multiple tests. At 20% RH, both A. deutafany
and Cr. dayade had similarly high conductivity
values which set them apart from the rest of
the species. The electrical conductivity values
for the other three species (Cr. hipaacfafaya, H.
digdafaya, H. poiyaadyos) never varied from
each other significantly following desiccation
after any time at either humidity.
AH fern species tested were able to
completely recover following desiccation
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WMXHWMm Blume, Cr. iuferiwediMW (Bosch)
Ebihara & K. Iwats., and A. asae-gray; (Bosch)
Ebihara & K. Iwats. Tree structure reflects
traditional Hymenophyliaceae taxonomy,
splitting
s.l. and Tr:cho?n%Mes
s.l. species into two sister clades.
DISCUSSION

EZeuah'owaZ Gradient
As I observed the filmy ferns at each study
site, I noticed that species composition varied
along an elevational gradient, and that this
gradient was similar between sites. The
Moorean filmy ferns can be split into two
major groups: low elevation species occurring
below 450 m and moderate to high elevation
species occurring above 450 m. These two
groups were largely exclusive, with little
overlap in range. Low elevation species
include Cr. hipuncfatMu:, Cr.
Cr. sp. 1,
and D. taMfcnse. Moderate to high elevation
species include A. denfafum, A. caudaiMm, Cal.
apii/bha, Cr. WHMMfMS, H. poiyandios, H. digdaimn,
H. padiduyn, and Cr. sp. 2.
The physical factors responsible for
determining fern distribution along the
elevational gradient such as humidity and
precipitation are important in determining the
species composition of all plants, not just
filmy ferns. There is a marked difference in
plant communities between the low- to mid
elevation valley forest dominated by fnocarpus
ydgi/erus, Eh'&iscMS hhaceus, and Angiopfen's
evecta and the high elevation cloud forest
dominated by Metrosideros codma, WeiamannM
parui/Zora, and a huge variety of epiphytes.
This transition in plant communities is
reported to occur at 400 - 500 m for
Polynesian high volcanic islands (Meyer 2004),
a figure which matches the cutoff point
between my two filmy fern groups. Thus, the
difference in filmy fern species composition
between high and low altitude reflects an
overall difference in plant communities
between high and low altitude.
It is interesting that the clear elevational
gradient in species composition that I
observed in the field did not match the mixed
results of the desiccation tolerance test,
however. High elevation species included in

FlG. 7. Distributional data overlaid onto
consensus tree. Grey indicates low elevation
species; black indicates mid to high elevation
species except for non- Moo'orea species noted
with an asterisk, for which distribution data
are lacking.
test showed both relatively high (EE digifafuw,
EE poZyauflios) and low (A. dentalum) degrees of
desiccation tolerance as indicated by ion
leakage values. Similarly, the low elevation
species also yielded mixed results; Cr. Eumi/c
displayed a low degree of desiccation
tolerance, whereas Cr. HpuMcfahw: was much
more tolerant. This suggests that relative
degree of desiccation tolerance may only be a
minimal factor in determining filmy fern
distribution. In my test, all five species
included were able to completely recover
following desiccation, regardless of the degree
of initial damage. Perhaps filmy ferns only
need to survive a certain minimum amount of
desiccation in the field, and relative degree of
desiccation tolerance beyond this minimum is
unimportant.
The results of the morphological
phylogeny can also be used to interpret this
elevational pattern. When elevational data
from the distribution survey is overlaid on the
consensus tree, it is apparent that the low
elevation and high elevation species do not
form monophyletic groups (figure 7).
However, the low elevation species do form
two grades each containing a pair of closely
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related species. This shows that iow elevation
species have evolved similar morphology that
reflects their habitat niche. Although the
filmy fern species occupying a single habitat
type may not necessarily be more closely
related to each other than those from different
habitats, they do share at least some of the
same morphological adaptations.
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Grcwf/; Habii
Another pattern I noticed in the course of
this study is the correlation of both
distribution and desiccation tolerance with
growth habit. Of the twelve Moorean filmy
fern species, only two (A. dewfafMM! and Cal.
ap:i/oi:a) are terrestrial; the rest are epiphytic
or occasionally epipetric. [The line between
epiphytism and epipetrism is blurred in the
field; I observed many species typically
described as epiphytic growing on both trees
and rocks. The important difference between
these and terrestrial species is the habit of
growing into the soil (terrestrial) versus
growing spread out over the surface of some
substrate (epiphytic or epipetric), not the
nature of the substrate itself. Therefore, I will
refer to these as "epiphytic" species with the
intention of including occasional epipetrism ]
Dubuisson (2003) noted that growth habit
correlates with habitat within TncTwHMues s.l.,
describing terrestrial species as more
widespread and epiphytic species as restricted
to wet areas or cloud forests. I observed the
opposite trend on Moorea, finding the two
terrestrial species only at high elevation, and
epiphytic species at both high and low
elevations. This could be an issue of sample
size; Dubuisson's study includes 193 of the
325 members of Tnci!o?HHMes s.l., whereas my
study includes only 12 species from both
TncTiomcues s.l and HymcMop/:yiiHm s.l.
Another possibility is that the two terrestrial
species I found are relatively weak
competitors
in
the
Moorean
forest
environment. Cal. apy/oha seems to be an
infrequent reproducer: of the eight specimens
of Cal. apii/bh'a that I collected in the field, only
two had fronds bearing sporangia. I also
noticed that A.
showed more
evidence of herbivory damage than other
species. These observations suggests that

FlG. 8.
Growth habit overlaid onto
consensus tree. Grey indicates terrestrial
species; black indicates epiphytic species.
perhaps these species are poor competitors
and became restricted to high elevation as low
elevation areas became crowded with other
(non-filmy) terrestrial fern species.
There is a strong correlation between
growth habit and desiccation tolerance.
Electrical conductivity values following initial
desiccation were generally higher for the
terrestrial A.
than the other epiphytic
species, indicating that terrestrial ferns have a
lower desiccation tolerance than epiphytic
ferns. Most epiphytic ferns do not possess
true roots, and all water gain and loss occurs
through frond lamina and rhizomes located
near the substrate surface. Therefore, it makes
sense that they would evolve countermeasures
such as desiccation tolerance to survive
prolonged periods of low humidity.
Terrestrial species such as A.
however, can still rely on an extensive root
system to absorb water from the ground even
when atmospheric humidity is low. Thus,
terrestrial species have less selection pressure
to gain extensive desiccation tolerance. There
was one exception to the pattern - Cr. /lMMuie,
an epiphyte, had electrical conductivity values
nearly as high or higher than A.
after
drying at 20% RH. More tests including more
representatives of both terrestrial and
epiphytic growth habits are needed to clarify
this trend.

186

The importance of growth habit as an
evolutionary adaptation can be seen by
plotting growth habit states for each species
onto the phyiogeny. Terrestrial species and
epiphytic species each form nearly exclusive
groups.
This reflects both the unique
morphological characters that each group has
developed as well as their distinctness as
evolutionary lineages. Characters related to
growth habit should be useful for continued
taxonomic studies within the family.

C o nclusion

The family Hymenophyllaceae contains a
rich diversity of ecology and morphology, and
this diversity is well represented by the filmy
ferns of Moorea. Moorean filmy ferns occur
from low (30 m) to high (900 m) elevations in
epiphytic, epipetric, and terrestrial growth
forms.
They display a variety of
morphological characters that have evolved to
match the niche of each species including
frond size, loss of roots, and rhizome habit.
Within this diversity, certain patterns are
evident such as a low degree of desiccation
tolerance in terrestrial species and strong
elevational preference. By constructing a
phylogenetic tree that includes filmy ferns
known from other sites within the Society
Island archipelago, larger biogeographical
patterns become evident. The Moorea filmy
ferns do not appear to be the result of an
adaptive radiation, but rather a group of
species that each evolved elsewhere and
immigrated to the island independently.
These patterns seen in my study highlight the
suitability of filmy ferns as a model system for
studying processes in evolution and
biogeography.
It is certain that more
fascinating contributions can be made to these
fields by continued investigation of the family
Hymenophyllaceae.

is la n d D:sfn'&Mf:'on

By including other Society Island species
in the phyiogeny and examining distribution
data for each species, it is possible to place the
Moorean filmy ferns in the larger context of an
island chain. The 12 filmy ferns occurring on
Moorea are also known to occur on most of
the other Society Islands (Copeland 1932,
Moore 1933, Copeland 1938, Robertson 1952,
Fosberg 1997, Ranker et al. 2005), and Moorea
species do not form a monophyletic group
within Society Island filmy ferns, as can be
seen on the consensus tree. This, plus the fact
that Moorea filmy ferns include a wide variety
of genera, suggests that filmy ferns on Moorea
do not represent the result of an adaptive
radiation; rather, they have probably evolved
independently in other locations and
subsequently become widespread throughout
the Society Island archipelago. High dispersal
ability conferred via lightweight, durable
spores seems to be a characteristic that unites
all ferns, reflected in their disproportionately
high frequency in island flora and low rate of
endemism (Smith 1972). This high dispersal
ability does have its limits, however: although
the filmy fern flora from nearby island chains
such as the Marquesas or Cook Islands are
reported to be similar to that of the Society
Islands (Robertson 1952, Game et al. 1997), a
different set of species occurs on the more
distant Hawaiian islands (Palmer 2002). By
sampling from a broad area representing
several island chains, it should be possible to
clarify biogeographica! patterns within the
Pacific Hymenophyllaceae in future studies.
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APPENDIX A: CHARACTERS
R m zoM E

1. Habit: 0 = erect; I = creeping. An erect rhizome is no longer than 5 cm in length for the entire
fern, and all fronds are clustered together with very short internode length. An erect rhizome is
often associated with the terrestrial growth habit. Creeping rhizomes have no limit on growth
length, and fronds are spaced out along the rhizome. Creeping rhizomes are usually associated
with the epiphytic or epipetric growth habit. See Figure 9.
2. Presence of roofs.* 0 = true roofs present; I = fme roofs absent, roof-like shoots present. Root-like
shoots are a unique character of the Hymenophyllaceae family. Root-like shoots more closely
resemble an extension of the rhizome rather than a true root. Differences cited by Schnieder
include thickness compared to the rhizome (true roots are half the diameter of the rhizome or less;
root-like shoots range from equal to half in size of the rhizome), presence of a root cap (true roots
present; root-like shoots absent), and direction of growth (true roots positive geotropic or
negative heliotropic; root-like shoots plagiotropic) (Schneider 2000). This character is also closely
associated with growth habit. Most terrestrial species have retained full-sized roots, whereas
epiphytic species possess root-like shoots.
3. Hairs on rhizome: 0 = hairs ahsenf, I = some hairs; 2 = thick hairs. Hairs are defined as one or more
elongated single cells in a row. Some species such as Cr. hnmiie and Cr. bipuncfatum have dense
hairs such that the rhizome itself cannot be seen because it is completely covered in hairs. Others
still possess hairs, but not completely covering the rhizome, whereas others are hairless or nearly
so. Ebihara et. al. consider this one character that sets apart Hymenophyllum from the other
genera (those previously considered to be in Trichomanes) (Ebihara et al. 2006). This is an
ordered character. See Figure 10.
4. Hairs on roofs: 0 = hairs absent, 1 = some hairs; 2 = fhich hairs. This character only applies to those
species having true roots; those lacking roots were scored as "?". Hairs are defined as above.
This is an ordered character. See Figure 10.
5. Hairs on roof-like shoofs: 0 = hairs absent;, 1 = some hairs, 2 = thick hairs. This character only
applies to those species having root-like shoots; those with true roots were scored as "?". Hairs
are defined as above. This is an ordered character. See Figure 10.
6. Rhizome diameter: 0 = fifi/orm (<1 mm fhich); 1 = medium (1 - 2.5 mm fhich); 2 = robust (>2.5 mm
thick). Reduced root size is usually associated with epiphytism, but not in all cases (such as A.
caudatum, other Abrodicfyum species). This is discrete-state, ordered character as shown in Figure
11 .
STIPE

7. Lamina: 0 = not winged; 1 = narrow wing (average 2 cells wide;) 2 = winged (average 5 cells wide).
An extension of the lamina at least halfway down the stipe is called the "wing." This is an
ordered character. See Figure 12.
8. Hairs on stipe: 0 = hairs absent; 1 = hairs present. There is no case of thick hairs covering the stipe
as on the rhizome; only presence or absence is coded for.
9. Hairs on wing: 0 = hairs absent; 1 = hairs present. In one case, hairs were found to be growing
from the margin of the stipe wing. EXCLUDED: only occurs in a single taxon (Cr. bipuncfafum).
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FROND

10. Type of venation; 0 = dichotomous; 1 = ana<lrow;oMS, 2 = cafa^romotvs. Filmy ferns are known for
being the one of the few fern families containing both anadromous and catadromous vein
patterns (Dubuisson 1997). In several species, especially those which lack highly dissected fronds,
the vein pattern is dichotomous. See Figure 13.
11. Cell walls; 0 = thin, straight cell walls; 1 = thick, warn/ or pilled cell walls. In most filmy ferns, the
lamina appears delicate and translucent; however, in some, the lamina is darker in color and
thicker due to thick cell walls, even though it is only one cell layer. This character could only be
scored on fresh specimens; lamina of all dry specimens became wavy and toughened due to
desiccation.
12. Dissection of blades; 0 = simple io siigblii/ lobed; 1 = once io twice pinnali/id; 2 = three times or greater
pinnati/id. No filmy ferns included in this phylogeny are completely pinnate. Species with larger
fronds are often more dissected. This is treated as an ordered character.
13. Sub-marginal false rein; 0 = absent;, 1 = present. Most species lack any sort of specialized cells in
the lamina, but false veins do appear in some. False veins appear distinct from other lamina cells
and may serve a purpose as supporting tissue (Boer 1962). A sub-marginal vein appears 3 cells
below the margin. Sub-marginal false veins may either be continuous (as in Cr. sp. 1) or
discontinuous (as in Cr. bipunctatum). See Figure 14.
14. False vein in between true veins; 0 = absent; 1 = present. This type of false vein appears between
true veins rather than in the sub-marginal position. EXCLUDED: only occurs in a single taxon (D.
tab: tense).
15. Specialized marginal cells; 0 = absent; 2 = present, but not elongated as compared to non-specinlized
lamina cells; 2 = present, two to three times longer than non-specinlized lamina cells. This is treated as
an ordered character. See Figure 15.
16. Frond size; 0 = large (>20 cm), 1 = medium (10 - 20 cm), 2 = small (2.5 - 10 cm), 3 = tiny (< 2.5 cm).
Filmy ferns display a range of frond sizes. Most epiphytic and epipetric species are smaller,
whereas most terrestrial species are larger. This is a discrete-state, ordered character as shown in
Figure 16.
17. Fiabif of fronds; 0 = erect; 1 = lax; 2 = adpressed. This could only be determined based on
observations in the field. Treated as an unordered character.
18. Hairs on veins; 0 = absent; 1 = present. Small hairs, usually only one to two cells long appear on
the veins of some species.
19. Hairs on margin; 0 = absent; 1 = present. EXCLUDED: only occurs in a single taxon (H.
digitatum).
20. Cell shape; 0 = round; 1 = elongated. Cell shape has been used in other morphological studies of
Hymenophyllaceae (Dubuisson 1997), therefore I felt it appropriate to use in this phylogeny.
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SORUS

21. Position ofson; 0 = sor; of end of ultimate segment; 1 = son occurs he/bre cud ofultimate segment
Although there could have been overlap between these two states, I observed that they were
mutually exclusive. Sori either occurred at the end of the segment or somewhere near the middle.
22. Immersion qf sori in lamina.' 0 = immersed; 1 = noi immersed. Sori may either be immersed in the
lamina, or not immersed and on a pedicel.
23. Position of receptacle; 0 = included to slightly exserted, hut not more than 2 X the length of the
inuolucre; 1 = signifcantly exserted. Sporangia are clustered around the receptacle. Bivalve
involucres usually have included receptacles, and tubular involucres usually have exserted
receptacles. See Figure 17.
24. Shape qf involucre; 0 = mostly bivalve; 2 = mostly tnhnlar. This is a debated character. Iwatsuki
proposes 8 different classes representing a range from tubular to bivalve, whereas traditional
classification recognizes only two states. EXCLUDED: correlates with position of receptacle.
Included to slightly exserted receptacles are always associated with bivalve involucres, and
significantly exserted receptacles are always associated with tubular involucres.

