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Coven Endemic French Polynesian land snails, from A ndrew Garrett's 1884 m onograph of "The
Terrestrial Mollusca inhabiting the Society Islands." Polym orphic species of the genus Partula on Moorea
serve as a text-book example of adaptive radiation and study of genetic variation and the m echanism s of
evolutionary change. A lthough all of the endem ic M oorean species suffered a mass extinction following
the unfortunate introduction of an alien predatory snail, breeding populations have been m aintained in
laboratories and zoos throughout the w orld. U.C. Berkeley m aintains a "Partula reserve" on Moorea,
w here an international experim ent is currently underw ay to reintroduce populations in a protected site to
determ ine if captive-bred snails are still capable of readapting to their natural habitat and diet.
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Biology and Geomorphology of Tropical Islands
INTRODUCTION
The p apers in this volum e are the final research product of sixteen Berkeley undergraduates
chosen to participate in an intense, 15-week interdisciplinary field research course. Spanning zoology,
botany, ecology, geology, geography, and conservation biology, this course offers a rare opportunity to
generalize as well as specialize. Students leam about and experience the m eaning of tropical oceanic
islands. It is a learning and grow ing experience for faculty and graduate student instructors as well; a
joyful (and occasionally painful) experience in living together and sharing it all.
For first m onth of the course students spent five days a week attending lectures and w orkshops, reading,
assem bling literature, participating in logistic preparations, talking w ith faculty, and thinking about the
kind of research they m ight w ant to undertake. Moving from the academic setting to the Richard B.
G um p South Biological Research Station, they had two weeks of intensive introduction to the natural
history of French Polynesia and the range of habitats and research possibilities on Moorea. In
consultation w ith faculty and G raduate Student Instructors, they form ulated their research questions and
design, in m any cases around problem s that became obvious and interesting only after first-hand
observation and discovery in the field. They spent the next nine weeks com pleting their projects. They
returned to Berkeley at the end for two weeks to finish data analysis and prepare their cam era-ready final
papers and their form al sym posium presentations w ith professional quality slides and visual aides.
A lthough students had an opportunity to m ake revisions based on o u r comments, the papers in this
volum e are unedited and appear exactly as they were turned in for reproduction.
The rem arkable mix of backgrounds and interests in this year's class is reflected in their choice of
habitats (marine, brackish, fresh water, and terrestrial) and taxa (e.g. vascular plants, algae, invertebrates,
reef fish, freshw ater eels, skinks). Two of the projects this year had no organismal component: one
exam ining the physical and chemical features of soils as a function of practices of pineapple cultivation
and the other investigating the peculiar formation of a barrier reef w ithin a barrier reef. There w as a
strong com ponent of interest in this year’s class in environm ental problem s and research w ith an applied
message. Seven of the research projects in this volum e have an environm ental com ponent. Two deal
w ith alien or invasive species, and five deal w ith the effects of land use practices or the health of natural
systems. Two of the papers in the volume have been through peer review and have been accepted for
publication.
The m ost im portant function of these introductory remarks is not to explain the course or this
volume, but to thank the m any people who have m ade it possible.
As organizer and coordinator for the 1997 course, I had the pleasure of w orking w ith Tracy
Benning, Jere Lipps, David Stoddart, and Steve Strand as prim ary faculty. O ther faculty w ho contributed
guest lectures included Carla D'Antonio, Roy Caldwell, Brent Mishler, Cherie N orthon, D eborah Penry,
and Vince Resh. We are grateful to Beth Weil for providing orientation to library resources, Jim H ayw ard
for w orking w ith students on water-safety skills, Karen W etmore and Brent M ishler for orientation
sessions in the M useum of Paleontology and the University H erbarium , to Cherie N orthon an d Don Bain
for assistance w ith cartography, surveying, and com puter resources, and to the staff of the Valley Life
Sciences Building Visualization Center for assistance with graphics. Dale DeNardo w as extremely helpful
in help w ith w riting the Animal Use Protocol that enabled several students to do research projects on

vertebrate subjects. Peter Connors of the Bodega M arine Laboratory contributed to a session early in the
course, designed to introduce students to field research problem s and techniques.
This course w ould not function w ithout m ature, dedicated, and talented graduate student
instructors. Sarah Boyer, John Herr, and Kate Shafer w ere the people w ho really m ade the course work,
and they are the people the students and faculty are likely to rem em ber first as they look back on the
experience.
Support for this course came from m any sources. The departm ents of Environm ental Science,
Policy, and M anagem ent; Geography; and Integrative Biology all contributed personnel, equipm ent, and
facilities. The University of California is extremely fortunate to have the Richard B. G um p South Pacific
Biological Research Station as a facility for instruction as well as research, and Vince Resh as its director
and also long-time faculty participant in the course. We thank Steve Strand, Executive Director of the
station, and his wife Pat, for all of their help and support of the Course. We are grateful to Dr. R ene'
Galzin, Director of the Centre de Rescherches Insulaires et O bservatoire de I’Environm ent for opening the
doors of the French Station on Moorea to assist students w ith library and collection resources. W e also
thank M arim ari Kellum for the tour of her garden and for sharing her know ledge of the history of
Moorea.
Finally, two people who deserve extraordinary thanks for their logistical assistance are Dorothy
Tabron of Integrative Biology, for her help assembling supplies and equipm ent, an d Julie M yers of
Integrative Biology for dealing cheerfully and skillfully w ith the nightm ares of accounting and finances
for the course.
M oorea is a small and geologically young island, a paradise partially spoiled and seriously
endangered. For m ore than a century, it has provided scientists w ith an outdoor laboratory for research
on some of the most im portant problems in the historical sciences. The body of research on the partulid
land snails, now extinct in the wild on Moorea, is one of the m onum ental achievem ents of evolutionary
biology and provides a context of im portance and urgency. The M oorea course gives undergraduates a
chance not only to learn science by doing science, it also p uts them into a truly extraordinary island
laboratory setting, w here the ticking clock constantly rem inds us all that, in the exciting problem s that
still abound here, there is research that can m ake a very big difference to both science and to hum anity.

Carole S. Hickman
Department of Integrative Biology
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Soil characteristics of varying aged pineapple plantations
in Pao Pao Valley, Moorea, French Polynesia

Helene Tolliver
Department of Geology and Geophysics
University of California, Berkeley 94720
tiggerl@uclink2.berkeley.edu

ABSTRACT. This study examines the soils of 7 pineapple plantations of varying ages on Moorea, and 2 native soil sites, to
look at changes in physical and chemical characteristics in the soils. All sites have similar physical characteristics of clay
quantity, texture, color, horizonation, consistency, stickiness, and plasticity. Native soil physical characteristics differ from
pineapple plantation soils in structure, root and pore quantity and in pH. There are no noticeable differences in physical
characteristics between pineapple plantations of varying ages. Pineapple soils usually have lower organic matter, ranging from
18.3 to 25.6 percent, than native soils, ranging from 27.3 to 29.7 percent. Pineapple soils usually have a lower water content
percent than native soils. Native soils tend to have higher NEU concentrations and lower N O 3+ N O 2 concentrations than
pineapple soils. There are few differences in chemical characteristics between varying aged pineapple soils.
Keywords: tropical soils, pineapple, cultivation, Moorea, French Polynesia