VARIOUS
25. Rhizoids; 0 = absent; 2 = present. EXCLUDED: only occurs in a single taxon (D. tahitense). This
is known as an autapomorphy of the Didymoglossnm genus (Ebihara et al. 2006).

CHARACTER FIGURES

FlG. 9. Examples of erect and creeping rhizomes. A. dentatnm (left) has an erect rhizome,
indicated by the arrow. Cr. sp. 2 (right) has a creeping rhizome.
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FIG. 10. Examples of hairs on rhizomes and root-like shoots. H.
(left) has a
glabrous root and a hairy root-like shoot. H. paEiduw (middle) has a hairy rhizome and
glabrous root-like shoots. Cr. ^ipMucfatum (right) has both rhizome and root-like shoots
thickly covered in fuzzy, brownish black hairs. All magnification 20x. "R" with an arrow
indicates the rhizome; " rls" with an arrow indicates a root-like shoot.

Species Key
A = /-/. po/yanfbos
B = Cr m/nt/fus
C = D. fah/fense
D = Cr ba/7i//e
E = /-/. pa///dum
F = Cr. b/puncfafam
G = /l. caudafum
H = /l. denfafum
! = Ca/. ap//7b/;a

Species

FlG. 11. Rhizome diameter data and 95% confidence intervals. Rhizomes from 9 of the
12 Moorea species were measured. Rhizomes sorted into 3 size classes, separated in the
figure by dashed lines and labeled with letters. Fi = "filiform," M = "medium," R =
" ro b n s t"

FlG. 12. Examples of wingless and winged stipes. A. digitafMm (left) lacks any wing on
the stipe. A cHudafMH! (middle) has a stipe with a very narrow wing. Cr. Tmwuie (right) has a
stipe with a wide wing. All magnification 20x.
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FiG. 13. Schematic diagram of vein types. In anadromous venation (left), the first vein
of each costa points towards the tip of the frond. In catadromous venetion (middle), the
first vein of each costa points towards the base of the frond. In dichotomous venetion
(right), there is no central rachis or costa, and the vein divides in two at each junction.

FtG. 14. Examples presence and absence of a sub-marginal false vein. Cr. FipMHcfatMTH
(left) has a discontinuous false vein beneath the margin. A. denfafum (right) lacks any such
specialized cells beneath the margin. All magnification 40x.

Species Key
A = D. faM ense
B = Cr. m/nufus
C = /-/. d/gdafam
D = Cr bum;/e
E = Cr b/pancfaftvm
F = /-/. po/yanfdos
G = /-/. pa///dam
H = A. denfafum
! = A. caadafam
J = Ca/. ap/db/ia

A B C D E F G H
! J
Species
FlG. 15. Frond length data and 95% confidence intervals. Fronds from 10 of the 12
Moorea filmy fern species were measured. Fronds sorted into 4 size classes, separated in the
figure by dashed lines and labeled with letters. T = "tiny," S = "small," M = "medium," Lg =
"large."
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FIG. 16. Examples of specialized marginal cells. Cr. /mnnle (left) has a double row of
elongated marginal cells. A. caadafaw (right) has distinct marginal cells that are the same
length as other lamina cells. All magnification 40x.

FIG. 17. Examples of involucre variation. H. poli/aat^os (left) has bivalve involucres
with an included receptacle (not visible). A. caadahnn (right) has tubular involucres with
an exserted receptacle.
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TABLE 2. Character matrix used to infer phylogeny.
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APPENDIX B: REVISED KEY TO THE FILMY FERNS OF MOOREA, WITH DESCRIPTION
OFEACH
la. Rhizome long-creeping, growing on rocks or trees...................................................................... 2
lb. Rhizome erect, growing terrestrially.............................................................................................3
2a. Rhizome of moderate thickness (ca. 2 mm dia.), epiphytic on tree f e r n s . c a H d a i M 777
2b. Rhizome filiform (less than 1 mm dia.).........................................................................................4
3a. Long reddish hairs present on stipe...............................................................G:H:'sfopfe7is apii/oh'a
3b. Stipe lacks hairs. Fronds dark green...........................................................A&rod:ch/M?n dcMtafum
4a. Sub-marginal false vein (ca. 3 cell rows beneath margin of lamina) present............................... 5
4b. Sub-marginal false vein absent...................................................................................................... 6
5a. Sub-marginal false vein continuous, fronds < 1 cm long..................................Crcpidomawcs sp. 1
5b. Sub-marginal false vein discontinuous, fronds 3 - 8 cm long..............Crepidomcnes bipMucfatMH!
6a. Specialized marginal cells (ca. 3x longer than others) present..................... Crep;'do77Mnes /ruynde
6b. Specialized marginal cells absent................................................................................................. 7
7a. Fronds simple or 1-pinnatifid........................................................................................................ 8
7b. Fronds 3-pinnatifid or greater....................................................................................................... 9
8a. Fronds peltate, tightly adpressed to substrate, stipe absent...................Didymoviossum dddfense
8b. Fronds not as above..................................................................................................................... 10
9a. Lamina light green, stipe and rachis black. Involucres distinctly bivalve....Hywenop^ydMm
poiyanf^os
9b. Rachis color not different from lamina. Involucres more tubular than bivalve....................... 11
10a. Fronds with wavey margins, margin hairs present............................HyweMopi:ydum digifafMH!
10b. Fronds fan-shaped, margin hairs absent, < 2 cm long..............................Crepidomaftes MHHMfus
11a. Frond covered in fine white hairs, resulting in white sheen...............HyweHop^ydMyK padidwH
lib . Frond lacks white hairs, costa often elongated with short branching along
length...Crep;do7M%nes sp. 2
Abrodictyum dentatMW
Large (average frond length 22 cm) 3-pinnatifid fronds on a short-creeping, erect rhizome.
Fronds dark green, with tough texture. Involucres occur in series of two parallel rows along
pinnae. Occurs terrestrially at moderate to high elevations. May occur on open forest floor or
under high amount of cover, often in groups of 4 - 5 individuals or more. Most common
terrestrial species.
Afrodi'ctyMm caudalum

Large (average frond length 22 cm) 3-pinnatifid fronds on a medium (2 cm diameter) longcreeping rhizome. Rhizome of this species is larger than other long-creeping species. Fronds
light green, delicate. Occurs epiphytically at moderate to high elevations. This species grows
exclusively on tree ferns. The roots are often deeply intertwined with the scales of the tree fern
rhizome, making it difficult to remove.
Crepz'do?Ha7;es i7M77!de

Small (average frond length 5 cm), 2-pinnatifid fronds on a long-creeping rhizome. Laminae
have specialized row of elongated marginal cells visible with a hand-lens. Fronds ovatelanceolate, light green. In favorable conditions, will grow in a mat with interweaving rhizomes
on the substrate. Common at low (30 m) to middle (450 m) elevations in forests with at least
moderate (70%) cover, growing on tree trunks or rocks. Often occurs with Cr. &:p:mcfafM77? at
lower elevations.
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Crep:&WMnes
Small (average frond length 7 cm), 3-pinnatifid fronds on a long-creeping rhizome. Laminae
have a discontinuous sub-marginal false vein visible with a hand lens. Fronds lancelote (overall
shape resembles a Christmas tree). Fronds are dark green in color, but may vary with state of
desiccation. In favorable conditions, will grow in a mat with interweaving rhizomes on the
substrate. Common at low elevations in forests with at least moderate cover, growing on tree
trunks or rocks (occurs more often on rocks than trees). Often occurs with Cr. IrnwHle at lower
elevations.
CrepidomHMes sp. 3

Tiny (average frond length 3 cm), 1-pinnatifid fronds on a long-creeping rhizome. Laminae
have a continuous sub-marginal false vein. Fronds ovate-lanceolate, light green. In favorable
conditions, will grow in a mat with interweaving rhizomes on the substrate. Rare at low
elevations. Only grows on rocks, often on boulders next to stream beds. Easily confused with
juvenile Cr. hMMu'Ie, but the two may be differentiated by size and specialized margin and vein
structures.
Crepi^owawes sp. 2

Gross morphology similar to Cr. 3:M7?t:7e or Cr. &;pMHcfafMw:. Small fronds on a long-creeping
rhizome. Occasionally a single costa will be elongated, with short pinnae along its length. Rare
at high elevations. I only found this once in the field, growing epiphytically with mosses and H.
d:g:'fafM7M.

CrepidomHnes winMfus

Tiny (average frond length 1.5 cm), fan-shaped fronds on a long-creeping rhizome. Veins
split dichotomously. Stipe occasionally proliferous, producing new fronds. In favorable
conditions, will grow in a mat with interweaving rhizomes on the substrate. Occurs at high
elevations (> 450 m) on tree trunks and branches, often with dense moss or H. po3t/ani3:os.
CaNisfopen's Hpii/ohn

Large (average frond length 37 cm) 3-pinnatifid fronds on an erect, short-creeping rhizome.
Stipe and rachis covered with long, reddish hairs. Occurs terrestrially at moderate to high
elevations. Much less abundant than A. denfafMH!, usually only found in populations of a single
individual. Fertile fronds often absent in small specimens.
Didywog/ossMm iah:'fense

Small (average frond width 1.5 cm) peltate fronds lacking a stipe on a filiform, long-creeping
rhizome. Fronds are adpressed to substrate, often difficult to remove. Rhizoids on underside of
leaf help anchor to substrate. Fronds may overlap slightly so that rhizome is hidden from view.
At first glance may appear to resemble a liverwort more closely than a fern. Does not grow in a
mat like other low elevation species, but will form a line of peltate fronds as the rhizome grows
along the substrate. Found on tree trunks (especially IwocarpHsyagi/erMs) at low elevations.

Delicate in appearance, with very fine, glabrous stipe and rhizome. Small (average length 4.5
cm) fronds hang lax from the substrate, often in a dense mat. Frond veins split dichotomously,
up to 10 times. Fronds have characteristic wavey edges, with small hairs along margin. Fronds
light green, with dark brown to black veins. Laminae turn black when severely desiccated;
blackened individuals often present within populations. Involucre bivalve at ends of veins.
Occurs epiphytically at mid- to high- elevations, often on underside or recessed areas of trunks or
branches.
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HywewophynMW pa/hdum
A moderately sized fern (average frond length 13 cm), characterized by fine, whitish hairs
covering the frond. Hairs are usually concentrated towards the tips and margins, and are most
conspicuous on young fronds. Another unusual morphological feature is a double layer of cells 4
cells wide on either side of the veins. Frond is three times pinnatifid, oblong to ovate in shape.
Growth habit similar to other epiphytes (long-creeping rhizome which forms a mat). Occurs as a
rare epiphyte at high elevations.

Hy?Meuop/iydMu; poiyaudros
This species contains a high degree of morphological variation. Fronds vary in length from
small (5 cm) in some populations to large (15 cm) in others; light green laminae on a dark-brown
to black stipe. Frond shape may be long and narrow with limited branching, or short and wide
with long branching. Involucres are distinctively bivalve, with rounded wings and an included
receptacle. A common epiphyte at high elevations, often growing on Mefrosideros codina. Similar
growth habit to Cr. huMule or Cr. hipuuciafMw, with long-creeping rhizomes forming an
interwoven mat.
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INSECT BIODIVERSITY AND ASSESSMENT OF HERBIVORY
IN NATIVE AND NON-NATIVE PLANTS IN MO'OREA,
FRENCH POLYNESIA
ERIN M. PRADO
/n feg rafiv e B/o/ogy, D w versB y o /C o /I/b rw ia, BgrAa/gy,

947.20 UST

/ I T h e objective of this study was to determine if the distribution of insect species and presence of
herbivory differed between native and non-native plants in the coastal region of Mo'orea, French Polynesia.
Therefore, four native plant species (BarrmgtcMM asiahca, /BfuscMS BBaceMF,
catappa, TEe^peyia
popM/neaj and four non-native plant species fCarica papaya, Afangf/era spp., AfonaJa citri/b/ia, Maya sppj
were sampled. Each coliected insect was tested for herbivory, and placed in a cup with a 2X1 in. piece of
undamaged leaf from the tree it was found and frequently checked for damage. Significantly greater insect
species abundance was found on native plants compared to non-native plants (p=0.0431). No significant
difference was found in richness (p=0.6409) or diversity (p=0.8451) between native and non-native plants.
Significantly more herbivoty damage was observed on the whole tree in native plants (p=0.0001). The
herbivory trials found more cases of herbivoiy damage in non-native plants compared to native plants, 14
cases and 10 cases respectively, but more total area damaged in native plants compared to non-native plants,
with 5.015% and 4.18% damage respectively. No significant differences were found between abundance and
height of sampling, richness and height of sampling, or diversity and height of sampling (p=0.1108, 0.0933,
and 0.07695). No significant differences were found between abundance and tree height, richness and tree
height, or diversity and tree height (p=0.5305, 0.6156, 0.7805). The results show that there is more insect
abundance and more herbivory damage in native plants, suggesting that generalist herbivores are feeding on
non-native plants while specialist and generalist herbivores are feeding on native plants.
& y wor<A.' msecAs', co7M7MMH%y v/fnc/nre, Aerbivo/y, Franc/? Bo/yMgvz'a, Bnrrmg/on/'a asfaBc#,

Carfcapapaya, //?AAcM.s* a'Baceav, Afaagf/gra jpp., Aformafa czYri/o/ia, A/Msaspp., 7grmfaaBa
cafappa, 77?evpe,s;'a popa/asa.
INTRODUCTION

of Mahe , the percentage of leaves affected by
herbivores was significantly higher on native
species than on invasive species due to specialist
herbivores feeding on native plant species, with
50% and 27% leaf damage respectively
(Hansjorn 2004). However, there are cases that
contradict these results, with more herbivory
damage observed in non-native plant species,
making this controversial hypothesis worth
testing (Agrawal 2003).
The differences in biodiversity and
herbivore damage between native and non-native
plant species have not yet been studied in the
rich coastal region of Mo'orea, French
Polynesia.
Previous investigations in insect
distribution have looked at pest populations on
specific species of plants or assessed the total
distribution of specific insect species (Lehr 2004;
Tang 1999). One study looked at the distribution
of invasive insect species across different
habitats and found the Glassy-winged
sharpshooter, E/oma/oJAco v%r;pgnM/s, to be the
most abundant insect on all plant species, native
and introduced alike (Weiss 2004). Since this
study, a biocontrol protocol has been introduced
and the Glassy-winged sharpshooter population

Whether or not intended, increased trade and
transportation has resulted in more plants being
introduced to foreign areas of the world. Many
non-native plant species have been found to
exhibit greater abundance in new environments,
causing serious environmental and economic
concern (Bossdorf 2005; Pimentel 2005). Most
notably, non-native species are considered the
second most common cause for loss of native
biodiversity (Wilcove et al. Al. 1998). The
success of non-native plants may be explained
by the Enemy Release Hypothesis.
The Enemy Release Hypothesis predicts that
in the absence of coevolved specialist herbivores
and pathogens, plants will achieve greater
growth, reproduction, and size than in their
native range. Introduced plants are able to do
better because the native plants that they are
competing with are not free of their respective
coevolved herbivores (Keane and Crawley
2002). Several studies have found support for
the Enemy Release Hypothesis. For example, in
a comparison of leaf herbivory between native
and invasive woody plants on the tropical island
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has fatten by 90% as o f August 2006 (Petit
t0/02/06). Resutts from my study witt update
the information on insect species distribution in
this region.
The purpose of this study is to evatuate the
insect species composition, herbivory damage,
and major herbivore species across native and
introduced ptant species in the coastat region of
Mo'orea. I witt observe the differences between
four native ptant species: TAaspesza /zopM/nea
(Miroj, Z?a77*M?gtOMM! as/atzca (Hutuj, 7ez*wwa/za
catappa (Autaraa Maohij, awa"
Zz7zaceM.s
(Purauj, and on four non-native ptant species that
co-exist in the same coastat habitat, inctuding
ATangz/era ^pp (Vi Popaa: Mango), Carzca
papaya (Iita: Papaya), A/M^a .spp. (Meia:
Banana), and A/orzw/a cz'trz/b/z'a (Nono).
I
hypothesize that there witt be a difference in
species composition of insect communities and
presence o f herbivory between native and non
native ptants, with more insect biodiversity and
herbivory on native ptant species. The resutts of
this study witt reveat the insect species
distribution in this region, and provide a case
study to support or reject the Enemy Retease
Hypothesis.

FIG.l. Sites sampted in this study. Site 1:
Northwest corner of Cook's Bay, Site 2:
Southeast corner of Opunohu Bay.