Introduction
The island of Moorea in the Society Islands of
French Polynesia is a major producer of pineapples,
although it was once an important vanilla bean
production center during the 1950’s and 1960’s. The
vanilla industry was abandoned due to an infestation of
a destructive pest in the mid 1960’s and the production
of artificial vanilla flavoring. With the decline of
vanilla, farmers turned to the production of pineapple,
approximately 30 years ago.
Pineapple is a fruit native to the tropics, growing
well in warm tropical regions with a high annual
temperature and rainfall (Collins 1960). Temperature
plays a significant role in the formation and maturation
of the fruit, with temperatures ranging between 2027°C for optimal growth conditions, while the
maximum annual rainfall for pineapple growing
regions is ~2,000mm (Ramlie 1972). The climate of
Moorea is nearly optimal for growing pineapples with
an average annual temperature of +22.7°C and an
average annual rainfall of 2.00m (Orston 1993).
Pineapple production is centered in Pao Pao Valley
with many small plots scattered throughout it. New
plots for pineapples are being cleared regularly on
more steep slopes of Pao Pao Valley due to the now
limited space on the valley floor. The principle use of
Moorean pineapples is in the production of juices and
alcoholic beverages at the Jus de Fruits de Moorea
factory on Pao Pao Bay. Pineapples are also sold in

markets and fruit stands on Moorea and distributed
throughout French Polynesia.
The pineapple farming techniques on Moorea
require little use of large machinery, with the exception
of the need of bulldozers every 6-7 years when fields
are cleared for replanting. Farmers plant by hand, pick
by hand and fertilize when needed. Pesticides are not
used on Moorean pineapples due to the tough skin of
the fruit and low susceptibility of the fruit to pest
attacks. Even though the farming techniques on
Moorea have a moderately low impact on the soils and
on erosion, the pineapple plants require large amounts
of nutrients from the soils to grow (Ramlie 1972).
Plants are repeatedly grown on the same soils in
Moorea for years without the use of cover crops or
other nitrogen fixing plants to replenish soil nitrogen.
Fertilizers are used when plants are first sown and a
few times each year depending on the individual plot
necessities.
The concepts of soil conservation are important to
Moorea, 132 km2, due to the limited availability of
land for agriculture and the lack of renewable soil on
the island. The combination of intense pineapple
farming and increased farming on steep slopes could
lead to the depletion of usable soils on Moorea due to
nutrient uptake and erosion. El-Swaify (1997) states
that erosion is a primary problem in agriculture
expansion of tropical regions and that nutrient loss is
accelerated when areas are cleared for agriculture. This
could potentially be dangerous to the economy of
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Moorea and the well being of the Moorean community,
if current pineapple plantations are not well cared for.
The purpose of this project is to examine the
physical and chemical characteristics of soils from
different aged pineapple plantations, along with soils
of native vegetation.
Differences in pineapple
plantation soils may be due to the loss of nutrients from
pineapple uptake and erosion, along with changes in
physical characteristics due to water infiltration, soil
tillage and organic matter inputs. This study will look
at changes in the pineapple fields through time and the
potential long term effects of pineapple farming on the
soil quality. It is important to look at the current
conditions of the pineapple soils to determine the
future of the pineapple fields, their potential decline,
and the consequent environmental and economic
effects on the people of Moorea.
Methods and Materials
Study Sites
The volcanic island of Moorea, 1.8 million years
old, is located in the South Pacific Ocean (17° 30’S
and 149° 50’ W) (Figure 1). This island was chosen as
a study site because the University of California,
Berkeley, Gump Biological Research Station is located
there, on Pao Pao Bay. Nine study sites were selected
in Pao Pao Valley, seven of which were pineapple
plantations of varying ages and two were uncultivated
native vegetation areas (Figure 2). During efforts to
gain permission to dig soil pits in the pineapple fields,
farmers were also questioned about the history of their
fields and their farming practices.

Figure 2. Location o f the nine soil study sites within Pao Pao Valley.
Moorea

Pineapple plantations were selected based on Hans
Jenny’s (1994) principles of the factors of soil
formation. This includes keeping all soil forming
variables including topography, climate, vegetation
and parent material the same for each pineapple field,
except the age of the field which varied (Table 1).
Native vegetation sites were chosen based on the
principles of the factors of soil formation which
includes keeping topography, climate, age and parent
material consistent and varying the vegetation from
pineapples to native vegetation. All sites are on
shallow slopes of less than 10° to reduce natural
erosion as a factor in the soil forming processes. Each
soil site is in the same climate regime which has the
same annual rainfall and temperature, along with the
same parent material. Pao Pao Valley is in an ustic
moisture regime and has an isothermic temperature
regime.

Figure 1. Location o f soil study sites on the island of Moorea, French
Polynesia
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Soil
Formation
Factor
Topography
Climate

Vegetation

Parent
Material

Soil Age

Native
Vegetation
Soil Sites
>10 degrees
Precipitation,
2.00m/year
Temperature,
+22.TC
Trees and
vines
Basalt and
volcanic ash
(1.7 million
vears)
years
cultivated
(0)

before measuring the supernatant with an Orion 290A
pH meter.

Pineapple
Plantation Soil
Sites
>10 degrees
Precipitation,
2.00m/vear
Temperature,
+22.TC
Pineapples

Chemical Characteristics
Additional soil samples were collected in a single
morning from each field for transport back to the
United States for chemical analyses. Three samples
were randomly taken at each field site from the top
10cm of the soil. The samples were brought back to
the Gump Research Station and all three samples from
each site were homogenized and then sieved using a
1mm sieve to remove roots. Five grams of sieved soil
from each site was placed in a small cup and 50ml of
2.00M KC1 solution was added to make an extraction
to test for inorganic nitrogen compounds. The process
was repeated for each site, shown as replicates a and b
in Figures 3-6. Cups containing silt and solution were
vigorously shaken for several minutes to ensure
through mixing, and then allowed to settle for the next
24 hours. One cup with only 50ml of 2.00M KC1 was
also made as a blank and allowed to settle for 24 hours.
After 24 hours, the soil solutions were poured into
small vials, labeled and frozen. These were later
brought back to the United States for nitrogen analyses.
To test for water content, lOg of sieved soil was
put in a paper bag and then into a plant drier, along
with a blank bag to determine the water content of the
bags before drying. The bags were weighed before and
after drying in the plant dryer for 72 hours. The
remaining soil was sieved and two soil samples from
each site, sieved and unsieved, were brought back to
the United States for further analyses. The KC1
extracts were analyzed in the ESPM Department on a
Lachett Auto-Analyzer to report NH4 and NO3+NO2
concentrations. Soil organic matter was determined by
the combustion of 500mg of sieved soil in an oven at
845°C for approximately 1 hour. Soil samples were
weighed before and after heating to determine the
percentage of organic matter in the soil.

Basalt and
volcanic ash (1.7
million years)
years cultivated
(1-30)

Table 1. Factors controlling soil formation

Physical Characteristics
One soil pit was dug in each pineapple field
between the rows of pineapples. Native vegetation soil
pits were dug in a random location within the selected
area. The soil pits were dug as deep as possible
depending on the conditions of the soil, using a shovel
and rock pick to dig through thick clay horizons. On
average soil pits were Zi meter deep. After the soil pit
was dug, horizon boundaries were selected in the field
based on variations in color, structure and root depth.
The thickness of each horizon was measured with a
tape measure and the horizon boundary appearance
was recorded in the field. The size and location of
roots and pores were recorded in the field along with
the structure for each horizon. The horizon boundary,
root, pore and structure descriptions were made using
the USDA-SCS 1994 Soil Description Guide notation
methods. A sample from each horizon was collected
and taken to the Gump Research Station for further
analyses.
At the research station, each horizon sample was
dried in the sun and both dry and moist colors were
recorded using a Munsell Soil Color Chart. Soil
texture was determined using the Texture-by-feel
method and the corresponding flow chart.
Clay
percentage was estimated using the textural
classification triangle. Consistence, stickiness, and
plasticity were all determined by hand and the
descriptions were made using the USDA-SCS 1994
Soil Description Guide notation methods. The
solutions used to measure pH were made with a 2:1
distilled water to soil ratio. These solutions were stirred
in small jars and then allowed to settle for one hour

Results
Physical Characteristics
Appendices 1 and 2 list the Pedon Descriptions for
each soil study site. All soil sites have high quantities
of clay (with several Bt horizons) along with similar
texture, dry and moist colors, boundaries, moist
consistency, stickiness, and plasticity.
There are
differences between the native vegetation and
pineapple soils in terms of structure, root and pore
density, and pH. Native soils had a densely packed
structure, more roots and pores throughout the
horizons and a higher pH than plantain soils.
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Older pineapple soils tend to have lower water content
percentages than native soils and young pineapple
soils.

Pineapple plantation soils of different ages all have
similar structure, root and pore density and pH.
P
ON

■ H20 %

□ Organic Matter %

TT

Years of Cultivation
Figure 3. Years of Cultivation vs. H2O and Organic matter percentages.
Values of zero for years of cultivation represent uncultivated/native
vegetation sites.
Figure 5. Length of Cultivation vs. NO 3+NO; concentrations

Figures 4 and 5 show the NH4 and NO3+NO;
concentrations in the KC1 extractions. Native soils
have higher NHj concentrations than pineapple soils,
with the exception of the 8 year plantation which had
the highest NH., concentrations. In contrast, native
soils have lower concentrations of NO3+NO; ranging
from 0.002ppm to 0.07ppm, compared to 0.065ppm to
1.172ppm in the cultivated soils.
There were
variations between the replicate tests for both NH4 and
NO3+NO2 which is shown in both figures.
The
relationship between length of cultivation and the ratio
of NH4/(N03+N 02) shows that native soils have high
NH4/CNO3+NO2) ratios compared to the values for the
soils under pineapple plantations (Figure 6).

Years of Cultivation
Figure 4. Years o f Cultivation vs. NHj concentration

Chemical Characteristics
The variation in water content and organic matter
in relation to time of cultivation is displayed in Figure
3. The results show a higher soil H2O percent in the
native soil sites (age 0) (17.9% to 20.1%) compared to
the pineapple soils (5.69% to 18.4%). Organic matter
percentages are also higher in native soils with values
from 27.3% to 29.7%, while the pineapple soil values
range from 18.3% to 25.6%. There is a trend between
time of cultivation and water content percentages.

6

Discussion
Structure
The significant difference in structure between
native soils and the pineapple plantation soils is that
all native soil horizons had wedge shaped aggregates
which were densely packed throughout the soil profile.
Pineapple plantation soils have subangular blocky
structures in the top horizons with some wedge shaped
aggregates in soil horizons of the bottom part of the
profile. The appearance of the subangular blocky
structures is a result of the tilling and bulldozing of the
field for pineapple planting and due to increased soil
movement in the top horizons by erosion.
Soil
structure is important in the movement of water within
the soil profile. Loosely structured soils tend to dry out
quickly and do not hold water as well as densely
structured soils, similar to the native soils.

Clay Content and Texture
All soil study sites on Moorea have several clay
horizons, each with high clay percentages and fine
textures. This is a result of the parent material and the
climate conditions of the island. Moorea was formed
from the eruption of basalt and volcanic ash which has
weathered into the soils that are on the island. In
tropical regions with high annual rainfall and
temperature,
chemical weathering of the parent
material is generally accelerated by available water and
the increased biological activity due to high
temperatures (Shoji et al. 1993). Basalt and volcanic
ash weather into several types of clay minerals which
are very fine particles that are able to hold nutrients
and water for plants within the charged layers of the
clays (Brady 1990; Foth 1984). This is important to
the soils on Moorea, which are all high in clay and
therefore should be able to hold water and nutrients for
plants. Pineapple plantation soils generally have lower
water content percentages than native soils. This is
most likely from the loss of water through evaporation
from rows as a result of decreased soil cover and more
direct exposure to sunlight and the aeration of the
pineapple soils from bulldozing.

Root and Pore Density
The study sites of the native soils have high root
and pore densities throughout the profiles, while
pineapple plantation soil profiles have dense roots only
in the top horizons. The high root density of the native
soils is from the vegetation of the area and the higher
number of trees on the sites. Roots tend to be large and
abundant throughout the entire profile and include
many small roots throughout the profile. Pineapple
roots are very' shallow and only extend approximately
10cm in the soil profiles of the plantations. Pores in
native soils are made by organisms such as worms,
which are not abundant in pineapple plantations.
Pores in the upper horizons of the pineapple
plantations are due to organisms and the plowing of
the fields, which changes the structure of the soil and
increases porosity.

Color
Soil color is a factor of organic matter content and
the weathering products of the parent material (Brady
1990; Foth 1984; Shoji et al. 1993). The study site
soils all have similar colors indicating similar organic
matter content and weathering products. The study
soils are all in yellow-red Munsell Color Chart pages
from the oxidation of iron within the soil, which gives
the soils a red color. Low value and chroma for each
soil indicates a darkening of the soil from the
accumulation of organic matter.
Organic matter
content differs between study sites (Figure 3), but it is
not as apparent through simple color analysis.

Soil pH
Pineapple plantation soils tend to be lower in pH
than the native soils, which are more buffered. In
some agriculture situations, acidic soils would inhibit
plant growth, but in the case of pineapples, they grow
well in slightly acidic soil conditions (Collins 1960;
Foth 1984; Ramlie 1972). Pineapples grown in less
acidic soils develop calcium chlorosis, in which the
pineapple is not able to absorb iron from the soil
(Collins 1960; Ramlie 1972).
The addition of
fertilizers to the plantation soils may also reduce the
pH of the soils.

Horizon Boundaries, Moist Consistency, Stickiness,
and Plasticity
Horizon boundaries of all study sites are not very
distinct and therefore the given categories are gradual
or diffuse. This is a result of the large amount of clay
within the soils and the depth of the soil clay horizons.
All soils have similar moist consistency, stickiness, and
plasticity due to the similar clay contents of the soils.
These features of the soil are important in planning the
tilling of the soil. Since the soils are highly plastic and
sticky, disturbance of the soils when wet will effect the
structure of the soils and cause the clay to stick in large
aggregates.

Organic Matter and Water
The lower percentages of organic matter in the
pineapple plantation soils is due to the decomposition
of the native organic matter by microbes, stimulated by
tillage, and due to the lower organic matter input from
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The concentrations of NIB in the pineapple soils show
no trend with age, but are generally lower than the
concentrations of the native soils (with the exception in
the 8 year field) (Figure 4). NIB is a product in the
process of mineralization of organic matter by
organisms in the soil (Brady 1990).
Pineapple
plantation soils contain less organic matter than the
native soils, which may help explain the lower
concentrations of NIB in the pineapple plantation soils.
N 03 and N 0 2 are produced from NIB by the
process of nitrification by two groups of organisms.
Nitrosomonas and Nitrobacters (Brady, 1990).
Conditions which influence the process of nitrification
are the abundance of oxygen and of ammonia (Brady
1990; Amundson and Davidson 1990). Denitrification
is a process in which N 03 and N 02 are lost to the
atmosphere as reduced gases due to processes by
anaerobic organisms (Brady, 1990). Denitrification
occurs under anaerobic conditions within the soil, often
influenced by the presence of excess water (Brady
1990; Amundson and Davidson 1990).
The N 0 3+N 02 concentrations vary randomly
within the pineapple soils, but the concentrations of the
pineapple soils are all higher than the concentrations
of N 03+N 02 in the native soils (Figure 5). The low
concentrations in the native soils may indicate lowoxygen availability, which can be related to the high
percentage of H20 within the sites. The process of
nitrification is also known to increase with the
cultivation of soils, due to aeration of the soils by
tillage (Brady, 1990). This may help to explain the
higher values of N 0 3+N 02 within the pineapple
plantation soil sites. Low concentrations in the native
soils may also be due to the increased number of plants
and plant roots which may be taking in more
N 03+N02 than the pineapple fields.
The NIB/(N02+N 03) ratio decreases as the soils
are cultivated (Figure 6). It may indicate a trend in
nitrogen cycling within the soils of the pineapple
plantations. This reduction in nitrogen has led to the
need for fertilization of the pineapple plantations on
Moorea. There are no set fertilizing plans for the
pineapple fields, but it is done at the first planting of
the immature pineapple plants and two or three times
each year, depending on the requirements of individual
pineapple fields.
The effects of fertilization on the NIB and
N 03+N 02 concentrations in the pineapple soils are not
completely clear. The process of fertilization with
phosphorus or potassium (which are both used on
Moorean pineapple fields) can lead to the increase of
nitrification in soils (Brady 1990). The increase in
nitrification due to fertilization may help to explain the
lower NIB and higher N 0 3+N 02 concentrations in