METHODS

,s;'?e
Data assessing species composition o f insect
communities and presence of herbivory was
cottected from eight ptant species in the coastat
region of Moorea, French Potynesia (Fig. 1)
tocated at approximate^ 17°29't8" S and
149°43'38" W between the dates o f October f0"*
and November 17'\ 2006. Data was compared
between four native ptant species and four
introduced ptant species (see introduction) that
have been cuttivated in the same coastat region.
Two sites were used in this study, inctuding a
stretch of coastat strand south of the UCB Gump
Research Station tocated in the northwest corner
o f Cook's Bay (Fig. 2), and a ptot o f tand
betonging to Marimari Kettum tocated in the
southeast comer of Opunohu Bay (Fig. 3). The
habitat o f the two sites varied stightly with Site 2
having more canopy cover than Site t, however
both are characteristic of Moorea's coastat
region with rich soit and a varied composition of
native and introduced ptant species.

FIG. 2. Site 1: NW corner of Cook's Bay,
property of Richard B. Gump Research
Station.
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species. The diameter at breast height (DBH)
and height of each tree was measured. DBH was
measured in centimeters with measuring tape.
The height of each tree was measured in
centimeters by taking a picture with a scaie of a
known height next to the tree, and using
Digimizer (MedCaic 2005) to measure the tree
reiative to the scaie.
Data on the presence of herbivory were
coiiected from each sampied tree. Totai visibie
herbivore damage (ie. hoies) was quantified and
piaced into one of four categories: i:0-25%,
2:26-50%, 3:51-75%, and 4:76-100% herbivory
damage. Herbivory triais were conducted as
weii, with each iive insect coiiected from an
individuai tree being piaced into a ciear cup with
a perforated iid. A 2X1 inch portion of a fresh,
undamaged ieaf from the tree the insect was
coiiected was piaced in the cup with the insect,
and the ieaf was continuousty checked for
herbivory damage and other forms of damage,
such as tearing. The damaged area on the ieaf, if
any, was measured as a percentage of totai area
using Adobe Photoshop. Using the wand too),
the coior of the ieaf was separated from the white
backdrop. The ieaf without the damaged area
was highiighted and a histogram was produced,
showing the number of pixels the ieaf was after
damage. Then the hoies were fiiied in, and
another histogram was made, showing the
number of pixeis the ieaf was before damage.
The number of pixeis after damage was divided
by the number of pixeis before damage to yieid a
percentage of totai area damaged.

tnna< 3
° MMtS2

M
TB!W
1
M
SW
Rt
M
H84

anN

N
MTMESP1

'

B$8ARR4Mg^
c
.______1_J
FIG.3. Site 2: SW corner of Opunohu Bay,
property of Marimari Kellum.

A pretiminary survey was conducted aiong
the coast of Mo'orea to observe iocations with
muitipte native and introduced piant species
coexisting in the same habitat. Eight piant
species were chosen due to their abundance
aiong the coastai strand and simiiarity in height
and ieaf size. Two sites were seiected based on
the presence of at ieast four individuais of each
piant species of interest to this study.
Individuais were chosen to sampie in order to
have the shortest distance between the two
vegetation types, native and introduced.

Data RHafysis
The Shannon-Weiner index of biodiversity
was used to quantify the insect diversity of each
tree, testing both insect richness and evenness
(Shannon, C; Weiner 1953). Differences in
insect species abundance, richness, and diversity
between native and introduced piants were tested
for significance. The data faiied a test for
normaiity and equai variance, so a nonparametric
test was used to assess significance in difference.
A Wiicoxon rank sum test was run to test for
differences in insect diversity, richness, and
abundance between native and non-native trees.
A Kruskai-Waiiace test was performed to test for
differences between tree species. A Tukey HSD
muitipie comparison test was used to identify
significantiy different groups.
A iinear
regression test was used to test corrections
between insect abundance, richness, and
diversity and herbivory damage category. Aii

Each individuai tree (n=64) was sampied
once for ten minutes with a sweep net. Insects
were coiiected from iow and high vegetation in
the tree and separated into these categories. Five
minutes were aiiotted for samp ting the iow
vegetation (0-6ft) with ten seconds spent
sampling each branch. Five minutes were spent
sampling the high vegetation (6ft-+) with ten
seconds spent sampiing each branch. If a tree
had no iow vegetation, that is, it's iowest
branches were above 6ft, ten minutes were
designated for sampiing the vegetation and the
insects coiiected were piaced into the high
category oniy.
Insects were separated into
different compartments in a Petri dish and
observed under a light microscope for
identification. Johnson's sixth edition (1989)
was used to identify insects to family, white
Renaud (2003) was used to identify insects to

202

statistical anaiyses were performed using JMP
5.1 (SAS Institute 2003). A p-value of less than
0.05 showed a significant difference between
vegetation types.
A p-value of less than
0.00178, determined by Bonferroni's correction
was needed to show a significance difference
between tree species.

test, the difference between vegetation types was
deemed insignificant (p=0.6409).
Richness
between tree species was also insignificant
(p=0.1951). 7/. nV/aceM.? had the highest insect
species richness with 24 insect species, AT
c/n*(/b/;'a had 21 insect species, and 7?. a.s'/'adca
had 19 insect species. A7n.sa .sp/?. had the lowest
insect species richness, with a total o f 7 insect
species (Appendix C).

RESULTS

/wee/ BfodAershy

Divers'ay- Using the Shannon-Wiener index for
diversity in a test for richness and evenness of
insect species, no difference was found between
native and non-native vegetation (p= 0.8451) or
between tree species (p - 0.1068) (Fig. 5). A7.
cia*7/b/ia had the highest average diversity (H'=
0.5910), followed by Maagi/gra .spp. (H'=
0.5488), and 7?. a^iadca (H= 0.5314). Masa
spp. had the lowest average diversity (H=
0.3802).

.dt'Mnddnce- A greater insect abundance was
found on native vegetation compared to non
native vegetation with 243 individuals found on
non-native vegetation and 619 individuals found
on native vegetation. Insect abundance was
significantly different between vegetation types
(p=0.0431). Insect abundance was significantly
different between tree species (p= 0.0351;
Appendix B). C. papaya had the lowest insect
abundance with 37 individuals, while 77.
aViacea.s' had the highest insect abundance, with
238 individuals (Fig. 4).

FIG. 5. Shannon-Weiner diversity index
averages for each tree species. 1: Canca
papaya, 2: Maagi/era spp., 3: Mon'ada cifri/bh'a,
4: Musa spp., 5: Barrington ;'a asinhca, 6:
Hibiscus P'h'nceMS, 7: Ternnnaha calappa, 8:
7%espgs:'a popM?noa.

FIG. 4. Insect abundance and richness: the
number of individuals and number of
species in each tree species. 1: Cancn pnpm/a,
2: MangBcn? spp., 3:Mon'ndn cifrf/bha, 4: Musa
spp., 5: BamngtoHM asMhca, 6: 77:'&:'scMS
hhaccMS, 7: Tenmnahn catappa, 8: T/respesia
popnbiea.

7nsec? CowwaaiP'es- 20 herbivore species, 10
predator species, 3 parasitoid species, 4 sap
sucker species, 1 detritivore species, 1 granivore
species, and 16 spider morphospecies were
collected from native vegetation (Fig. 6). Non
native vegetation had 16 herbivore species, 7
predator species, 3 parasitoid species, 4 sap
sucker species, 2 detritivore species, 1 granivore
species, and 6 spider morphospecies (Fig 6).
Native vegetation had 267 herbivores, 39
predators, 3 parasitoids, 290 sap suckers, 5
granivores, 1 detritivore, and 40 spiders (Fig. 7).
Non-native vegetation had 82 herbivores, 69
predators, 12 parasitoids, 66 sap suckers, 9

Richness- A greater number of insect species was
found on native plants, 44 of the total 60, while
37 o f the total 60 insect species were found on
non-native plants. 16 insect species were only
found on native plants, 17 insect species were
only found on non-native plants, and 27 insect
species were shared between the two vegetation
types (Fig. 4). Using the Wilcoxon rank sum

203

7/erAzvozy

granivores, 2 detritivores, and 11 spiders (Fig. 7,
Appendix C).

Tree zTzzwagc- More herb ivory damage was
observed on native piants with an average
damage category of i.76 for non-natives, and
2.56 for natives (Fig. 9). Using the Witcoxon
rank sum test, this difference was determined to
be significant (p=0.001). 7/. fz/zacez/s had the
highest average damage category of 3.25, whiie
C. papaya had the towest average damage
category of t .5. Herbivory damage between tree
species was significant (p=0.000t). Using tinear
regression, a positive correction between
abundance of insects and tree damage was
observed (p-vatue 0.0001; Fig.8). A simitar
positive correction was found between number
of insect species and tree damage (p-vatue
0.0054).

FIG.6. The number of herbivore, predator
and parasitoid, sap sucker, granivore, and
detritivore species by vegetation type.

FfG.8. A positive correction between tree
damage and abundance of insects.
FIG.7. The number of herbivore, predator
and parasitoid, granivore, and detritivore
individual by vegetation type.
#zg/z vs*. Tow
No differences were found between
abundance and height of sampting (p=0.H08),
richness and height of sampting (p=0.0933), or
diversity and height of sampting (p=0.07695).
7 re e /zezg/zZ

No differences were found between
abundance and tree height (p=0.5303), richness
and tree height (p=0.6t56), or diversity and tree
height (0.7805).

FIG.9. The average damage category for
each tree species. Damage categories (Yaxis): 1=0-25% damage, 2=25-50% damage,
3=50-75% damage, 4=75-100% damage. Tree
species (X-axis): 1: Czzrz'czz pzzpzzyzz, 2: Mzzztgz/ez'zz
spp., 3: Morzzzdzz czfrzfbfM, 4: Mzrszz spp., 5:
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Morinda citri/oiia, 4: Mnsa spp., 5: Barringfoaia
asiatica, 6: Hibiscus fiiiacens, 7: Ternrinaiia
cafappa, 8: Tbespesia popninea.

Barrington:)? asMh'ca, 6: H:7?:scMS ti/Mcens, 7:
Ter:nina/ia catapya, 8: Tbespesia popa/nea.
Herbivory /rioA- Contrary to the observed
herbivory damage on native piant species, more
damage cases were observed in non-native ptant
species. However, 6 o f these cases were by nonherbivores. Herbivory triais resuited in more
non-native piants being damaged, with 10
herbivory cases and 14 non-native cases
respectively (Fig. 10). The total percentage o f
leaf damage was greater in native plant species,
with an average 15.13% leaf damage in native
plant species and 12.48% leaf damage in non
native plant species.
The standardized
percentage o f leaf damage (standardized by the
number o f days until damage was observed) was
also greater in native plant species with an
average 5.02% damage on natives, and 4.20%
damage on non-natives (Appendix A).

DISCUSSION
/nsec/ Biodiversity
Tbnndnnce- Consistent with previous findings
(Hansjorg 2004, Wolfe 2002), the results o f this
study indicate a significant difference in insect
abundance between native and non-native
vegetation, with native plants supporting a
greater number of individuals. This difference
was predicted by my hypothesis, which was
based on a previous study in Mo'orea that found
native vegetation in high elevations to support
both native specialist insects and non-native
generalist insects (Weiss 2004). The Enemy
Release Hypothesis supports this phenomenon
by explaining that non-native plants do better in
terms o f growth and reproduction compared to
native piants because they lose contact with their
co-evolved specialist herbivores.
Specialist
herbivores are those that feed on one or a few
closely related plant species, and generalist
herbivores are those which feed on several nonrelated plant species (Joshi 2005).
With
significantly more insects residing on native
plants compared to non-native plants, 619 to
243, it is likely that co-evolved specialist insects
as well as introduced generalist insects make up
this large population.

FIG.10. The number of herbivory damage
cases by trees species. 1: Carica papaya, 2:
Mangi/era spp., 3: Morinda cifri^?iia, 4: Musa
spp., 5: Barrington ia asiatica, 6: Hibiscus
fiiiacens, 7: Terminaiia catappa, 8: TTiespcsia
popninea.

Bicbne&s- A higher number of insect species on
native plants was expected based on the Enemy
Release Hypothesis which expects native plants
to support both co-evolved specialist herbivores
as well as generalist invasive herbivores while
non-native plants only support generalist
herbivores. However, no significant differences
in richness were found.
No significant
difference in diversity was found either, as
determined by the Shannon-Weiner test for
diversity. This result is not surprising since
richness is used to calculate diversity, and
diversity failed the test for significance as well.
A possible explanation for these results is that
the introduced plants have evolved a decreased
defense against specialist herbivores, which are
scarce in the introduced range, and a higher
protection against generalist herbivores. It is
possible that the native co-evolved specialists
have started to move over to the native plant
species, which are not well defended against
them. This sequence of events led to the invasive

FIG.ll. Standardized herbivory damage
(total % dam age/ # of days for insect to eat
leaf). 1: Carica papaya, 2: Mangi/cra spp., 3:
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herbivorous insects as tree height increased.
This correlation was attributed to the
microclimate gradient between the understory
and canopy not being very steep (Campos 2006).
However, no significant differences were found.

success of
in Austraiia, New
Zeaiand, and North America (Joshi 2005).
However, richness atone may not be a good
indicator of differences between native and non
native ptants or very relevant to the Enemy
Retease Hypothesis if there is onty one
individuat for each insect species on the non
native vegetation and five individual for every
insect species on the native vegetation. In
determining if the Enemy Retease Hypothesis
supports what is seen in the coastal region of
Mo'orea, it is more important to look at insect
communities grouped by diet.

//erAh'ory
I expected more herbivory damage on native
trees based on the prediction of the Enemy
Release Hypothesis.
My findings from
quantifying the damage of each tree support my
hypothesis, with more herbivory damage on
native trees as a whole. Positive correlations
between average damage category for each tree
species and abundance, as well as average
damage category and richness lead me to believe
that native trees exhibit more herbivory due to
more herbivore species and individuals.
However, in the herbivory trials, more insects
fed on non-native plants. Similar results of more
insect herbivory exhibited on exotic plants
compared to native plants have been found in a
few studies.
This phenomenon has been
explained by the theory that native plants are
better adapted to the local herbivore fauna
compared to non-natives (Agrawal 2003).
Another explanation is offered by the Evolution
of Increased Ability Hypothesis, which suggests
that non-native plants are more palatable, that is,
they taste better because they have reallocated
their resources from defense to growth (Genton
2004).
Despite more herbivory damage cases in
non-native plants, the resulting damaged area on
native leaves, both real values and standardized
values, were greater on native plants. This
suggests that specialist herbivores are feeding on
native plant species, while generalist herbivores
are feeding on non-native plant species. These
results are consistent with other findings that
specialist herbivores cause more damage
compared to generalist herbivores in total
damage to the plant (Joshi 2005).
Cosmopterigidae 1 may be an example of a
co-evolved
specialist
for
71
cafappa.
Cosmopterigidae 1 proved to cause the most
damage on 71 catappa out of the two herbivores
that attacked it. The insect ate 71 ca/appa Is
leaves five out of seven times in the herbivory
trials and caused an average of 4.2% damage,
with as high as 31% total area damage on one
2X1 inch leaf. The individual Cosmopterigidae
1 in these trials came from category three and
four damaged trees, suggesting that they are the
cause for severely damaging these trees.

/meet
An equal number of
predator/parasitoid species and herbivore species
were found on non-native vegetation, while more
predator/ parasitoid species and more herbivore
species were found on native vegetation.
Significantly more individual herbivores were
found on native vegetation compared to predator/
parasitoids, while an equal number of
predator/parasitoids and herbivores were found
on non-native vegetation.
Perhaps more
herbivory occurred on native trees not because
more specialist herbivores were found on native
trees but because there were as many predators
and parasitoids there to kill the herbivores on the
non-native trees. A similar case was observed in
central Germany, where herbivory levels were
correlated negatively with spider abundances
(Unsicker 2006). However, other data support
the correlation between number of herbivore
species and herbivory damage, such as the
positive correlation found between species
richness and overall tree damage.