pineapple plants. When soils are tilled, there is a
general decrease in organic matter due to the
breakdown in the structure of the soil and increased
microbial activity, which decomposes organic matter
(Brady 1990). Although there is a difference between
native soils and pineapple plantation soils, the organic
matter percent at each site is relatively high compared
to soils of other regions of the world (Shoji et al. 1993).
These relatively high organic matter values are due to
the high clay content of the volcanic soils and the
ability of the clay to hold organic matter physically and
chemically within layers (Shoji et al. 1993). The water
percent is related to organic matter percent because of
the ability of organic matter to hold water within
layers.
The organic matter and water content percentages
of the pineapple plantations show a decreasing trend
from younger pineapple plantations to older
plantations (Figure 3). This trend is due to the
continual growth of pineapple on the same plots with
no cover cropping or rotation, and therefore the only
organic matter input is from the pineapple leaves and
roots. Pineapple leaves are very tough and have a
waxy coating which would not allow quick
decomposition and renewal of organic matter into the
soils.
The decrease in the water content is due to the
increased tillage in the older fields, which decreases
the structure of the fields and increases evaporation.
There are high organic matter and water percentages
in the thirty year old field which did not follow the
trend of the other pineapple fields. This difference
may be due to the abandonment of the field, which has
not been worked in approximately 8 years. The 30
year field has significant overgrowth of pineapple
plants, weeds and grasses. There is little exposed soil
to sunlight which would help to remove water from the
soil through evaporation. The high amount of organic
matter may be due to the input from weed decay and
from the input of unpicked pineapples.
The high organic matter content of all of the sites
may be due to water in the soil samples which were
tested, if the soils were not completely dried before
weighing. If there was water in the samples it would
have increased the weight percent change of the soil
after heating, which would have been accounted as soil
organic matter during the measuring process.
NH4 and NO3+N02
Nitrogen in soil is found in several forms due to
the cycling of nitrogen compounds by microorganisms.
The relationships between NIB and N 0 3+N 02
concentrations within the study sites can partially be
explained through the nitrogen cycle within the soil.
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studies of the pineapple soils in Moorea will lead to
more conclusive information on the effects of
pineapple cultivation on soils. Long term monitoring
of nutrients would provide valuable information on
nutrient losses from pineapple cultivation practices.
Pineapple farming in Moorea, although low
impact, still has an effect on the soils. Nutrient loss
can be lessened by the addition of fertilizers, but this
does not add organic matter back to the soil. The use
of cover crops after plowing or the use of inter-row
crops could be an alternative solution to fertilizing and
can add organic matter to the soil. The potential
erosion problems of the new plantations on steeper
slopes in Pao Pao Valley can be reduced through the
use of terraces. Terracing would also reduce the runoff
of sediment and nutrients from the pineapple
plantations into the streams and Pao Pao Bay.

pineapple soils than native soils. This may be because
of the breakdown of NFL, by nitrification which would
reduce concentrations in pineapple soils, and the
subsequent increase in N 0 3+N 02 concentrations as
nitrification products.

Conclusions
Pineapple cultivation on Moorea changes the
physical soil characteristics very little. Bulldozing of
the pineapple fields has led to changes in soil structure,
with a change from wedge-shaped aggregates in native
vegetation soils, to less dense subangular blockv
aggregates in pineapple plantations. Roots and pores
are more common in native soils from the increased
vegetation. Soil pH tends to be less acidic in native
soils than in pineapple plantation soils. The effects of
pineapple plantations on the physical aspects of the
soils are not significantly damaging to the soils, and
are not directly related to the age of the pineapple
plantation.
There are differences in chemical soil
characteristics between soils of native sites and
pineapple plantations.
Organic matter and water
content percents tend to be higher in native soils.
Native soils tend to have higher N th concentrations
than pineapple plantations due to the higher
percentages of organic matter and water which leads to
the production of NH4 through the process of
mineralization.
Native soils tend to have low
NO3+NO2 concentrations due to the higher water
content percentages which leads to denitrification,
while pineapple plantations have higher NO3+NO2
concentrations due to the process of nitrification which
is accelerated by agriculture methods. Fertilization
may also lead to decreased NHL and increased
NO3+NO2 concentrations in pineapple soils. Further
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Appendix 1
Soil Description Terms (from the USDA-SCS Soil Description Guide)
Moist Consitence
NS-Non-smeary
WS-Weakly Smeary
MS-Moderately Smeaiv
SM-Strongly Smeary
Stickiness
SO-Non-Sticky
SS-Slightly Sticky
MS-Moderately Sticky
VS-Very Sticky
Plasticity
PO-Non-plastic
SP-Slightly Plastic
MP-Moderately Plastic
VP-Very Plastic

Roots and Pores
Structure
Location:
Grade:
1-weak
P-between peds
C-in cracks
2-moderate
3-strong
T-throughout
5-weak and moderate
Quantity (per area):
6-moderate and strong
F-Few (<1)
VF-Very Few ( 0 .2 )
Code Size:
VF-very fine
MF-Moderately Few (0.2-1)
FF-very fine and fine
C-Common (1-5)
M-Many (>5)
F-fine
FM-fine and medium
Size (mm):
M-medium
Vl-Very Fine (<1)
1-Fine (1-2)
MC-medium and coarse
2-Medium (2-5)
CO-coarse
CV-coarse and very coarse 3-Coarse (5-10)
VC- very coarse
4-Very Coarse (>10)
VN-veiy thin
11-Very Fine and Fine
TN-thin
V2-Very Fine to Medium
TK- thick
V3-Very Fine to Coarse
VK-very thick
12-Fine and Medium
13-Fine to Coarse
Shape:
ABK-angular block)'
23-Medium and Coarse
COL-columnar
GR- granular
LP-lenticular platy
MA-massive
SBK-subangular blocky
PR-prismatic
GR-single grain
WEG- wedge shaped aggregates
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Boundary
Distinctness:
A-Abrupt
C-Clear
D-Diffuse
G-Gradual
Topography:
S-Smooth
W-Wavy
I-Irregular
B-Broken

Appendix 2

Soil #1 (Pineapple plantation, lyear)
Color-Dry

Color-M oist

T exture, % clay

Structure

1-Ap

Depth
0-3cm

10YR 3/4

7.5YR3/4

CLAY LOAM 40%

2-FM-SBK

2-Btl

3-9om

10Y R4/3

7.5YR 3/2

CLAY 45%

6-MC-SBK

Horizon

3-Bt2

9-19cm

7.5YR 3/2

7.5YR 3/4

CLAY 50%

3-VC-WEG

Clay Films
YES
YES

Roots
T-M-12

Poi'es

pH

B oundary

Moist Consitence

Stickiness

C-12

5.88

G-W

MS

MS

Plasticity
VP

T-M-2

C-12

5.95

G-W

SM

VS

VP

vs
vs
ss
ss

VP

T-C-2

M-13

6.04

C-W

SM

C-I

MS

C-I

MS

4-Bt3

19-3 4cm

7.5YR 3/2

7.5YR 3/4

CLAY LOAM 40%

3-VC-WEG

P-C-l

M-13

6.2

5-BCtl

34-56cm

10YR 4/4

10YR 3/3

LOAM 25%

2-C-WEG

P-VF-11

C-12

6.51

6-BCt2

56-72+cm

10YR 4/6

10YR4/4

LOAM 20%

2-MC-SBK

P-VF-1

C-12

6.53

YES

MS

VP
MP
SP

Soil #2 (Pineapple plantation, 6 years)
Color-Dry Color-M oist
Structure Clay Films
Roots Pores
Horizon
Depth
Texture, % clay
10YR4/4
F-M-12 M -l 1
1-Ap
0-2cm
7.5YR 3/4 SANDY CLAY LOAM 25% 6-FM-SBK
6-MC-SBK
2- 12cm 7.5YR 3/4 5YR 3/4
CLAY LOAM 35%
YES
P-M -l
M-12
2-Btl
CLAY LOAM 40%
M-12
12-24cm
5-MC-SBK
YES
P-C-l
3-Bt2
5YR 3/3
5Y R 4/6
P-VF-V1 M-12
5-FM-SBK
YES
4-Bt3
24-39cm
5YR 3/4
5YR 4/6
CLAY 50%
P-VF-V1 M-12
CLAY 50%
6-FM-CDY
YES
5YR 3/4
5-Bt4 3 9 -5 1+cm 7.5YR 3/4

PH
5.4
5.12
4.97
4.98
5.01

Boundary M oist
D-S
D-W
G-I
G-I

Consitence
WS
MS
MS
SM
SM

Stickiness
SS
MS
MS
VS
VS

Plasticity
MP
VP
VP
VP
VP

Soil #3 (Pineapple plantation, 8 years)
Texture, % clay
Structure Clay Films
Roots Pores
T-M-V2 M-23
SILTY CLAY LOAM 30% 6-MC-SBK
SILTY CLAY LOAM 35% 6-MC-SBK
YES
T-M-V2 M-V2
CLAY LOAM 40%
6-FM-SBK
YES
P-M-V2 M-V2
SILTY CLAY 45%
6-CO-WEG
YES
C -C -ll C-V2
SILTY CLAY 45%
6-CO-WEG
YES
P -F -ll
M -l 1
SLITY CLAY 50%
YES
C-F-Vl M -l 1
6-CO-WEG

pH
5.43
5.12
5.21
5.25
5.44
5.29

Boundary M oist
G-S
G-S
C-S
D-S
G-S

Consitence
WS
MS
MS
MS
SM
SM

Stickiness
SS
SS
MS
VS
VS
VS

Plasticity
SP
VP
VP
VP
VP
VP

Soil #4 (Pineapple plantation, 1.5 years)
Texture, % clay
Pores
Structure Clay Films Roots
Color-Dry Color-M oist
T-M-FM M-V2
10YR 4/3 SANDY CLAY LOAM 25% 6-FM-SBK
10YR4/3
SILTY CLAY LOAM 30% 6-FM-SBK
YES
T-M-FM M-V2
7.5YR 3/2
10YR/4/4
CLAY LOAM 40%
YES
P-C-V2 C - l l
5YR 3/3
10YR4/4
5-MC-WEG
YES
P-C-V2 C- l l
7.5Y R 3/4
10Y R4/4
CLAY LOAM 40%
5-MC-WEG
CLAY LOAM 45%
7.5Y R 3/4
10YR4/4
5-MC-WEG
YES
P-C-l 1 C- l l

pH
5.32
5.13
5.41
5.74
5.75

Boundary M oist
D-W
G-W
C-S
G-S

Consitence
WS
MS
SM
SM
SM

Stickiness
SS
MS
MS
MS
MS

Plasticity
MP
VP
VP
VP
VP

Depth Color-Dry Color-M oist
Horizon
0-3cm
10YR3/4
5YR 3/3
1-Ap
3 -10cm
5YR 3/3
5YR 3/4
2-Btl
10-17cm
5YR 3/3
5YR 3/4
3-Bt2
17-25cm
5YR 3/4
4-Bt3
5YR 3/3
25-39cm 7.5YR 3/3
5YR 3/4
5-Bt4
5YR 3/4
6-Bt5 39-4 5+cm 5Y R 3/3

Depth
Horizon
0-4cm
1-Ap
4 - 14cm
2-Btl
14-21cm
3-Bt2
4-B13
21 -34cm
5-Bt4 34-47+cm
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l-Ap
2-Btl
3-Bt2
4-Bt3
5-Bt4

Depth
(Mem
4-12cm
12-20cm
20-29cm
29-36+cm

Color-Dr)10YR 3/4
SYR 3/3
SYR 3/3
SYR 3/4
5YR 3/4

Color-M oist
7.SYR 3/4
7.SYR 3/4
7.SYR 3/4
7.5YR3/4
7.5YR 3/4

Soil #6 (Pineapple plantation, S years)
Texture, •/• clay
Structure
C lay Films
SANDY CLAY LOAM 25%
6-FM-SBK
6-FM-SBK
SANDY CLAY LOAM 25%
YES
SANDY LOAM 20%
5-MC-SBK
YES
SANDY LOAM 20%
5-MC-SBK
YES
SILT LOAM 25%
5-MC-SBK
YES

Roots
T-M-V3
T-M-V2
P-M-l 1
P-C-V2
P-MF-l 1

Pores
M-V2
M-V2
C-V2
C -ll
C -ll

pH
5.3
5.03
5.04
4.87
4.81

B oundary
D-S
C-S

M oist Consitence
MS
MS

o-s

ws
ws

Horizon
l-Ap
2-Btl
3-B12
4-B13
5-Bt4
6-BCt

Depth
0-6cm
6-12cm
12-18cm
18-27 cm
27-39cm
39-53+cm

Color-Dry
5YR3/3
5YR3/3
5YR3/2
5YR3/2
SYR 3/4
5YR3/4

Color-M oist
5YR 3/4
5YR3/4
5YR 3/2
SYR 3/2
5YR3/3
5YR 3/4

Soil #7 (Pineapple plantation, 30 years)
Texture, % clay
Structure
Clay Films
SILTY CLAY 40%
5-MC-WEO
SILTY CLAY LOAM 35%
5-MC-WEG
YES
5-C-WEG
SILTY CLAY LOAM 35%
YES
SILTY CLAY 40%
5-CO-CDY
YES
SILTY CLAY 45%
5-MC-WEG
YES
SILTY CLAY LOAM 40%
5-M-WEO
YES

Roots
T-M-V2
P-M-l 1
P-C-l 1
P-MF-l 1
P-MF-l 1
P-MF-l 1

Pores
M-V2
M-V2
C-V2
C-V3
C-V3
C-V2

pH
5.25
5.3
5.53
5.91
592
588

B oundary
G-S
D-S
D-W
C-W
G-S

Horizon
l-Ap
2-Btl
3-BI2

Depth
0-13cm
13-27cm
27-40cm

Color-Dry
10YR3/3
10YR4/2
10YR 3/3

Color-M oist
10YR 3/3
10YR 3/3
10YR 3/2

Soil U8 (Pineapple plantation, 25 yeara)
Texture, % clay
Structure
C lay Films
SANDY CLAY LOAM 20%
5-FM-SBK
SANDY CLAY LOAM 25%
5-FM-SBK
YES
SANDY CLAY LOAM 25%
5-FM-SBK
YES