///gA vs. Low
I expected there to be a difference in insect
abundance and richness between high and low
vegetation due to differences in abiotic factors
such as canopy cover and moisture. A case
study from the Ozarks in Missouri supports this
hypothesis, finding that insect density and
richness increased in the shady areas, and
drastically decreased in the sunnier areas of the
tree (Jeffries 2006). However, no differences
were found between sampling levels in this
study. Similarly, I expected there to be a
difference in abundance and richness of insects
between taller and shorter trees due to
differences in abiotic factors. A study from
Brazil on /fnadienant^gra wacroca/pa
(Mimosaceae) found a significant increase in
both abundance and species richness of ants and
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Cerambycidae 2 is another exampte of a
possibte co-evoived speciatist herbivore, having
caused significant damage on two native piant
species that beiong to the same ptant famiiy,
Maivaceae:
with and average
of 9.25% standardized damage and 7V?&Sjpas;a
/7opM/f?e# with an average of 5% standardized
damage. The differences in amount of herbivory
between native and non-native vegetation were
not found to be significant by the Wiicoxon rank
sum test, however, based on biodiversity and
fieid herbivory resuits, I find it to be
representative of what is happening overaii.

associated with
wacrocnypa.
Ecoiogy 29: 442-450.
Genton B.J., P.M. Kotanen, P.O. Cheptou, C.
Adoiphe, J.A. Shykoff. 2004. Enemy reiease
but no evoiutionary toss of defense in a piant
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CONCLUSION
I conciude, based on more visibie herbivore
damage on the whoie tree, more insect
abundance, more herbivore species, more
herbivore individuals, and fewer cases of
damage, yet a higher average percent damage in
native piant species, that the Enemy Reiease
Hypothesis can expiain the biodiversity and
herbivory in the coastai region of Mo'orea,
French Poiynesia.
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APPENDIX A

Table 1. Summary of insect species, diet, percent damage of leaf (% damage), standardization of damage
(% Damage / # of days to consume leaf), and species of tree damaged (Tree species).
Insect Species

Diet

% Damage

Standardized

Tree Species

Acicnerm's uanegafus

Herbivore

5%

1.25

Canca p.

Adorcfus vesh'fMs

Herbivore

24%

24%

Mon'nda c.

Anthribidae

Herbivore

4%
5%
8%
13%

1%
1.25%
0.80%
13%

Canca p.
MonMtfa c.

Bruchidae

Granivore

1%
2

0.25%
0.50%

Musa spp.
Canca p.

Cerambycidae 1

Herbivore

24%
18%

1.5%
9.25%

Canca p.

Cerambycidae 2

Herbivore

37%
5%

9.25%
5%

CerestMM? MM(color

Herbivore

1%

0.14%

HtKscMS f.
T7:cspesM p.
BarnMgfoMta a.

Cixiidae

Sap sucker

Coccinellidae

Insectivore

2%
1%
1%

0.40%
1%
0.20%

Musa sp.
Monnda c.
Musa spp.

Cosmopterigidae 1

Herbivore

Herbivore

10.33%
3.33%
2.33%
1.66%
3.33%
3%

TcnMZMah'a p.

Geometridae

31%
10%
7%
5%
10%
3%

Machilidae

Herbivore

14%

3.50%

6%
49%

1%
12.25%

TcnMtnn/ia p.
BarrtMgfoMta a.
Mangt/cra spp.
Mangt/cra spp.
Morinda c.

Mantidae

Predator

1%

Dipiopida (Milipede)

Detritivore

1%

0.33%

Musa spp.

Sphingidae

Herbivore

48%

16%

Mon'nda c.

Tettigoniidae 1

Herbivore

3%

0.75%

Canca p.

Tettigoniidae 2

Herbivore

1%
1%

0.20%
1%

MaHgt/era spp.
Morzuda c.
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APPENDIX B

Table 2. Summary of comparisons in abundance, richness, and diversity between native and non-native
vegetation, high and tow vegetation, height of trees, tree damage categories, and tree species.
Comparison
Native vs.
Introduced

High vs. Low

Height

Tree damage

p-value
0.0431

Richness

Result
Greater Abundance in Native
Vegetation
No difference

Diversity

No difference

0.8451

Herbivory on tree

More herbivory on Native trees

0.001

Variable

Result

Nominal value

Real % Damage on leaf

More herbivory damage on
Native

Standardized %
damage on leaf

More Herbivory damage on
Native

Number of Herbivory
Incidents

More Herbivory Cases in NonNative Insects

Abundance

No difference

12.48% damage on
native
15.13% damage on
non-native
5.02% damage on
native
4.20% damage on
non-native
10 Native
14 Non-Native
p-value
0.1108

Richness
Diversity

No difference
No difference

0.0935
0.7695

Abundance

No difference

0.5303

Richness

No difference

0.6156

Diversity

No difference

0.7805

Abundance

0.0001

Abundance

More insects in highly damaged
trees
More insect species in highly
damaged trees
No correlation between
diversity and tree damage
Difference between tree species

Richness

No difference

0.1951

Diversity

No difference

0.1068

Variable
Abundance

Richness
Diversity
Tree Species

210

0.6409

0.0054
0.6895
0.0351

APPENDIX C

Table 3. Insect species distribution by tree species in rea) numbers.
Mangi/ero Morinda Musa Bcrr:?!gfonM
cdn'/bha SPPasiahca
SPPPhddoieJerPMS
1
9
12
4
39
Machiiidae 1
1
19
12
4
2
Cocdrteilidae 1
0
0
2
0
2
Cixiidae 1
30
6
20
31
3
Bruchidae 1
6
1
0
2
3
Musddae 1
0
0
1
1
0
1
Tettigoniidae 1
0
0
0
0
Tettigoniidae 2
0
5
3
0
2
BlatteHidae 1
1
0
0
0
0
Anthribidae 1
2
6
3
0
2
1
Ac:cMew:s
2
0
0
0
ponegdHS
Miridae 1
0
0
0
0
0
Miridae 2
1
1
0
0
0
Miridae 3
1
0
0
0
0
Miridae 4
0
0
0
0
0
1
Cerambyddae 1
2
0
0
0
1
1
Cerambyddae 2
0
0
0
7
Braconidae 1
0
3
0
0
Braconidae 2
0
0
1
0
0
1
Empicoris 1
0
0
0
0
1
Dermasbdae 1
0
0
0
0
Dermaptera 1
0
0
0
0
0
1
Drosophiiidae 1
0
0
0
0
Drosophilidae 2
1
0
0
0
0
Drosophiiidae 3
0
0
0
0
0
1
Drosophiiidae 4
0
0
0
0
Neriidae 1
1
0
0
0
0
1
1
4
0
0
piynpfM7i!s
0
1
0
AdordMs peshfus
0
0
1
Biattidae 1
0
0
0
0
1
Chaiddoidea 1
0
0
0
0
Chaiddoidea 2
0
1
0
0
0
Chaiddoidea 3
0
0
0
0
0
1
Hemiptera 1
0
0
0
0
1
Pseudoscorpionida 0
0
0
3
Nueroptera 1
0
0
0
2
0
Ceres;HH!MH:coior
2
0
0
0
0
1
Cosmopterigidae 1 0
0
0
0
Tingidae 1
0
0
0
0
0
2
1
Mantidae 1
0
0
0
Reduviidae 1
0
0
0
0
0
1
Tineidael
0
0
0
0
Phyiiocnistidae 1
0
0
0
0
0
0
0
0
0
Coieoptera 1
0
Geometridae 1
0
0
0
0
0
0
Crambinae 1
0
0
0
0
1
Chrysopidae 1
0
0
0
0
1
4
Psyilidae 1
6
0
0
0
Psyilidae 2
0
0
0
0
Anthrocoridae 1
0
0
0
0
0
0
0
Entomobryidae 1
0
0
0
0
0
0
0
Aphididae 1
0
1
0
Oedomeridae 1
0
0
0
1
0
0
Sphirtgidae 1
0
0
1
0
Nitidulidae 1
0
0
0
1
0
Didyopharidae 1
0
0
0
1
0
0
Pseudococddae 1
0
0

PhiascMs
hhaCCMS
1
2
0
83
0
0
0
1
0
2
0

Terwnnaha
cafappa
0
0
0
29
0
0
0
1
0
1
0

T^espesia
popa/aca
13
0
0
143
2
0
0
4
0
12
0

3
5
0
1
0
1
0
0
0
0
1
0
1
0
3
0
0

0
3
4
0
0
0
0
0
0
0
0
0
1
0
0
0
0

0
0
0
0
0
1
0
0
0
0
0
0
0
1
0
0
1

0
2
1
0
1
1
0
0
0
0
0
1
0
0
0
0
0
0
1
1
113
7
1
3
0
0
0
0
0

1
0
0
0
0
0
0
0
0
81
2
2
1
0
1
1
2
2
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
6
0
0
0
0
0
0
0
0

Formiddae 1
Formiddae 2
Neuroptera 1
Plataspidae 1
Blattidae2

0
0
0
0
0

0
1
0
0
0

0
0
0
0
0

0
0
0
0
0
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1
0
1
0
0

0
0
0
1
1

0
0
0
0
0

0
0
0
0
0

COMPARISON OF FOOD PREFERENCE AND BEHAVIOR OF
TWO WATERSTRIDERS HAEOBAEES HAWAIIENSIS AND
EJAEVOGONUS EHCEHOSHS (HEMIPTERA: GERRIDAE) IN
MOOREA, FRENCH POLYNESIA
MELISSA K. RILEY
Tnulronmcnfal Sciences, Unlucrslfy o^Call/brKM, Berkeley, CcII/brm'a, 94720 USA, mAyHei/@&e?*A:eIey.e4M
Abstract. While water striders (Hemiptera: Gerridae) have a global distribution
different species have adapted to very different habitat types. Freshwater water striders
such as LiznnogowMS iMcfMOSMS live in areas aiong streams and rivers with iittle to no fiow.
Marine water striders, such as coastal species HaMzafcs Tawaliensls, have adapted to life
on the surface of the ocean. Since these types of water striders live in such different
habitats, and face different environmentai factors their food preference and behavior can
be quite different. In this study, average density of L. InctMOSMS individuals was
measured along the Opunohu River. Also, food preference, behavior, and the effects of
increased density were tested in the laboratory for both L. IMcfMOSMS and H. BawalieMsis.
Response time and frequency of approach to mobile and immobile prey items were
recorded for H. BawalicHsIs and L. iacfMOSMS. H. BawallcMsIs preferred immobile prey while
L. lactMOSMS preferred mobile prey. Frequency of several behaviors (i.e. movements,
moving away from others, approached by others, approaching others, attacking, being
attacked, jumping, and cleaning) were compared between species, and within species at
increasing densities. There were differences between species in the frequency of
movements, approaching others, being approached, jumping, and cleaning. Density
affected movements, moving away from others, jumping, and cleaning for H. BawallcMsis.
Density affected movements, moving away from others, and cleaning behaviors for L.
iMcfMOSMS. The different ecology of these two species can be used to explain why
differences exist in both food preference and frequency of behaviors.
Keywords. Wafer strikers; Moorea; Trend: Polynesia; Nenzlpfera, Heferopfera, Gerrnfae;
Halobates hawaiiensis; Limnogonus luctuosus, /oo4 pre/erence, &efzau!or, density

also comes with many challenges especially
concerning movement, reproduction, and the
ability to find food (Spence and Andersen
1994). Water striders have learned to cope
with these challenges, but can be affected
greatly by environmental factors.
One of the main environmental factors
that affect water striders is food availability.
Both freshwater and marine water striders are
scavengers and predators (Foster and
Treheme 1980, Spence and Andersen 1994,
Cheng 1985) that feed on floating insects.

INTRODUCTION
Water striders (Hemiptera: Gerridae) are
widely dispersed in both marine and
freshwater environments due to their ability to
adapt to different habitats (Cheng 1985, Foster
and Treheme 1980). According to Spence and
Andersen (1994) there are about 1500 species
of gerromorpha that have adapted to life on
the surfaces of various bodies of water.
Adapting to life on the surface of water allows
many advantages for dispersal; however it
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Site 1: The Gump Station Dock- The
Gump Station is located on the western side of
Cook's Bay. A light was used to attract
marine water striders to the dock at night.
Site 2: Cook's Bay- The western edge of
Cook's Bay was surveyed for the presence of
marine water striders by kayaking about 100
meters from shore, out toward the reef crest.
Site 3: Opunohu River- The mouth of the
Opunohu River is located at the base of
Opunohu Bay. The study site was located at a
mid reach of the river near Marae Tetiiroa.
The substrate was predominately fine
sediment and small rocks. The bottoms of
many pools were also covered in leaves, and
debris from the overhanging Fnocarpas sp.
trees.
Site 4: Vaioro River- The Vaioro River is
located on the eastern side of the island. A
mid-low reach was surveyed for freshwater
water striders. The banks of the stream were
densely vegetated, and the water was
extremely turbid.

Usually this consists of terrestrial insects, such
as arthropods, which become stuck on the
surface of the water (Cheng 1985, Spence and
Andersen 1994, Sih and Watters 2005).
According to Cheng (1985), Haio&afcs sp. that
live near the coast are able to feed on
terrestrial insects that have been taken out to
sea. Water striders feed as individuals as well
as in groups by using sucking mouthparts and
using their front legs to grasp prey items
(Cheng 1985, Spence and Andersen 1994).
Although water striders are not very specific
in food preference, location and abundance of
food items influences their distribution and
abundance (Cheng 1985).
Another environmental factor that affects
water striders is group dynamics and
behavioral types. The number of individuals
and the types of individuals within a group of
water striders can have an affect on how a
single
individual
responds
to
their
surroundings (Sih and Watters 2005). Sih and
Watters (2005) also explain how group
composition can affect the aggressiveness of
individuals, frequency of mating, activity
level, and feeding behavior.
The objectives of this study were: 1) to
explore the prey type preference of two water
strider species of Moorea, HaioFafes tzaroaiiensis
(Montousier 1864) and Limnogonas iactaosMS
(Usinger). 2) To examine the affect of varying
densities of individuals on behavior, and 3) to
determine the difference in frequency of
behaviors between Ft. tzawaiiensz's and L
?MCfM0SMS.

4

METHODS
FIGURE 1: Map of Moorea, French Polynesia
(17°30'S, 149°50'W). See figure 2 for expanded
view of study sites.

Field sites
Each field site (n=4) was visited
periodically in order to collect individual
water striders of each species, and to conduct
field observations. The field sites were located
on the island of Moorea in French Polynesia
(Fig. 1). Sites 1 and 2 were marine sites while
sites 3 and 4 were freshwater sites.

Study organisms
H. izaroaiiensis (Appendix Fig. 7) is a
widely distributed organism which ranges
from Hawaii to the Society Islands (Cheng
1985). A typical life cycle from egg to adult
lasts around 60 to 70 days (Cheng 1985,
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Tsoukatou et at. 2001) although little is known
about the comptete life history of this
organism. Individuals are wingless and have
a maximum body length of about 6.5 mm
according to Cheng (1985 and 1989). Males
and females are very similar in body size and
shape. Special adaptations include front legs
that are able to hold prey, and for males to
grab females during mating (Cheng 1985).
Also according to Cheng (1985), Haiobafes sp.
have developed good eye sight to aide in
hunting and predator defense against birds
and fish.
L. lactMOSMS is also widely distributed. L.
iMcfMCSMS is especially wide spread in the
southeastern Pacific at varying altitudes and
habitats such as lakes, streams, and pools of
water (Andersen 1971). L. iactMosMS has a
distinct pattern (Appendix Fig. 6) on its back
that is yellow (Andersen 1971). L. iMctaosMs
can also be wingless, and it may use ripples as
a form of communication and prey location
(Cheng 1989, Spence and Anderson 1994,
Wilcox 1972). Fish and birds are common
predators for water striders in freshwater
environments.

FieM observations
Group size and location of marine water
striders were observed in Cook's Bay.
Average density of water striders along
the Opunohu River was estimated by
measuring the length and width of fifteen
pools along the river. Number of individuals,
water depth, temperature, and type of
substrate were also recorded.
hit
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FIGURE 2: Expanded view of study sites
on Moorea.
Laboratory experiment-tbo^i pre/erence
Individuals were placed in an observation
tank (0.33 meters x 0.33 meters), and allowed
to acclimate for at least five minutes. After
five minutes one mobile and one immobile ant
was dropped in the observation tank at equal
distances away from the individual being
evaluated. The time that it took the individual
to approach a prey item, and the number of
times individuals approached each prey item
were recorded.
Twenty-five individuals
(males and females) of L. inctHOSMS and twenty
individuals (males and females) of LL
batoaiiensis were evaluated. The experiment
was repeated with two immobile prey items.
Response time and frequency of approach
were recorded.