Roots
C-M-V2
C-M-V2
C-C-l 1

Pores
M -U
M-l 1
M-l 1

pH
5.3
5 56
5.73

Boundary
G-W
G-W

Horizon

Depth
Horizon
0-5cm
1-A
5-16cm
2-Btl
16-27cm
3-Bt2
4-Bt3
27-39cm
5-B14 39-54+cm

Color-Dry
5YR3/3
5YR3/3
7.5YR 3/4
5YR3/4
7.5YR 4/4

Color-Moist
10YR3/4
10YR 4/4
10YR 4/4
7.5YR 4/4
7.5YR 4/6

Texture, % clay
CLAY LOAM 28%
CLAY LOAM 30%
CLAY LOAM 35%
CLAY LOAM 40%
SILTY CLAY 45%

Horizon
1-A
2-Btl
3-Bt2
4-BI3
5-Bt4
6-Bt5

Color-Dry
10YR 3/3
5YR3/2
SYR 3/2
10YR 3/4
10YR 3/4
10YR 3/4

Color-Moist
10YR 4/2
10YR 4/3
10YR 3/3
10YR 3/4
10YR 4/3
10YR 4/3

Texture, % clay
CLAY LOAM 30%
CLAY LOAM 30%
SILTY CLAY LOAM 35%
SILTY CLAY LOAM 35%
SILTY CLAY LOAM 40%
SILTY CLAY LOAM 40%

Depth
0-5cm
5-14cm
14-26cm
26-31cm
31-37cm
37-43+cm

Soil #5 (Native vegetation, non-cultivated)
Structure
Clay Films
Roots
5-FM-WEG
T-M-4 & T-M-V2
5-FM-WEG
YES
T-C-4 & T-M-V2
5-MC-WEG
YES
T-C-4 & T-C-V2
5-MC-WEG
YES
C-MF-4 & C-C-V2
6-MC-WEG
YES
C-MF-4 & C-MF-11
Soil U9 (Native Vegetation, non-cultivated
Structure
Clay Films
Roots
T-F-4 & T-M-12
6-FM-WEG
6-MC-WEG
YES
T-F-4 & T-M-12
6-FM-WEG
YES
T-C-4 & C-M-V2
6-FM-WEG
YES
T-C-4 & C-M-V2
6-FM-WEG
YES
T-C-4 & C-M-V3
6-FM-CD Y-WEG
YES
T-C-4 & C-M-V2

Stickiness
SS
SS
SS
SS
SS

Plasticity
MP
MP
MP
MP
MP

M oist Consitence
SM
SM
WS
MS
SM
SM

Stickiness
MS
MS
SS
MS
MS

Plasticity
VP
VP
MP
MP
VP
VP

M oist Consitence
MS
MS
MS

Stickiness
SS
MS
MS

Plasticity
MP
VP
VP

D-S

MS

SS

Pores
M-V2
M-V2
M-V2
M-V2
M-V2

PH
6.45
6.45
6.55
5.67
5.38

Boundary
G-S
G-S
D-S
G-S

Moist Consitence
MS
MS
MS
MS
SM

Stickiness
SS
SS
MS
MS
VS

Plasticity
MP
MP
VP
MP
VP

Pores
M-V2
M-V2
M-V2
C -ll
C-V2
C-V2

PH
6.03
5.81
5.81
5.49
5.59
5.48

Boundary
D-S
D-S
G-S
D-S
G-S

Moist Consitence
MS
MS
MS
MS
MS
MS

Stickiness
MS
MS
VS
VS
VS
MS

Plasticity
VP
VP
VP
VP
VP
VP

Distribution and Dispersal of Miconia calvescens DC, an invasive alien
tree, in Moorea, French Polynesia
Patrick A. Bock
D epartm ent of G eography
University of California, Berkeley 94720

Field surveys conducted over two m onths in 1997 on Moorea found that Miconia calvescens DC.
(Melastomataceae), an invasive alien tree from Central America, occupies most river valleys and all of the high peaks
and ridges of the eastern portion of the island. Since 1993 Miconia has spread considerably in O punohu valley and
along the east side of the island’s m ain ridge. A detailed study of the Putoa River suggests the im portant role of rivers
as dispersal mechanism, as quadrat samples found most plants to be within 3 m of the stream. In addition, a permanent
transect w as p u t in place for future measurements of growth rates and invasion rates. Biological control seems to be
the only w ay of eradicating Miconia, but some physical and chemical control should be im plem ented in the interim to
protect lightly invaded areas.
ABSTR AC T.

KEYWORDS: biological invasion, Miconia calvescens, Moorea, oceanic island

Introduction
The acute vulnerability of tropical islands to
in troduced species has been w ell docum ented
(C ow ie 1992).
The tro p ical p la n t M ic o n ia
calvescens De C ando lle p ro v id es a strik in g
example of the success of an introduced species in
a h a b ita t su ita b le for g ro w th w ith o u t the
lim itin g facto rs of its n ativ e en v iro n m en t.
A lready d o m in an t over tw o -th ird s of Tahiti,
M iconia is presently in the m iddle phases of
invasion on Moorea, 20 km away, where it poses a
serious threat to the native flora and biological
d iversity of the islan d (M eyer an d Florence
1996).

Native Range
Miconia occurs natu rally thro u g h o u t C entral
and South America from 18°N to 26°S, from sea
level to around 2000m elevation in low land and
m ontane rainforest. The bicolorous form now
invading Polynesia occurs n atu rally only from
southern Mexico to Costa Rica (18°N to 8°N). In
its n ativ e hab itat Miconia is a sh ad e-to leran t
tree th a t occupies o p en in g s in fo rest gaps.
According to F. Almeda, Miconia is never common
at any one site in its native range (Meyer 1996).
Seed Production and Dispersal Mechanisms
M iconia has been successful in large p art
because of its reproductive biology. Each panicle
on a fruiting tree yields h u n d re d s of 5-6 m m
berries each containing 140-230 seeds 0.7 by 0.5
m m long, enabling a m a tu re tree to pro d u ce
hundreds of thousands of seeds per fruiting. With
three peaks of fruiting and flow ering p er year, a
m ature plant can produce over a million seeds per
year. These seeds can then germ inate after over
tw o years in the soil bank (Meyer 1994).
The small, light seeds are dispersed by three
m ain m echanism s: gravity, w ind, and anim als,
nam ely frugivorous birds (Zosterops lateralis and
Pycnonotus cafer), rats (R attus exulans), and,
hu m an s (who inad v erten tly tran sp o rt seeds in
treads of hiking boots or pots of soil am ong other
things) (Meyer 1996). D ispersal by w ater is also
a possibility, as seeds germ inate from fruits left

Study Species
M ic o n ia
c a lv e s c e n s , of
fa m ily
M elastom ataceae, is a small tree up to 15 m tall
w ith trin erv ed leaves, an d panicles of w hite
flowers, w hich produce dark berries 0.5-0.8 cm in
diam eter (Meyer and Florence 1996). It can grow
in either open sunlight or dense shade in lowland
and m ontane tropical forests receiving around 2 m
annual rainfall (Gagne et al. 1992). The leaves
are green w ith either green or purple undersides.
The variety w ith purple undersides has long been
p rized by h o rticu ltu rists for the beauty of its
leaves and their velvety texture (in horticulture
the plant is know n as M. magnifica Triana). As a
result specim ens w ere taken from its native
habitat in C entral America to botanical gardens
around the w orld (Meyer 1994).
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floating in w ater over two m onths (Meyer 1997).