Collection
Both species of water strider were
collected using aquarium nets at each of the
four study sites. Individuals of L. inctnosMS
were transported from the field in dry plastic
bags, and placed in a container with a
diameter of 36 cm and covered in mesh.
H. iMwanensis individuals were attracted
to the Gump Station dock using a 60 watt
lamp that was placed about 1 meter above the
water level around sunset (from about 5pm to
12am). Individuals that were attracted to the
light were also collected using aquarium nets,
and were stored in a 36cm diameter tub
covered in mesh.
Individuals were also
collected by kayaking on the western side of
Cook's Bay out toward the reef crest, around
sunset.
Individuals were collected by
paddling into large aggregations of waters
striders and using an aquarium net.

Laboratory experiment- density and behavior
Individuals were observed and frequency
of behaviors was recorded in groups of
different sizes for five minutes at a time in the
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average number of individuals in each pool
surveyed was 4.4. Average density was 3.297
individuals per square meter. Temperatures
of pools ranged from 23 degrees Celsius and
25 degrees Celsius.
The substrate was
primarily small rocks and fine sediments with
fallen leaves from overhanging trees.

observation tank (0.33 meters x 0.33 meters.)
Ten individuais of each species were
evaluated individually, in pairs, and in groups
of three. Ten individuals of L. iMcfHOSMS were
evaluated in groups of four and five
individuals of Flalobatos batoallensls were
evaluated in groups of four. Behavioral
categories included: number of movements,
approaching other individuals, being
approached by others, moving away from
others, attacking others, being attacked by
others, jumping, feeding, and cleaning.

Laboratory experiment-^bod preference
The total Chi Squared value between H.
batoallensls and L. lactnosns for food prey
preference was above the critical value
(Ambrose et al., 2002) indicating that there
was a difference in prey preference between
species. FI. baroallensls tended to approach
immobile prey most often (Fig. 3). Only three
individuals of FI. baroallensls approached
mobile prey first, while eight individuals did
not approach prey at all. The average time for
H. bawaiiensis to approach a prey item was
60.91 seconds (values were only counted if the
individual approached a prey item). L.
InclHosns was more likely to approach mobile
prey (Fig. 3) and only two individuals choose
not to approach prey. The average response
time for L. laclaosns was much less at 36.65
seconds. Figure 4 examines the response FI.
bawallensls and L. lactMosas when both prey
items were immobile. Nine individuals of L.
lactMosMs approached prey while only six FI.
bazoallensls approached the prey. Average
response time in this experiment for FI.
bazoallensls was 10.9 seconds and L. ?McfM0SMs
on average took 98 seconds to approach prey
items.
Laboratory experiment- density and
bebaolor

Statistic#? analysis
Food preference observations were
evaluated using Chi Squared Test (Ambrose
et. al 2002). In addition, behaviors were
compared between groups and within groups
at varying densities. First the data was
checked for normal distributions. If the data
did not show a normal distribution, it was log
transformed and rechecked for a normal
distribution. If the distribution was normal
then ANOVA and student's t-test were used
in JMP 5.1 (SAS Institute Inc. 2004.) If data
were not normal after log transformation
Wilcoxon and Tukey-Kramer tests were used
in JMP 5.1 (SAS Institute Inc. 2004.
RESULTS
Field observations
Large
aggregations
(thousands
of
individuals)
of
H.
bawaiiensis
were
encountered at study Site 4 (Fig. 2) in Cook's
Bay. The most common time that individuals
were observed was around dusk. However,
under windy conditions sightings of large
aggregations and single individuals were rare.
At Site 3 the light was successful at attracting
individuals of FI baroallensls. Individuals were
most common around 7pm, and when
individuals were observed at the light, there
was an average of three individuals per night.
Average surface area of pools along the
Opunohu River was 1.67 meters squared. The

Tables 1 and 2 summarize the results of
ANOVA and Wilcoxon tests. Table 1
compares the frequency of the eight behaviors
between species. FI. baroallensls individuals
were approached by others, approached
others, jumped and moved more frequently
than L. InctMosns. However L. InctMosns
cleaned more frequently than FI. baioallensls.
AH other behaviors remained the same.
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Table 2 explores how the frequency of
behaviors changes with increasing densities of
individuals in both species of water strider
studied. For L. inctMOSMS movements and
moving away from others increased
infrequency while the amount of cleaning
decreased. H. hawaiiensis moved away from
others, jumped, and cleaned more frequently
while all other behaviors remained the same.

T h e m e a n fre q u e n c y o f in te ra c tio n s (i.e.
a p p r o a c h in g o th e r s a n d b e in g a p p r o a c h e d )
a n d its r e la tio n s h ip to in c re a s in g d e n s itie s is
illu s tr a te d in F ig u re 4. F o r L. ?McfMOSMS, th e re
is a fa irly s te a d y in c re a s e in th e fre q u e n c y o f
in te ra c tio n s a s d e n s ity in c re a s e s (L1-L4). H.
haw aiiensis a ls o in c re a s e s fre q u e n c y o f
in te ra c tio n s o v e ra ll (H 1 -H 4 ), h o w e v e r th e re is
n o t a s c le a r o f a p a tte r n a s w ith L iaciMOSMS.

1. Comparison of the frequency of behaviors between H. hawaiiensis (Marine) and L.
luctuosus (Fresh Water). For tests with significant p-values, the species that preformed the
behavior most frequently is indicated.

TABLE

Test
Result
Frequency of Movements
Marine> Fresh Water
Moving Away from Other
No difference in Frequency
Approached by Other
Marine> Fresh Water
Approaching Other
Marine>Fresh Water
Attacking Other
No difference in Frequency
Being Attacked
No difference in Frequency
Jumping
Marine> Fresh Water
Cleaning
Fresh Water> Marine
Note: Significant values are in bold.

p-value
.0015
.3194
.0005
.0043
.9485
.7644
.0002
.0250

TABLE 2. The frequency of behaviors within species at different densities. Significant values are
those with p> 0.05, and (+) indicates an increase in frequency of behavior with increased
density and (-) indicates a decrease in frequency.
H. hawaiiensis
Test (Frequency of) Organism
L. luctuosus
+
n /a
Movements
Moving Away from Other
No change
Approached by Other
No change
No change
Approaching Other
No change
No change
Attacking Other
No change
No change
No change
Being Attacked
Jumping
No change
+
Cleaning
^
\
' -* "'HE
i
H H nn
Note: Significant values (p<0.05) are highlighted. Frequency of movements for H. hawaiiensis
were unable to be counted in groups of two, there, and four individuals because they were too
frequent.
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Frey Type Preference
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FIGURE 3. Summary of prey type preference experiment for both H. hawaiiensis and L. luctuosus.
Figure includes the number of individuals approaching each prey type (immobile or mobile)
and the number of individuals that did not approach prey items after a five minute observation
period.

Prey Type Preference (Immobile Prey Only)
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1
None

Frey Type

FIGURE 4. Summary of H. hawaiiensis and L. luctuosus prey type preference experiment using
two immobile prey items; includes number of individuals the approached prey and number
of individuals that did not approach prey items within a five minute observation period.
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FIGURE 5. Mean Frequency of interactions (approaching others and being approached) with
increasing density in two water strider species, H. Aazcaz';'ensz's and L ZMcfaosMS. H I to H4
represent H. Izawaz'zcMsz's aione (HI), in pairs (H2), in groups of three (H3), and in groups of four
(H4). L1-L4 represent L. Incfzzoszzs aione (LI), in pairs (L2), in groups of three (L3), and in
groups of four (L4). Error bars represent standard deviations from the mean.
Treherne 1980 explain that "gerrids on still
water show a marked preference for moving
prey." This could be due to their ability to use
ripples on the surface of water as a means of
communication.
In contrast, H. Izawanezzszs approached
immobile prey more often (Figure 3). The
genus Halo&afes have been shown to be
sensitive to prey movements (Foster and
Treherne 1980).
Even though they will
approach moving and non-moving prey items,
if prey starts to struggle they will move away
quickly (Foster and Treherne 1980, M. Riley
unpublished data 2006). In the field, HaioFates
sp were most often found with non-moving
prey that had recently died, and was not

DISCUSSION
The findings of this study indicate that
both H. hawaiiensis and L. lacfzzoszzs have a
prey type preference. L. iacfzzoszzs went to
mobiie prey most often, and had a shorter
response time than H. Tzawaz'zezzszs when given
the choice between different prey types
(Figure 3). When both prey items were
immobile, L. /McfMOSMS stiii approached prey
items nine times out of ten (Figure 4). Other
studies have shown that freshwater gerrids
are more partial to prey that is still mobile
(Jamieson and Scudder 1977, 1979). There is a
relationship between the stillness of water,
and prey type preference.
Foster and
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individuals shows an increase (Figure 5). As
density increases from one individual to
groups of four, L iMctaosas shows a steady
increase in its interactions with others. This
could be a result of trying to avoid other
individuals.
It also explains the greater
frequency of each species to move away from
others. As H. FauzazzeHszs increases in the
density of individuals, it shows a rise in the
mean frequency of interactions with other
individuals, (Fig. 4) but there is not as clear of
a pattern as with L. lactMOSMS. Since H.
Fawanenszs is most often found in larger
aggregations, individuals may not be as
affected by increasing densities as individuals
that are normally found in smaller groups like
L. lactMosMS. However H. Fawazzezzsz's may
express a need to avoid others by increasing
the frequency of behaviors like jumping (Table
2). In addition, cleaning behaviors make an
interesting change as density increases. H.
FzzH'HzzeMszs increases this behavior with
increased density, and L. IzzcfuosMS decreases
this behavior with increased density.
L.
IzzctMOSMS may decrease this behavior because
it is coming into contact with more
individuals, and is disturbed more frequently.
Environmental factors greatly impact
water strider species like H. Fawazzewsz's and L.
izzctMOSMs. Due to their different habitats these
two species show a significant difference in
both food type preference, and the frequency
of behaviors. However, there is still much to
learn about water striders and the
environmental factors that affect their
behaviors and distributions. While frequency
of behaviors increase with higher densities of
individuals, it would be interesting to look at
the composition of individuals that make up
these groups. It would also be interesting to
study marine water striders more closely, and
follow there day to day distributions looking
at different factors that may have an influence
them like wind speed or currents and water
flow. Another area that could be explored is
the attraction of marine water striders to light,
to see if this attraction relates to navigation or
other factors. H. Fawazzezzszs and L IzzciMOSMS

decomposing (Foster and Treherne 1980).
When given the choice of two prey items that
were immobile, H. Fawz'zezzszs approached prey
items six times out of ten (Figure 4). While
Cheng (1985) found that two other species of
HaloFafes (H. soFnwMS and H. sezi'ceMs) will
approached struggling prey more often than
prey that is not struggling, Foster and
Treherne (1980) showed that H. ro&MsfMS (a
marine water strider from the Galapagos)
avoided struggling prey. By approaching
only immobile prey, FMoFates may be
avoiding predators (Cheng 1985) by reducing
the amount of movement and disturbance on
the surface of the water. Other possible
explanations could be body size, or
availability of food (Foster and Treherne
1980). In rough seas HaloFafes may not have a
choice as to what type of prey it encounters,
and it may not be able to make the distinction
between mobile and immobile prey items
(Jamieson and Scudder 1979, Foster and
Treherne 1980).
Also, there are some differences in
behavior between H. Fawazzenszs and L.
IwcfMOSMS. H. Fawazzezzszs are more active than
L iaclMOSMs; as a result they approach others
and are approached more frequently. H.
Fawazz'ezzsz's also jumps more frequently than L
lactMOSMS as a way to avoid others. These
differences can be explained by the different
habitats that these species live in.
H.
Fawaz'z'ezzsz's lives on faster flowing water with
more disturbance, while L. /zzcfMOSMS was
found in areas with slow moving water or in
pools without flow (M. Riley unpublished
data 2006). Marine water striders are more
commonly found in large aggregations which
provide protection against predators (Foster
and Treherne 1980, Cheng 1985). In these
aggregations they may approach and come
into contact with other individuals more often
than L. iactMosMS.
Increased density also has some affect on
the frequency of behaviors for both H.
FanzazzeHszs and T. izzcfzzosMS.
As density
increases, both species become more active,
and the mean number of interactions of
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are both fascinating organisms that stiii offer
much to learn about the behaviors and
environmental factors that influence water
striders in different areas of the world.
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FIGURE 6. Photograph of L. /MCfMOSMS.

FIGURE 7. Photograph of H. IiawancMsfs.
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CHRISTMAS COLORS: COLORMORPH DISTRIBUTION OF
SPIROBRANCHUS GIGANTEUS PALLAS 1766 ON MOOREA,
FRENCH POLYNESIA
D A N IE L S .S O N G

Environmental Sciences, University of California, Berkeley 94720 USA
Abstract. S^irobranciiMS gfvantCMS Pallas 1766 is an obligate associate of coral. This
study focused on the distribution of five branchial crown colormorphs (Blue, Brown,
Marigold, Purple, and White) on eight coral species (Acropora I, Acropora II, Porites I,
Porites II, Porites III, Porites IV, Porites V, Porites VI) by quadrat sampling method.
White was the most abundant colormorph, representing 24.0% of the total. Blue was the
least abundant colormorph at 9.5% of the total. There were no significant differences in
Shannon-Weiner Diversity Index (IT) of colormorphs between coral species. Also,
relative colormorph abundance did not differ significantly between coral species or
between the Front and Back positions. Only Blue and Marigold differed significantly in
relative abundance between Top, Midde, and Bottom positions. Findings support a
colormorph distribution of colormorphs. There are two possible explanations: 1)
mortality and selection effects on distribution and 2) phenotypic plasticity, a combination
of genetic and environmental factors contributing to the occurrence of certain
phenotypes.
Key words; density; coral species; suspension feeding; phenotype; branchial crown;
Polychaeta

(Kurpiyanova et al. 2001). The pelagic larvae
stage lasts between 9 and 12 days (Marsden
1987). The adult worm can live between 10 35 years (Smith 1985) with a few surviving
over 40 years (Nishi and Nishihira 1996, Nishi
and Kikuchi 1996). The species does not
burrow, instead it builds a calcareous tube on
the surface and the coral colony grows around
it (Smith 1984).
As active suspension feeding adults, the
paired branchial crowns protrude from the
margins of the tube. Each crown is composed
of successively smaller tentacle whorls layered
with 4 - 6 spiraling about a central stalk (Fig.
1). Tentacles consist of radioles with cilia
laden pinnules. The cilia serve to whip water
in between the pinnules (Strathmann et al.
1984).
Branchial crowns appear in a wide variety
of colormorphs (e.g. blue, brown, marigold,

IN T R O D U C T IO N

Coral reefs are complex systems that
provide a multitude of habitats for associates,
which use the tissue and skeleton as substrate
(Frank et al. 1995). Risk et al. (2001) define
"associate" as sessile invertebrates that live in
or on the coral. Spz'robranchMS giganfens Pallas
1766 is one of the most conspicuous and
colorful of coral associates.
Spirobranchns gzganteMS is an obligate
associate of coral and found in tropical and
sub tropical waters (Marsden and Meeuwig
1990). Hove (1970) divided S. gzgazzfezzs into
two sub-species: Spirobranchns gz'gazzfezzs
cozTzzczzhzfMS Grube 1862 in the Pacific and
Spirobranchns giganfcns giganfens Pallas 1766 in
the Atlantic and Caribbean.
Spirobranchns giganicns is sequentially
hermaphroditic and is a broadcast spawner
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FlG. 1. Picture of a Biue S. gigawfCMS coiormorph. a) spiraling whorl, b) Individuai
tentacies with radioies and ciiia, c) centra! stalk and d) opercuium.

purpie, and white). The downward siope and
coiorfui appearance may be the source of its
common name, "Christmas Tree worm".
The presence of branchial crowns and
tubes facilitate the flow of water and
excrements about the coral surface (Mokady et
al. 1998). SpiroFrancfiMS yiyanfeMS also protects
coral against predation by irritating the
underside of starfish TlcHMffMsfer plane:
Linnaeus 1758, inducing it to move (Devantier
et al. 1986).
Ben-Tzvi et al. (2006) found that 1) S.
gfganfcMs colonized area was kept alive and
continued to grow while areas adjacent to
colonization died and 2) that coral tissue
surrounding S. gigantcMS showed no predatory
damage and the colonies recovered.

Previous distribution studies of S.
giganfeMS show that distribution among coral
is non-random and worm densities are higher
on certain coral species (Hunte et al. 1990a,
Marsden 1990, Marsden and Meeuwig 1990).
Distribution
patterns
of
sessile
invertebrates on coral may be affected by
mortality rates (Connell 1985). Spho&rHMcfms
giganfCHS tends to cluster with increasing
number of worms per colony (Dai and Yang
1995).
Hunte et al. (1990b) found that the more
heavily colonized the coral, the larger the
worm; larger worms were found to possess
increased gamete production. The density of
S. gfganfcMS were found to increase with depth
(Floros et al. 2005).
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The Sheraton (-17°28'49"N, -149°50'50"W)
is within the Plan de Gestion de l'Espace
Maritime (PGEM) Marine Protected Area
(MPA). Sampling took place between 100 140 m from the Sheraton Hotel and depths
varied between 2 - 4 m.
SHTHpiiMV

FtG. 2. Sheraton Hotel and Temae public
beach, Moorea, French Polynesia.

Colormorphs of S. giganfcMS have not been
extensively studied as in the case of other
organisms, such as snails. Snail shell
colormorphs were found to vary with abiotic
environmental factors such as nutrients
(Slotow and Ward 1997) and stresses, such as
high temperatures (Etter 1988).
One approach to clarifying the occurrence
of
different
Spiro&ran&MS
gigawfeMS
phenotypes is to investigate the distribution of
branchial crown colormorphs. The primary
purpose of this study is to study the
distribution of five branchial crown
colormorphs. This paper focuses on the
abundance and diversity of colormorphs at
different coral positions and species.
M ETH O D S

Site description

Quadrats were 3 x 3 m in size and marked
off with weighted flags. The quadrats were
placed randomly at Temae Beach by kayak,
inside the reef crest and at the Sheraton Hotel
site by motorboat. To standardize quadrats,
the bottom-right corner was set first and both
the bottom and top edges were lined up as
closely parallel to the reef crest as possible.
Corai-?!Csf
Eight different coral species were
examined. Coral colonies were included if
more than half the coral was present within
the quadrat. They were only recorded if live
worms were present.
Individual coral
colonies were determined as separate if they
were not visibly attached at the base.
The water temperature at the base, the
largest diameter, the tallest height, and GPS
location (Garmin 76Cx) of each coral were
recorded. Corals were identified to genus
offsite with digital photographs and a field
guide (Allen and Steen 1994, Vernon 2000).
Photographs were taken with a Casio X-Slim
and a Casio underwater housing unit.
CoionMorpf! count

The distribution of branchial crown
colormorphs was studied on Moorea, French
Polynesia at two different sties: Temae public
beach (Temae) and near the Sheraton Hotel
(Sheraton; Fig. 2). The survey was conducted
during October and November 2006.
Temae beach (-17°27'56"N, -151°30'34"W)
is a government protected public beach,
within the reef crest. The depth varied
between 1 - 3 m.

Worm presence was determined by visual
evidence of living S. giganfcas inside their
tube. Branchial crown colormorphs were only
recorded once, only when at least one crown
was exposed.
When possible, I positioned myself downcurrent to reduce turbulence. Positions on
corals were standardized by three equal
horizontal and two equal vertical planes (Top,
Middle, Bottom; Front, Back). The Front of the
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coral was determined as the plane facing the
reef crest.
Coiorfnorpi! designation

A preliminary survey of branchial crown
colormorphs at Temae Beach determined the
five colormorphs to study: Blue, Brown,
Marigold, Purple, and White (Fig. 3).
Colormorphs were designated visually, on
site, by the majority color. Each worm was
only counted once and in only one
colormorph category.
Variations in colormorph patterns were
great.
I observed instances where

A.

colormorphs were not homogenous. Crowns
occurred in various shades and tints (i.e. light
purple, dark yellow, tan) and patterns (i.e.
banded, striped, dotted).
Statistical analysis
My question was aimed toward patterns
on the island as a whole, thus I did not
compare sites on the island.
Surface area of coral colonies was
estimated to = 2 rt r^, under the assumption
that the shape of coral colonies are
approximately hemispherical (Dahl 1973).
The radius was an average of the height and

B.
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TABLE 1. Summary of worms and coral surveyed: coral species abundance (n), total surface area
(SA, rrP), and S. v:vanfcMS abundance
Species
Acropora 1
Acropora 11
Porites 1
Porites 11
Porites III
Porites IV
Porites V
Porites VI
Total

H

SA
1
2
4
8
5
6
5
4
35

9.12
2.47
5.17
16.67
7.13
17.12
10.79
9.14
77.61

Colormorph
Brown
Purple
4
1
13
6
28
32
42
36
14
33
88
59
49
47
53
51
291
265

White
7
9
38
46
23
83
53
59
318

of half the diameter.
Shannon-Weiner (Shannon and Weiner
1953) Diversity Index, H', was calculated for
colormorphs at several levels: individual
corals; the front and back; and the top, middle,
and bottom. The Shapiro-Wilk W-statistic was
used to test the worm and coral surface area
data for normality.
Parametric analyses were not possible as
the data were non-normally distributed and
could
not
be
normalized
through
transformations.
Kruskal-Wallis (K-W) test was used to
calculate significant differences in mean
values to determine: if H' of individual corals
differed between species; if the relative
abundances differed between positions (Front
& Back; Top, Middle, & Bottom); if the relative
abundance of colormorphs and abundance of
worms differed between positions (FrontBack; Top-Middle-Bottom); and if the relative
colormorph abundance for each corals
differed between coral species.
If significant differences were found,
Tukey's test was used to detect where the
differences occurred.
Spearman's rank correlation coefficient
analyses were used to determine whether
surface area correlated with relative
abundance of colormorphs.
Kruskal-Wallis tests, Tukey's tests, and

Marigold
18
8
28
39
39
54
75
53
314

Blue
3
3
13
14
19
27
24
23
126

Spearman's
correlation analyses
were
performed using JMP 5.1 (SAS Institute 2003).
RESU LTS

Dz'sfn&Mhon q/*S. giganfcMS

A total of 1,314 S.
were recorded
on 8 species of coral (Table 1). The
distribution of worms was not normal (S-W:
P < 0.001). White (318 individuals) was most
abundant and Blue (126) was least abundant.
Porites I had the highest, 26.9 (worms / rrP)
and Acropora I had the lowest overall density,
3.62 (worms / nP).
Coral species
There were no significant differences in
relative abundances of colormorphs between
coral species (K-W: P > 0.24). There were no
significant differences in H' of colormorphs
between coral species (P = 0.09; Appendix A).
Distribution of coral surface area was not
normal (S-W: P < 0.001). Using Spearman's
rank correlation coefficient, Brown was the
only colormorph not significantly correlated
with surface area (Brown rs=0.13, P = 0.460;
Table 2).
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respectively).
The relative abundances of Blue and
Marigold (P = 0.002 and P = 0.008 respectively)
differed significantly from Top to Bottom,
both colormorphs favoring the Top and
Middle positions over the Bottom.
The
relative abundances of the other colormorphs
were not significantly different at each
position (Fig. 4).

TABLE 2. S p e a r m a n 's ra n k c o rre la tio n
b e tw e e n c o io rm o rp h a b u n d a n c e a n d
co rai su rfa c e a re a , R h o a n d p r o b a b iiity
v a lu e s (P).

Coiormorph Spearman's rank correlation
Rho

P

Blue

0.3891

0.021

Brown

0.1292

0.460

Marigold

0.4257

0.012

Purple

0.4144

0.013

White

0.5485

0.001

DISCUSSION

Front-Back Position

The relative worm abundance differed
significantly between the front and back
positions (K-W: P < 0.001; Table 3). The front
was colonized more ( x = 0.59) than the Back
( x = 0.41). The relative abundances of each
coiormorph did not differ significantly
between the Front and Back (White, P = 0.84;
Brown, P = 0.56; Marigold, P = 0.84; Purple, P =
0.633; Blue, P = 0.96).
Top-Middle-Boffowi Position
Relative abundance of worms differed
significantly Top to Bottom (K-W: P < 0.001).
The Top position was colonized the most
followed by the Middle and both were
different from the Bottom position, the least
colonized ( x = 0.42, x = 0.38, & x = 0.20,

In summary, this study found that there
were no differences 1) in H' between coral
species and 2) in relative coiormorph
abundance.
The findings of this study suggest that
there are no differences in coiormorph
diversity as well as abundance of colormorphs
on coral.
Mortality and phenotypic plasticity may
explain this study's findings of coiormorph
distribution.
Death is a possible explanation for the
apparent random distribution of colormorphs.
Mortality by density-independent means, such
as predation and habitat constraints, may
affect distribution
of marine
sessile
invertebrates (Connell 1985).
Like the polymorphic Liffonna sp., a
Mangrove snail, which was found to change
in coiormorph frequencies over time (Hughes
and Mather 1985, Johannesson and Ekendahl
2002) a similar change in distribution also
studied in (Argiope ket/scrh'nyz), the St.

TABLE 3.

Probability values (P) for the K-W test to determine significant differences in relative
coiormorph abundances between positions (mean + SE).

Color
Blue
Brown
Marigold
Purple
White

P
0.957
0.559
0.841
0.633
0.837

Position
Front

Back

0.076 + 0.063
0.232 + 0.162
0.196 ±0.140
0.230 ± 0.191
0.266 ± 0.190

0.112 ± 0.182
0.212 + 0.188
0.185 + 0.136
0.211 ± 0.198
0.251 + 0.166
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Probability values (P) for K -W test to determine which coiormorphs differed between
corai positions (Top, Middie, and Bottom).

TABLE 4.

Coiormorph
Blue
Brown
Marigold
Purple
White

P
0.002
0.879
0.008
0.900
0.567

Position
Top
0.086 ± 0.010
0.218 ± 0.171
0.262 ± 0.219
0.212 ± 0.195
0.223 ± 0.169

Andrew's Cross spider (Hoese et ai. 2006). In
both cases, distributions of coiormorphs were
attributed to predation.
S. y'gHnfcMS predation has not been weii
documented. On a few occasions, I did
observe damaged branchiai crowns as weii as
completely missing or partiaiiy broken
opercula.
This couid indicate possible
attempts at predation by.
The abiotic aspects of the environment
may aiso have an effect on coiormorph
distribution. Sessile invertebrates were found
to influence the flow of water around coral
surface areas, thus affecting nutrition available
to the worms (Ben-Tzvi et al. 2006).
This may lead to the accessibility of
certain nutrients, such as n the case of a desert
landsnail (Tro<±o;'&a swmMa). Slotow and
Ward (1997) found that CaCCb abundance was
a predictor to the frequency of shell
coiormorphs in T. SHHMlata.
Environmental stress is also a potential
factor influencing polymorphism. In the case
of NMceHa IapillMS, an intertidal snail, high
energy wave action and temperature was
related to increased polymorphism, where as
sheltered snails exhibited a higher frequency
of white shells (Etter 1988).
The depths of the coral colonies in both
Temae and Sheraton were relatively low in
comparison to some worms found in excess of
18 m (Floros et al. 2005). The close proximity
to the surface of the water may influence the
fauna composition as well as subject coral and
worms to abiotic factors such as sun light,
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Middle
0.101± 0.091
0.200 + 0.167
0.199 ± 0.176
0.196 + 0.154
0.276 ± 0.208

Bottom
0.037± 0.076
0.225 ± 0.260
0.135 ± 0.176
0.240 ± 0.234
0.278 ± 0.262

current speeds, and current direction.
The consideration of both environmental
and genetic factors may also be a possible
explanation for. Hadfield et al. (2006) found
that phenotypes were poor proxies for insight
in genetic patterns for color of Pams caernleMS
(Tit bird) but found presence of common
environmental factors to be important.
Phenotypic plasticity may help explain the
dichotomy between the environment and
genetics.
Phenotypic plasticity is the
consideration of both nature (genetics) and
nurture (environment) to explain variations in
phenotype (Pigliucci 2001).
In the example of Dap/mia ma?na,
depending on the abundance of food, D.
magna produced varying clutch sizes,
responding to environmental stresses. D.
wagna would produce larger clutch sizes when
food was scarce and smaller clutch sizes for
when food was abundant (Ebert et al. 1993).
As it relates to S. giganteus, there is the
possibility that coiormorphs may not be any
one single factor influencing phenotype. It
could be influenced by a polymorphic
genotype, environmental factors, or even both.
The possibility exists that the cause of
branchial crown coiormorphs could be
dictated by a combination of abiotic and
genetic factors beyond the scope of this study.
The findings of this study calls prompts a
meaningful question in regards to phenotype
distributions: are coiormorphs heritable?
A more proximal study could be
conducted to determine spatial distribution

patterns at the individual cora! level (i.e.
nearest neighbor method) done similarly with
worm-density studies (Dai and Yang 1995).
The next step in uncovering the pattern of
colormorph distribution would be to
investigate the genetic factors. This would
shed light as to the mechanisms that may be
responsible for S. giganteus branchial crown
colormorphs and for their distribution.
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APPENDIX A

Abundance of each corai species (n), mean H' vaiue for totai corai species with
standard deviation.
Mean
Species
w
1
Acropora 1
2
Acropora 11
4
Porites 1
8
Porites 11
5
Porites III
6
Porites IV
Porites V
5
4
Porites VI
*only 1 individual

Standard deviation
1.178
1.360
1.200
1.392
1.127
1.403
1.497
1.540

*
0.148
0.407
0.0959
0.358
0.119
0.032
0.019

APPENDIX B
Abundance of each corai species (n), mean H' value (Mean) for totai corai species with standard deviation.
Coiormorph

K-W
Acropora
I

Biue
Brown
Marigold
Purpie
White

0.6657
0.2450
0.2395
0.5402
0.7258

Acropora
II

Tukey's Test Resuits
Porites Porites Porites
I
II
III

Porites
IV

Porites
V

Porites
VI

No Significant Differences Found

APPENDIX C
Abundance for each coiormorph (n) by position.
Coiormorph
White
Brown
Marigoid
Purpie
Biue
Total

Position
Front

Back

Top

175
156
148
211
64
754

143
135
117
103
62
560

98
115
111
108
41
473
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Middle
134
124
108
133
69
568

Bottom
86
52
46
73
16
273

APPENDIX D

Site maps of Temae pubiic beach and Sheraton Hotet with corai reef boundary and individua) corai.
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APPENDIX E

Various colormorphs of S. giganieMS cornicMiafMS.
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DIFFERENCES IN THE DIUNRAL AND NOCTURNAL DEFENSE
MECHANISMS OF OCTOPUS BOCR7 (ADAMS, 1941)
NATALIE VALENCIA

Iwfcgi-afmc Biology, Uuioei-sdy q/'Caii/omi'a, Berkeley, Cali/bmia 94720 USA
Abslracl. Octopuses are known for the advanced behaviors and elaborate displays used in
predator avoidance. Although studies have provided anecdotal evidence on the defense
mechanisms of these animals, whether these behaviors vary under light and dark conditions is
unknown. This study investigated the diurnal and nocturnal predator defense mechanism s of
Octopus bocki (Adams, 1941) in Moorea, French Polynesia. Seven behaviors were identified as
primary defense mechanisms for protection from fish predators during daylight and nighttime
hours. Rates of occurrence and durations for defense behaviors significantly differed between
diurnal and nocturnal conditions, as O. bocki frequently Crawled during the daylight hours , but
sat still and Curled during the nighttime hours. Results indicate that O. bock: modifies predator
defense behaviors for survival under light and dark conditions.
Key words.* octopus signal transmission, a?itipredafor de/ense uiccbamsiws, diurnal aud nocturnal
bebaoiors, predation
INTRODUCTION
Animals evolve antipredator defenses that
account for biotic and abiotic factors that
may inhibit successful signal transmission to
the predator (Bradbury and Vehrencamp,
1998). Biotic factors include the predator's
sensory system, while abiotic factors can
include phenomena such as ambient
lighting. (Bradbury and Vehrencamp, 1998)
Octopuses are known for their
elaborate visual displays used to deter
predators. Some of the best-studied
antipredator displays include crypsis,
aposematic coloration, mimicry, and
polyphenism (Hanlon and Messenger, 1996,
Hanlon, et al., 1999). Although these
defenses are well known, it is not known
whether they are used during both daylight
and nighttime hours.
Octopus bocki is a pygmy octopus
found on Moorea, French Polynesia.
Individuals are nocturnal and inhabit dens
in dead coral rubble along coral reef crests.
Past studies on the species have looked at
their learning abilities (Lebensohn, 1999)
sensory cues (Johnson, 1995), as well as
intraspecific den defense (Logan, 2001).
Although some of their defenses have been
studied, the identification and usage of their

antipredator
defenses
remains
to
be
investigated.
This study investigated the antipredator
defense mechanisms of Octopus bocki under
diurnal and nocturnal conditions. I tested three
hypotheses: 1) octopuses would adjust their
defense mechanisms for daylight and nighttime
hours; 2) octopuses would ink and jet away
more frequently during the daylight hours, as
ambient lighting would increase the predators'
detection
MATERIALS AND METHODS
Biology o^ Octopus bocki
Octopus bocki is a nocturnal species of pygmy
octopus found in Moorea, French Polynesia
(Cheng, 1996, Caldwell, 2005). It inhabits
cavities in coral rubble distributed along coral
ridge crests throughout the island (Cheng, 1996).
Juveniles are transparent to light brown in
coloration and flash red chromatophores, while
adults are a solid dark brown but turn
transparent or speckled when disturbed
(Valencia, pers. obs.). Males with 5mm mantle
length (ML) or greater can be distinguished
from females by the presence of a hectocotylus,
a modified third right arm used in the transfer
of spermatophores (Cheng, 1996).
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Figure 1. Map of Moorea showing sites from which octopuses were collected. Animals were
collected from three sites: 1) Vaipahu Reef near Cook's Bay; 2) a reef located 1 km east of
Avaroa Pass; 3) Vaipahu Reef across from the Sheraton Resort. (Adapted from Cheng, 1996.)