location relative to featu res of the landscape
w ere noted (for instance, in stream bed or on 85°
cliff face), as w ell as other ab u n d an t species and
in te r e s tin g o b s e rv a tio n s .
W h ere la rg e
populations w ere p resent the estim ated num ber
an d density as w ell as average h eig h t of the
p lan ts w as recorded. Surveys of the exposed
highlands w ere m ade both w ith binoculars and a
telescope. In addition to p lan ts seen firsthand,
areas in the highlands w ere shaded according to
approxim ations of levels seen by Dr. Tim Krantz
and Dr. J.-Y. M eyer during a helicopter survey in
M arch 1996 (Krantz 1997).
Because of the high level of invasion and
patchy nature of the study species, m apping was
done in b road areas rath er th a n in absolutely
precise locations to b etter reflect the extent of
invasion. Because Miconia frequency generally
increases tow ards the highlands (Meyer 96), in a
valley w here Miconia w as observed, the entire
w atershed from the point at w hich the plant was
first sighted was shaded according to the level of
in v asio n ob serv ed .
The levels of M ic o n ia
in v asio n w ere categ o rized acco rd in g to the
following scheme:

Miconia in the Society Islands
M iconia w as first b ro u g h t to the P apeari
Botanical G arden on Tahiti in 1937 by H arrison
Smith. By the 1970s it h ad escaped and invaded
en ough to w a rra n t stro n g concern (B otanist
Raynal nam ed it the m ajor th rea t to T ahitian
vegetation) (M eyer 1996). A t the same tim e the
first populations w ere noticed on M oorea at the
sum m it of M ount M ouaputa and below the w est
face of M t. R otui (M eyer 1994). Seeds are
believed to have arriv ed via the trad e w in d s
blow ing from Tahiti, via birds, or via hum ans.
By 1993 there w ere at least four areas of dense
Miconia invasion on M oorea (Schwartz 1993).
In the Society Islands Miconia poses a serious
th rea t to the n ativ e flora. The dense shade
created by its overlapping leaves block sunlight
from m any native species. M ore than over 100
endem ic p la n ts are d irectly en d a n g e re d by
Miconia , and one plant, Hemandia temarii, m ay
already be extinct (Meyer and Florence 1996).
Objectives of Study
This study h ad tw o objectives. The first was
to m ap the distribution of Miconia on M oorea to
define its current distribution and to examine the
ex ten t of its s p re a d since 1993, w h en a
distribution study w as done by J. Schwartz. The
second was to study the distribution and pattern
of dispersal in one valley invaded since 1993 to
understand how the species m ay be spreading or
w here it is m ost abundant.

C om plete invasion- Dense M onotypic stands of
m atu re M iconia trees at an estim ated density
exceeding 10/ lOsquare meters
H eavy invasion- M ost plants are juveniles w ith
up to 10% m ature at estim ated densities betw een
5 -1 0 /1 0 square meters
M oderate in v asio n - C haracterized by either 1)
populations of large juvenile and adult trees in
estim ated densities less than 2 / 10 square meters
or 2) juvenile and seedling populations w ith less
than 2% m ature in densities approaching 5-10/10
square meters w here present
Prelim inary invasion- M ainly seedlings w ith less
than 10% juveniles and no m ature plants in sparse
densities
Isolated p lan tfsl- M ature p lants aw ay from any
eatablished population.

M aterials and M ethods
Distribution Study
The h ig h oceanic island of M oorea lies at
17°S, 149°W, 20 km southw est of Tahiti in the
Society Islands of French Polynesia. A volcanic
island of 1.5 to 2.2 m illion years, M oorea is
rem arkable for its sheer peaks and "knife-edge"
ridges, w hich channel w ater d ow n to the ocean
through about ten m ain valleys. Rainfall over 2
m eters a year for m uch of the island (ORSTOM
1993) su p p o rts a dense vegetation that covers
m ost of the ground in shade.

For this study seedlings are defined as plants less
th a n a m eter in h eig h t, ju v en iles as plan ts
betw een one an d three m eters in height, and
m ature plants as taller than three meters.

Betw een S eptem ber an d N o v em b er 1997,
surveys w ere m ade on foot of the valleys and
ridge lines on the eastern portion of M oorea (east
of Mt. M ouroa an d O p u n o h u Bay). W here
Miconia plan ts w ere spotted, th eir height and

Dispersal Study
The H otutea valley lies n ear the m iddle of
M o o rea's ea ste rn coast (17°33’S, 149°47’W)
behind the tow n of A fareaitu (see figure 1). The
valley collects w ater from the im mense
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Figure 1. The Hotutea valley, site of dispersal study

N o rth e a st face of M o u n t T ohiea, M oorea's
h ig h e st p e a k a t 1207 m , an d th e rem o te
highlands betw een it and Mt. M ouaputa, and is
drained by the Putoa River. The N orth Fork of
the Putoa, w hich includes th e p o p u la r tourist
w aterfall, w as ch o sen as site for d etaile d
observation because the Miconia present displays
a^\\ peculiar population structure and because this
valley was recom m ended by Schw artz in 1993 as
a site for protection based on the complete absence
of Miconia.
After surveying the length of the N orth Fork,
quadrat sam pling w as done to test the hypothesis
that seeds are being dispersed by the stream. Ten
10 x 10 m quadrats w ere placed w ith one edge at
the stream , and the height of each plant and its
distance from the stream w ere m easured. The
q u ad rats w ere placed at in terv als w here the
plant was present from the dow nstream extent of
Miconia up to the base of the falls. In one quadrat
a num ber of plants were found on the edge of a dry
stream bed. For these plants, the distance to the
m iddle of th a t stream b ed w as recorded. It is
im portant to note that at the tim e of the study
Moorea was experiencing a
u n ch aracteristic d ry spell, an d therefore the
stream was at relatively low levels.
In a heavily in v a d ed area ju st east of the
w aterfall, p lan ts lying w ith in a m eter of three
15m transects were m easured and recorded to
sam ple the density an d size stru ctu re of that
population. The com bined transects sam pled an

area of 90 square meters.
Finally, a perm anent transect was p u t in
place for future m easurem ent of the spread of
Miconia. The 50 m transect is m arked at either
end and at its m idpoint by gray PVC pipe 32 mm
in diam eter ham m ered in the ground. It is on the
eastern bank of the N orth Fork, roughly 20 m
upstream of the confluence of the stream flowing
from the valley's other w aterfall (this is the
second stream crossed on the dirt road leading to
the "tourist" waterfall, just before the road turns
off to a trail). All of the plants on the eastern
bank w ithin 10 m of the transect were m easured,
and their distance from the main stream recorded
for purposes of relocation. (The area covered by
the transect included a side stream that split off
and joined back w ith the m ain stream w ithin the
50 meters. Plants here were m easured relative to
the m ain stream to avoid confusion).
Results
Distribution Study
Miconia has invaded three valleys w here it
was not seen by Schwartz in 1993 (figure 2). These
three, the H otutea, V aipohe, and P apeare, are
all on M oorea's east coast. In addition, it has
sp read exten siv ely d o w n th e V aioro R iver
valley, b eh in d the Belvedere, an d along the
Rotui loop road directly behind Mt. Rotui itself.
The invasive p la n t w as also fo u n d in a
n u m b er of areas n o t su rv ey ed by S chw artz.
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Figure 4. The North Fork of the Putoa River. Approximately 100-150
Miconia plants are present between the area of dense population and the downstream extent

M ico n ia w as p resen t in all b u t th ree of the
eig hteen riv e r valleys ex p lo red on M oorea's
eastern portion, and on all the m ajor ridge tops
(see figure 3). Plants w ere observed from 3 to 1200
m eters elevation, and on slopes from flat to near
v ertical.
Places w here Miconia w as n o t observed are
indicated on the m ap by u nshaded areas around
the trail covered. These in clu d e the H aum i
valley in the southeast, one m ajor stream system
in the u p p e r Paopao valley, and the V aiterupe
River valley b eh in d M aharepa. In tw o other
areas, east of P aopao b eh in d PK 9, an d the
southern valley behind Vaire, lim ited access due
to private property stopped the search before any
w as encountered. M iconia m ay n o t be totally
absent from any of the areas above.