Collection and Maintenance Individuals were
collected from three sites around Moorea:
(1) northwest of Cook's Bay on Vaipahu
Reef,; (2)1 km east of the Avaroa Pass across
from Maharepa; (3) across from the Sheraton
Resort on Individuals were collected from
three sites a around Moorea: (1) northwest
of Cook's Vaipahu Reef (Fig. 1; Table 1). A
boat was necessary to reach sites 2 and 3
however, a kayak was sufficient to reach
site. 1. Large bins containing one brick each
were taken out to the crests where they were
filled with porous coral rubble collected
from areas with strong wave action (Fig. 2).
The bins were left undisturbed for at least 30
min, allowing water to drain from the rocks.
After sitting for at least 30 min, the bottoms
of the bins were searched for octopuses
(Lebensohn, 1999). Twenty-one octopuses
were collected and placed in plastic cups
with lids and were transported to the
University of California, Berkeley, Richard
B. Gump Research Station. Each animal was
kept in individual plastic containers at the
wet lab, which provided running seawater

for daily water changes. In keeping with the
octopuses' nocturnal habits, feedings took place
every night after testing was completed. A red
light was used to feed the animals in the dark to

Figure 2. Sample bin used for collecting
octopuses. Bins were taken out to reef
crests, where they were filled with porous
rocks. They were then left undisturbed for
30 min, emptied and searched for
octopuses.
prevent disturbance of their circadian rhythms.
Juveniles were provided with freshly- collected
marine zooplankton.
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Table 1. GPS coordinates, water depth, and description of habitat for sites from which
octopuses were coHected. GPS coordinates are given in UTM. Coordinates for location 2
were not taken.
Site

Location

1

Vaipahu Reef,
northwest of
Cook's Bay

2

3

GPS Coordinate s (utm)

0-1
WGS 1984 Datum 0199980
6South8064842

1 km east of
Avaroa Pass,
across from
Maharepa
Vaipahu Reef
across from
Shera ton
Resort

Water
Depth
(m)

0-4

WGS 1984 DatumO 197595
6South8065043

0-4

Habitat
Description
Barri er reef
crest; freque nt
wave action;
sparse dead
rubb! e
Reef flat; strong
wave action;
large coral
head s; dense
patch es of dead
coral rubble
Reef flat; strong
wave action;
large coral
head s; dense
patch es of dead
coral rubble

Figure 3. Experimental design. A) Front view; B) Top view. A tank (arena) was placed between
two cinder blocks. The front wall of the tank was covered by a curtain attached to both blocks.
A small window on the curtain allowed the researcher to observe interactions between fish and
octopus.

Twenty-one octopuses were coHected and
placed in plastic cups with Hds and were
transported to the University of California,
Berkeley, Richard B. Gump Research
Station. Each animal was kept in individual

plastic containers at the wet lab, which provided
running seawater for daily water changes. In
keeping with the octopuses' nocturnal habits,
feedings took place every night after testing was
completed. A red light was used to feed the
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animals in the dark to prevent disturbance
of their circadian rhythms. Juveniles were
provided with marine zooplankton collected
fresh every night, while adults were fed live
crustaceans collected throughout the day.
Testing /or Dffjerewces Between Diurnal and
Nocturnal Predator De/ense
Fish were collected off the station dock to
serve as predators during testing. A baited
fish line with a small hook and sinker was
used to catch the fish with little injury to the
animals. After collection, the fish were
identified to species before being placed in a
tank with flowing seawater. Each fish was
immediately returned to it's collection site
after testing, and no fish was kept for more
than 4 day
Testing was done twice a day during
daylight and nighttime hours. One O. bock:
and one fish were randomly chosen for each
test using an EXCEL random number
generator. An arena was set up outside for
natural lighting. The arena consisted of a
tank sitting between two cinder blocks. The
front wall of the tank was covered by a
curtain on one side to minimize the effects
of the behavior (Fig 3). Tests conducted at
night were visualized under red lighting,
and all tests lasted for 5 min. This same
procedure was done using an empty arena
to control researcher's presence on the
animals' for the effects of human handling
on the animals' behavior. Twenty tests were
run for both diurnal and nocturnal
conditions; ten controls were run for both
treatments.

Sfaftshcai Analysis
Rate data for defense mechanisms were
not normally distributed and were, therefore,
square root transformed prior to statistical
testing. Similarly, duration data for all
mechanisms were log transformed prior to
analysis. T-tests were done using JMP statistical
software to test for differences between the
mean rates and durations of diurnal and
nocturnal defense mechanisms. As treatments
consisted of 20 replicates and controls consisted
of 10 replicated, these data could not be
compared for differences between means.
RESULTS
Octopus bock: Predator Dc/euse

Pre/mHMHry Tests
Preliminary tests were done using the
experimental design described above.
Tests were used to identify O. bock:
defensive postures and body movements
relevant to the study (see Results). As it was
difficult to assess body coloration and
texture at night under red lighting, these
behavioral parameters were excluded from
the study.
defense mechanisms used for diurnal and
nocturnal treatments. See text next page.
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Seven defense strategies were identified for
both diurnai and nocturnal tests (See Fig
4A-G):
A. Curl: Sitting still with arms held
(tightly or slightly extended) against the
body and curled around the mantle.
B. Crawl: Walking with arms extended.
C. Mantle Erect: Mantle is stretched and
narrow while crawling or sitting still.
D. Jet Propulsion: Expulsion of water via
the funnel, resulting in rapid swimming
(Hanlon and Messenger, 1996).

was very rare, occurring in only 3 out of 40 tests,
when the fish was 0 to 1 cm away from the
octopus (Table 3) The most frequent
antipredator defense used at night was Spread
(8.87±3.71 defense/sec). There were no
significant differences in the mean rates of
Spread between treatments (t-test, P=0.1477).
Mean durations for defenses differed
between diurnal and nocturnal conditions.
Curls were held the longest during both
daylight (1.23±0.54 sec) and nighttime (1.47±0.94
sec) (Fig. 5B, Table 2). Spread had the second
longest durations during the day (0.90+0.50 sec)
and night (1.41±0.62 sec) (Fig. 5B, Table 2).
Mean durations for Spread significantly differed
between daylight and nighttime hours (t-test,
P<0.0001) (Table 2).

E. Spread: Sitting still with the body flat
against the substrate and all arms
extended.

DISCUSSION
OciopMS hock: Predator De/ense

F. Ink: Release of black ink.
G. Ballooning: The web, head, and
mantle are lifted with arms held against
the substrate.
Assessing Dij^rences Between DiMrnai and
Noctnrnat Predator Defense
Octopuses were mobile in the
presence of a predator during the daylight
hours, but were less mobile at night.
Crawling had the highest rate of occurrence
(18.98±7.36 defense/sec) followed by Spread
(10.91+ 5.07 defense/sec) and Curl (9.15±
4.54 defense/sec) (Fig. 5A, Table 2). There
were significant differences in the mean
rates of Crawl (t-test, P<0.0001) and Curl (ttest, P<0.0001) between diurnal and
nocturnal treatments (Table 2). All other
defenses were rarely observed during the
day (Fig. 5A, Table 2). Inking, in particular,

Data suggest that the type of defense
mechanism does not depend on time of day.
OctopMS hock: used the same seven antipredator
defense mechanism s for diurnal and nocturnal
treatments. The horned lizard, Phrynosowa
corHMfMm, elicits blood-squirting in the presence
of a predator (Middendorf and Sherbrooke,
1992). Frequencies of blood-squirting did not
significantly differ between diurnal and
nocturnal hours, but were affected by predator
type (Middendorf and Sherbrooke, 1992).
Similarly, O. hock: did not change the type of
antipredator mechanisms to account for the time
of day, but mechanisms varied in rates of
occurrence and durations.
Assessing Differences Between
Noctnrnai Predator Defense

Dinrnai

and

Crawling appears to be a primary
antipredator behavior during light hours.
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Rates for Defense Mechanisms
20

Curi

Craw!

Mantte Erect

Jet
Propuision
Defense Mechanism

Spread

!nk

BaMoon

Figure 5. A) Mean rates of defense behaviors for diuma) (N=20) and noctuma) treatments (N=20), and
controls (N=20). Craw! had the highest rate of occurrence under diuma! conditions (18.98±7.36
defense/sec), white Spread was the most common behavior under noctuma! conditions (8.87±3.71
defense/sec). Craw! was the most common defense behavior for both diuma! (8.!8±4.6! defense/sec) and
noctuma] (2.87 defense/sec±2.38) controls; B) Mean durations of defense behaviors for diuma) and
noctuma! treatments, and controls. Curls were held the longest during diuma) (1.23±0.55 sec) and
nocturnal (1.47 ±0.94 sec) treatments, as wet! as for diuma! (1.06±0.5 sec) and noctuma! (1.89±0.74 sec)
contro!s. B!ue bars indicate resutts for diuma! treatments; red bars indicate resutts for diuma! contro!s;
ye!!ow bars indicate results for nocturnal treatments; green bars indicate results for nocturnal controls.

Results revealed that Crawling was used
more than any other behavior during
diurnal treatments. Daylight hours provide
more sunlight and increase a predator's
ability to detect prey. Easy detection by the
fish may have induced a flee response in the
octopuses, resulting in frequent crawling to
escape the predator. This hypothesis,
however, does not explain the infrequent
occurrence of jet propulsion. If the
octopuses had indeed attempted to rapidly
escape the predator, jet propulsion would
have occurred frequently, as it is a rapid
escape response in cephalopods (Anderson,
2001, Hanlon and Messenger, 1996).
Alternatively, O. hoda may actively seek for
dens for protection during the day.

Nocturnal octopuses are known to
spend the day in their dens, leaving them only
at night to forage (Hanlon and Messenger, 1996).
It is likely that O. hock:, a nocturnal pygmy
octopus, spends most of the day hidden from
predators in its den, and, therefore, searches for
cavities in response to predation during the
daylight hours.
Immobility may be an effective
antipredator defense at night, increasing
crypticity when visibility is difficult for the
predator. Curling and Spreading, both resting
states, had the highest rate of occurrences at
night. Cryptic animal s resemble their
surroundings so that predators cannot
distinguish them from their background
environment (Bradbury and Vehrencamp, 1998).
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Table 2. Mean rates and durations of defense mechanisms for diurnal and nocturnal treatment.
Results for t-test testing for significant differences between diurnal and nocturnal means are also
given. Craw] had the highest rate of any other behavior (18.98+7.36 defense/sec, Mean+S.D.) under
diurnal conditions. Spread occurred at a higher rate (8.87+3.71 defense/sec, Mean± S.D.) under
nocturnal conditions. There were significant differences between the diurnal and nocturnal rates of
Curl and Crawl (p<0.0001). The duration of Curl was highest under diurnal (1.23+0.54 sec,
Mean±S.D.) and nocturnal (1.47+0.94 sec, MeaniS.D.) conditions. Mean durations of Spreads
significantly differed between treatments (p<0.0001).

Defense

Curl
Crawl
Mantle
Erect
Jet
Propulsion
Ink
Ballooning
Spread

Mean Rate±S.D.
(defense/sec)
Nocturnal
Diurnal
(N=20)
(N=20)
2.42+3.10
9.15±4.54
6.92+5.81
18.98±7.36

P-value*

<0.0001
<0.0001

Mean Duration+S.D.
(sec)
Nocturnal
Diurnal
(N=20)
(N=20)
1.23+0.54
1.47+0.94
0.82+0.50
0.78+0.31

Pvalue*

0.4478
0.6098

0.29±1.23

0.87+2.12

0.4252678

0

0.89+0.27

n /a

1.37±2.92
1.08+2.75
0.57±1.78
10.91+5.07

1.68+3.05
1.91+3.93
0
8.87+3.71

0.7552266
0.3863901
0.1624
0.1477078

0.69+0.46
0.30+0.55
0.71+0.67
0.90+0.50

0.56+0.66
0.22+0.94
0
1.41+0.62

0.64
0.83
n /a
<0.0001

* Significant values (p<0.05) are highlighted in bold.
As crypticity involves a match to the
surroundings, immobility is crucial to its
effectiveness (Hanlon, and Messenger, 1996,
Bradbury and Vehrencamp, 1998) Shallowwater cephalopods are known to exploit this
phenomenon; Octopus cyanco, a common
nocturnal species in Tahiti, spends most of
it's life hidden in it's den and lies in a
vigilant position at the entrance of its home,
cryptically mimicking its surroundings and
remaining still as it monitors its
surroundings (Hanlon and Messenger,
1996). In addition, ambient lighting
influences the effectiveness of camouflage;
lower light levels increase survival via
camouflage, as the predator's vision is
restricted (Hanlon and Messenger, 1996,
Bradbury and Vehrencamp, 1998). It has
been suggested that one function of the
vertical migration in cephalopods is to keep
the animal in water with low-light levels to
protect it from predators (Hanlon and
Messenger, 1996). As cryptic behavior is a
common primary defense in cephalopods, it
is not surprising that it was used frequently
by O. bock: during test trials (Hanlon and

Messenger, 1996). The combination of O. bocki's
dark brown coloration along with immobility,
may make it difficult for a fish to detect the
animals at night.
Inking was surprisingly rare in O. bock:,
refuting the hypothesis that inking would
occur at high frequencies during daylight hours.
Inking behavior in O. bock; was observed in only
3 out of a total of 40 tests. Energy costs
associated with inking may limit the frequency
of inking in cephalopods. Nolen and Johnson
(2001) showed that that seahare, Aph/sia spp.,
required at least three days between ink
extractions to replenish ink supplies. Individuals
in this study were given at least 5 days to rest
between tests, however, data showed that no
octopus inked in more than one test. Thus,
inking may have been rare in O. bock: because
individuals require several days to replenish
their ink sacs. Moreover, inking was elicited
when the fish was at close distances for
ingestion of the octopus (between 0 and 1 cm),
suggesting that the octopuses conserve ink for
extreme situations.
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Table 3. Raw data showing occurrences of inking. Inking occurred in 3 out of 40 tests, when
the fish was between 0 and 1 cm away from the octopus.
Octopus ID

0.24
0.30
0.19
Total

# Ink Puffs
Released
3
0
0
3

Diurnal
Distance from
Predator (cm)
0
n/a
n /a
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MUTINY ON THE BOUNTY OR BOUNTIFUL MUTANTS?
DIVERSITY AND COMPOSITION OF WOOD-DECAYING
MACROFUNGI ON HIBISCUS TILIACEUS WOOD IN FRENCH
POLYNESIA
F E L IC IA W H E A T O N

Department of Integrative Biology, University of California, Berkeley, California 94720 USA
Abstract. Wood-decaying macrofungi are an important component of forest ecosystems
because they are the major decomposers of dead woody debris and are crucial for
nutrient cycling. This is especially true in the tropics where biomass is high. However,
most studies to date have focused on temperate forests in the northern hemisphere. Little
is known about wood inhabiting fungi in French Polynesia. In fact, no identification
materials exist. The following study seeks to fill this gap in knowledge. First, a general
survey was done of the wood-fungi occurring in the mountains of Moorea. Next, in a
pilot study, all Hibiscus tiliaceus dead wood (>lcm) was measured and surveyed for fungi
using 10, 25-meter line transects. The aim of this phase was to determine if wood with
fungi has different characteristics than wood without. Fungi were found on 61% of wood
surveyed, but larger logs, and wood of intermediate decay were more likely to have at
least one species. An additional 20 transects focused only on wood with fungi. A total of
114 species were found on 644 pieces of Hibiscus tiliaceus wood. However, 36.8% species
were found only once and most wood had only 1 or 2 species. There were a few very
abundant species, and the others were rare. When common species were examined
individually, it was evident that many had preferences for certain wood sizes and
decomposition. Species richness was found to positively correlate with average diameter,
and wood of intermediate decay was also found to have greater species richness. In
general, the results of this study were found to support much of the research conducted
in temperate forests. Although the details differ, the underlying trends of diversity and
succession are surprisingly similar.
A^ey wor&.'

spec/ayr/cAnaM, af/very/ty, SMeceyy/oM, .spec/es cowpcy/hoM, <7ecowpo.s;7/of?,

tropica/forest
size and level of decomposition (Renvall
1995).
The extent of decomposition has been
demonstrated to be one of the most important
factors determining fungi species presence
and diversity (Kuffer and Senn-Irlet 2005;
Tofts and Orton 1998). Wood in intermediate
to advanced stages of decay has the highest
species richness (Niemala et al. 1995; Bader et
al. 1995; Renvall 1995; Crites and Dale 1998).
Wood is not only a substrate upon which
fungi live, but it is also an energy/nutrient
source that is transformed by the fungi (Allen
et al. 2000; Stewart and Burrows 1994; Boddy
and Watkinson 1995). Colonizing fungi can
alter the moisture, physical structure, acidity,

I N T R O D U C T IO N

Wood-decaying macrofungi are an
important, but often overlooked and
understudied component of forest ecosystems.
They play a major role in decomposition and
nutrient cycling (Boddy and Watkinson 1995;
Cromack and Caldwell 1992). Yet not all
"wood-decaying macrofungi" are created
equal. Instead, this umbrella term disguises
the diversity of different morphologies, decay
capabilities and niches exhibited by this
group. Urcelay and Robledo (2004) have
proposed to divide species into functional
guilds. Many fungi decay wood of a certain
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environment of Moorea, French Polynesia. It is
known that wood biomass is far greater in
tropical forests, and both the rate of
decomposition and activity of wood-decaying
fungi are higher (Ferrer and Gilbert 2002).
Specifically I investigated the following
questions: 1) How much/what type of wood
is available and what percentage of has fungi?
2) Is species richness correlated to the physical
characteristics of the wood (i.e. size or
decomposition)? 3) Does species composition
vary depending on the physical properties of
the wood? I chose to examine only Hibiscus
tiliaceus woody debris because I wanted to
compare the physical variables of the wood
and not differences that could be due to the
tree specie or possible host specificity of
certain fungi. Thus, they are not included in
the scope of this study.

and nutrient content of the wood, making way
for other species. For example, dead wood
often contains resins, aikaioids, and phenols
that are toxic to fungi (Holmer et al. 1997).
Several studies have shown that there are
patterns of species succession; as wood
decays, initial colonizers are replaced by other
species (Niemela et al. 1995; Renvall 1995;
Holmer et al. 1997, etc). This is not
deterministic however, and there may be
many alternative pathways for succession,
even when other factors are the same (Boddy
1992).
Species composition and diversity are also
correlated to wood size. To date, the majority
of studies on wood-decaying fungi have
focused on coarse woody debris (CWD)
(Edman et al. 2004) that is defined as wood
with diameters of >10cm, such as fallen trees,
downed branches, etc (Waddell 2002). Species
richness tends to be higher on larger logs,
which is partially due to greater surface area
and volume (Edman et al. 2004; Bader et al.
1995; Kruys et al. 1999). Additionally, the
decay rate varies even on the same log,
resulting in heterogeneous microhabitats
(Crites and Dale 1998). Several studies have
been carried out in northern Europe in
disturbed or managed forests where CWD is
unnaturally scarce (Lindhe et al. 2004;
Heilmann Claussen and Christensen 2003;
Kuffer and Senn-lrlet 2005, etc). They
emphasize the threat this poses to fungi
biodiversity. Recently, fine woody debris
(FWD, diam 5-9cm) and very fine woody
debris (VFWD, diam <5cm) have also been
found to contribute to overall species richness
and should not be overlooked (Kuffer and
Senn-lrlet 2005). If the same surface areas are
examined, FWD has the same diversity as
CWD, and diversity is greater on FWD when
equal volumes are compared (Kruys and
Jonsson 1999). Branches and twigs have a
greater surface-area-to volume ratio and
smaller wood pieces are likely to harbor
different species. However very little research
has been done to determine if these patterns
hold true in tropical forest ecosystems.
The purpose of this study was to see if
these trends found in temperate forests in the
Northern hemisphere could also predict
species richness and composition the tropical

METHODS

Study site
Moorea is a tropical oceanic island in the
Society Islands. The average temperature is
26° C, although it is warmer and wetter
during the winter rainy season (Meyer 1996).
The Belvedere trail on Moorea, French
Polynesia was the primary Reid site for this
study (FlG. 1). It is located at 17°32'29.0" S,
149°49'25.6W and the
elevation is
approximately 250m (Ranker et al. 2005). The
forest is composed of primarily Hibiscus
tiliaceus, Metrosideros polymorpha, Angiopteris
evecta, and Inocarpus fagifer.
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FlG. 2. Map of Moorea, French Polynesia.
The Belvedere Reid site is indicated by the star
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estimated), and decomposition stage. The
decomposition stage was measured using a
qualitative scale ranging from 1-5 (Renvall
1995; Waddell 2002) that was modified for
Hibiscus wood (Table 1; Appendix A). If fungi
were present, each species was noted as
present or absent. If the identity of a fungus
was questionable, a sample was taken back to
the lab and compared to previously collected
vouchers to either confirm its identity or to
give it a unique species number.

Survey of Moorea fungi
Initially, it was necessary to conduct a
general survey of fungi that occur in Moorea.
This was necessitated by the absence of any
identification materials. Thus, the period from
October 3, 2006 through October 19, 2006 was
spent collecting various species at the
Belvedere and at the Gump Station (Cooks
Bay). Each sampie was assigned a species
number and was photographed, described
and dried. Spore prints and permanent spore
slides were made when possible. This datum
was used to create a field key for the second
phase of the study. Additional new species of
fungi encountered during the sampling phase
were also added. Each specimen was
identified to the most specific taxonomic level
possible. Specimens will be deposited in the
Jepson Herbarium at the University of
California, Berkeley.

Hibiscus
FiG. 2. Distribution of all 505 pieces of wood
wood
with and without fungi in the pilot study by
intercepting
average diameter (cm).
the line was
recorded and measured whether or not fungi
were observed. All dead wood was recorded
in this step to quantify distribution of
potential substrates. Another aim was to see
what percentage of wood harbored fungi, and
if there were certain features that correlated to
fungi presence. First, the distribution of ail
wood was examined by average diameter and
decomposition. The frequencies of fungi
occurrence were calculated for the five
decomposition categories using Microsoft
Excel. Diameters and decay were compared
graphically for wood with and without fungi
using JMP univariate histograms.

Sampling methods
Field sampling began October 23, 2006
and ended on November 11, 2006. A totai of
thirty, 25-meter line transects were laid out at
200 pace intervals (0 paces corresponded to
the Belvedere lookout/parking lot). At each
interval, a transect was placed 10 paces from
either side of the trail and parallel to it due to
the dense vegetation and often steep incline.
Every piece of dead Hibiscus tiliaceus wood
greater than 1cm intercepting the iine was
examined including stumps, logs, branches
and twigs. This tree species was chosen
because it is common at this site, fallen wood
is abundant on the forest floor, and it is fairly
easy to identify. Each qualifying piece was
examined for presence or absence of fungai
fruiting bodies. Although this method leads to
an underestimate of fungi, it has been widely
used in comparable studies (Norden and
Paltto 2001). Searching for mycelia would
have been impractical because it requires
destroying the wood, a huge amount of wood
was examined, and not enough is known
about the species occurring in the area to
identify species from the mycelium alone.
Physical data was taken on length, large and
small end diameters, % cover (visually

Species richness and composition
For the remaining 20 transects, only
Hibiscus wood with fungi was measured and
recorded. This was to acquire additional data
on species diversity and species composition
on iogs of various sizes and states of
decomposition. The percentage of wood with
different numbers of species was graphed to
determine how diversity was distributed. To
assess species richness trends, the average

245

35.6
30.3
21.4
11.7

number of species was graphed for average
diameter and decomposition stage. The
Wiicoxon test in JMP was used to anaiyze
species richness by average diameter and
decay stage because the wood did not dispiay
a norma! distribution. To anaiyze species
composition, the abundances of aii species
found were graphed, as weii as the % of
species with a given abundance. Then, species
found at ieast 5 times were examined. For
each, the diameter and decay of the wood was
averaged and the standard deviation was
calculated to determine if it had a substrate
preference.

1.0
1

2

3

4

5

RESULTS

FlG. 4. Percentage of wood surveyed in the
pilot study with fungi for each decay stage
compared to the average overall.

Piiot study
A totai of 505 pieces of dead Hibiscus
wood were found in the piiot study: 197
without fungi, and 308 with one or more
species. Average diameter was not normally
distributed, but was positively skewed so that
smaller units outnumbered larger iogs (FlG. 2).
However, wood with fungi had a siightiy
larger average diameter of 5.33cm, whereas
the mean was 4.01cm for wood lacking fungi.
FlG. 3. Distribution of aii 505 pieces of
wood with and without fungi in the pilot
study by decay stage. Values given are % of
total wood.

Species richness
In all 30 transects, a total of 644 pieces of
dead Hibiscus wood were found with at least 1
fungi species. Of these, 406 pieces had 1
species (63.04%), 149 had 2 species (23.14%),
56 had 3 species (8.7%), 24 had 4 species
(3.73%), 5 had 5 species (0.78%), 4 had 6
species (0.62%), and only 1 piece of wood had
7 species (0.16%). When these percentages
were natural log transformed, there was a
strong negative relationship between species
richness and the percentage of wood found
with that number of species [ln(% of
wood)=5.1122884 0.9850012(species richness),
R2=.99, PcO.0001] (FlG. 5).

Aiso, the decomposition stages were not
normaiiy distributed, but were negatively
skewed so that more decayed wood was
found more frequently (FlG. 3).
Overall, fungi were found on 61% of
wood encountered, but this rate was different
for each decay stage. No fungi were found on
wood in the first stage, but fungi were found
on 70% of wood in decomposition category 4.
However, the frequency of fungi was found to
taper off for the 5'h stage of decomposition.
Decomposition stages 2 and 5 were less likely
to have fungi than the average, and stages 3
and 4 had fungi more frequently (FlG. 4)

FlG. 5. The percentage of wood found for
each species richness. The chance (%) of
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stage)^ R 2 = 0 .9 7 , P>0.035] with a peak between
stages 3 and 4 (FlG. 9)

finding a given species richness on wood with
fungi=e^ (5.112-0.99 (species richness)
A Wilcoxon non parametric analysis was
done to determine if there were significant
differences between the average diameters of
wood with different species richness. Then the
Tukey-Kramer honestly significant difference
test was used to compare means (q*=2.96,
Alpha=0.05).
There
were
significant
differences between species richness 5 and 1,
between 4 and both 1 and 2, and between
species richness 3 and 1 (FlG. 6; Appendix B).
When the average number of species per piece
of wood was plotted against the average
diameter, there was a strong positive linear
correlation (FlG. 7).

FlG. 9. Species richness per piece of wood
as a function of decay stage.
Species composition
A total of 114 species were found, but
36.8% were found only once. 72 species were
found 2 or more times, and 56 species were
found 3 or more times. The distribution of
abundances of each species and analysis with
the Shapiro-Wilk W Test revealed that species
abundance was not normally distributed.
Then, species abundance was graphed against
the % of species found at a given abundance.
The datum for species abundance was
transformed to fit the reciprocal [% species by
abundance=-0.86+34.69(abundance)', R2=0.96,
PcO.OOOl]

FlG. 7. Linear regression of # species per
wood piece as a function of mean diameter
(cm). [# species=-1.68+0.66(mean diameter),
R2=0.95, P>0.0002].
The Wiicoxon non-parametric test was
used to determine if each decomposition stage
was significantly different in terms of species
richness. When pairs were compared using
the Tukey Kramer HSD test, statistically
significant differences were found between
decay stage 3 and both decay stages 2 and 5
(q*=2.58, Alpha=0.05). Decay stage 3 also had
the highest mean species richness value of 1.75
species per unit (FlG. 8; Appendix B). The
average number of species per piece of wood
was graphed against decomposition stages 2-5
(no fungi were found on logs of decay stage
1). Species richness was found to be a
quadratic
function
[#Species=0.74+0.32
(decomposition
stage)-0.25 (decomposition

247

FiG. 10. Percentage of species with a given
abundance as a function of species abundance.

Species richness
Although many species of fungi were
surveyed and encountered along the transects,
most wood had one species. Some had 2
species, but the chance of finding each
additional species decreased exponentially.
Thus, most individual logs display little
species diversity.
When richness was examined in closer
detail, it was found that it increased linearly
with average diameter. This is similar to the
pattern found in northern temperate forests
(Bader et al. 1995; Renvall 1995; Kruys et al.
1999). Edman et al. (2004) found that in
Sweden, the size of a log is an important factor
in colonization and species diversity over
time. This is somewhat intuitive because CWD
has larger volume and surface area. As well as
providing more substrate, larger wood may
also contain more moisture and be more stable
(Edman et al. 2004). In addition, larger units of
wood may decay at different rates, providing
heterogeneous microhabitats (Boddy and
Watkinson 1995).
Also, fungi richness was higher on logs in
intermediate stages of decay. No fungi were
found on newly fallen logs and the frequency
of fungi tapered off for very decomposed logs.
This is also similar to findings from research
done in other parts of the world (Renvall 1995;
Linde et al. 2004). It may take some time for
fungi to become established and develop
fruiting bodies, and older wood may provide
fewer energy and nutrients.

Only species found 5 or more times were
used to examine fungai communities. The
average diameter and decay stage on which
each was found and standard deviation were
calculated and graphed (FiG. 11 and FiG. 12;
Appendix C).
D IS C U S S IO N

Pilot study
The results of the pilot study show general
trends in the features of wood with and
without fungi. Few studies report datum for
wood without fungi, so it is difficult to
compare the occurrence of fungi in the
tropical island forest ecosystem of Moorea to
other studies. Overall, more than half of the
wood surveyed had fungi, but the frequency
of fungal presence varied depending on the
average diameter and decomposition stage of
the wood. The likelihood of encountering
fungi increased with the average diameter,
and was greater for wood of intermediate
decay. One striking observation was that no
fungi were found on newly fallen wood. This
could in part be due to the fact that this
category was rarely found overall, which
might be attributed to fast rates of decay in the
moist, tropical environment. Also, I observed
that many Hibiscus limbs began decaying
while still attached to the tree, so they may be
more decomposed when they do fall (this may
explain the high amount of Hibiscus dead
woody matter).
Interestingly, there were few significant
differences between wood with and without
fungi. I was unable to determine why certain
wood that appeared suitable lacked fungi.
This may have been due to chance and the
inability for spores to either reach the wood or
to survive on it. Edman et al. (2004) found that
local spore sources play a key role in the
presence of fungi species. They also point out
that establishing mycelium and a fruiting
body is a complex process that can be
hindered at many points. Another possible
explanation is that mycelia were present, but
did not exhibit fruiting bodies.

-Species
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APPENDIX A
Decomposition Stage
Description
1
Sound wood, bark completely intact, original color
2
Sapwood slightly decayed, heartwood sound, bark mosdy intact
3
Sapwood somewhat decayed, heartwood mostly sound, bark starting to come off in patches
4
Sapwood decayed and pitted, bark mostly gone, wood is soft, but maintains shape
5
Bark absent, heartwood is very decayed and crumbling, breaks apart when touched
Table 1: Decomposition scale modified from Renvall (1995) and Waddell (2002)
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FlG. 9. Results for Wilcoxon Test for differences between species richness if the datum does
not display normal distribution. A Tukey-Kramer test was used to compare means (average
diameter in cm). The middle of the green diamond represents the mean diameter. Non
overlapping circles are statistically different from each other.

FlG. 8. Results from Wilcoxon Test for differences between decay stage (the datum does not
display normal distribution). A Tukey-Kramer test was used to compare means (average number
of species). The middle of the green diamond represents the mean species richness. Non
overlapping circles are statistically different from each other.
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