Figure 5. Graph show ing distance from stream in meters on
(y) axis for plants in quadrats 1-9

Figures 4 & 5 show the distance from the stream
of the p la n ts m e a su re d in the ten q u ad rat
sampling. Figure 4 show s the totals for all ten
quadrats, w hile figure 5 show s the data for only
the first nine. The tenth quadrat, roughly 40 m
from the base of the waterfall, w as in the area of

Dispersal Study
The N o rth Fork valley show ed a peculiar
distribution of Miconia. At the base of the falls
th ere w as relatively little w ith in 5 m of the
pool. F urther to the east, how ever, was a hilly
area of roughly 100 m 2 heavily infested w ith an
average density of .93 plants per meter. Three

Point on
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21 . 6
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0
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37.2
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38.3
38.3

41

Figure 4. Graph show ing distance from stream in meters on (y)
axis for plants in all quadrats

plants w ere found on the hill across the stream ,
an d another fo u r sp read o u t along a narrow
stream flow ing dow n to the w est side of the falls.
A t ab o u t 50 m from th e w a te rfa ll's base,
how ever, all of the Miconia p resen t w as w ithin
three m eters of the stream.

38.4

87
32
30
95
83
105
1 00
120
28
100
10
7
12
17
22
17
1 05
25
45
50

Table 1. Plants along transect, measured from
downstream towards the source
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2.2
1. 1
1
3.3
6.2
7.3
5. 1
3
4.6
4.85
4.6
4.5
0.75
4
1
3
2. 1
2.05
2
2

stream is p resent all along the east coast of the
island at the T eavaro R iver, P ap eare River,
lower Vaioro River, and Toto valley. It has been
suggested that the tradew inds have blow n seeds
to the w est of the m ain, highly invaded ridge on
Moorea (Schwartz 1993). The stream s seem to be
acting as conveyor belts carrying the seeds dow n
the islands valleys.
M ico n ia 's in v asio n of M oorea, from the
highest inaccessible elevations d o w n w ard , and
by a variety of dispersal m echanism s, appears to
be beyond control. Physical and chem ical control
have been deem ed im possible due to the m assive
num bers of Miconia plants and the inaccessibility
of the most dense areas of invasion (Krantz 1997).
The only solution now seem s to be biological
control, and an intense search effort, especially
am ong scientists in H aw aii, h as b eg u n . O ne
p ro m isin g c a n d id a te is a fu n g a l p a th o g e n
Colletotrichum gloeosporides (Penz.) Sacc. f. sp.
miconiae, w hich causes prem ature defoliation b u t
only kills the plant if its stem is injured (Killgore
1997).
W hile biological co n tro l m ay be th e only
long-term solution, by the tim e it is im plem ented
m uch native flora m ay hav e d issa p e a re d or
become highly endangered. In the interim some
physical and chemical control m u st be carried out
in lightly invaded areas an d especially areas of
significant ecological value. The large valleys at
the south and southeast sides of the island w ould
be appropriate.

h ig h er invasion. O m itting the tenth quadrat,
every p la n t m easu red w as w ith in 3 m of the
stream .
In the 500 m 2 area m easured by the transect,
20 plants w ere found ranging in height from 7 cm
to 1.2 m (Table 1). The majority of these plants
w ere seedlings, w ith 5 small juveniles.
Discussion
The extent of Miconia invasion on M oorea is
severe. Though far less invaded than Tahiti, the
island is headed for a sim ilar degree of invasion
unless some effective control can be im plemented.
A nd w hile Tahiti has extensive forests above the
reach of M iconia, M oorea's h ig h est peaks are
already invaded.
The observed distribution of Miconia along
the N o rth Fork of the Putoa River suggests that
the river is largely responsible for the dispersal
of seeds, and therefore plants. The proxim ity of
every p la n t dow nstream of the dense hill area
supports this. Seeds m ay have been dispersed by
w ater to the hilly area of dense distribution as
well. D uring storm s, the heavy flow of the river
com bined w ith sw irling w ind sends w ater from
the stream dow n on this area like rain. Further,
the conspicuous lack of Miconia near the falls was
explained by a tour guide w ho removes the easily
v isib le p la n ts to p re se rv e a m o re n a tu ra l
appearance for his tourists.
There are doubtless dozens of other possible
reasons for this distribution. One possibility is
the im pact of to u rists, w ho are suspected of
carrying seeds in their shoes. H ow ever, there is
no Miconia on the trail leading to the river. The
w ind m ay be solely responsible for dispersing the
seeds, b u t the confinement of the Miconia suggests
o th erw ise (M iconia is only in areas touched at
som e point by the river w ater). The possibility
that birds carry seeds dow n to the stream bed is
plausible, though few birds w ere seen during the
m onths of study.
The p attern of p lants found only n ear the
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Resource Partitioning in Two Cryptic Species of Pacific Skinks
Emoia cyanura and E. impar (Lacertilia: Scincidae)
Erica A. Garcia
D epartm ent of Integrative Biology
University of California, Berkeley 94720
egarc@uclink4.berkeley.edu

ABSTRACT. Two species of cryptic Pacific island skink, Emoia cyanura and Emoia impar, w ere studied in
regards to their partitioning of habitat and food resources. These species are of particular interest because of
their morphological sim ilarity although they are not closely related genetically, and recent recognition as two
separate species. Samples of skinks from sticky traps in both coast and interior forest habitats found £. impar in
m uch higher relative abundance in both habitats. Using stom ach flushing, segregation based on prey species
w as also examined. In addition, food availability at all sites w as examined. Evidence suggests that these two
species may segregate on the basis of m icrohabitat and som e trends show that they may also segregate on the
basis of diet.

Key words: skinks; Scincidae; diet; resource partitioning; Emoia; Pacific island; habitat segregation;
sympatry; Moorea; French Polynesia
Usually m orphological similarity is accredited to
recent speciation but this is not the case for E.
cyanura and E. impar as they are m ore genetically
related to other species than to each other (Bruna
et al. 1996a).
The morphological similarity and the fact that
the tw o species of skink E. impar an d E. cyanura
occur in sym patry makes them an ideal system
for exam ining resource partitioning. Resource
partitioning, defined as the differential utilization
of the physical a n d /o r biotic environm ent by
different species, is of general ecological interest
as a mechanism allowing for the coexistence of
com peting species. (Auffenberg and Auffenberg
1988). Bruna et al. (1996b) explored habitat
segregation betw een E. cyanura and E. impar on
the island of Rarotonga and concluded that some
am ount of habitat segregation w as occurring but
th at there were other areas needing to be further
explored to better explain w hat enables the tw o
species to coexist.
This study examines both m acrohabitat and
food type differences between E. cyanura and E.
impar on an island w here they live in sym patry to
determ ine if they have developed m echanism s of
resource partitioning.

Introduction
In any large group of sym patric species
belonging to a single genus or subfamily, careful
w ork will always reveal ecological differences
(Hutchinson
1957).
Patterns
of
resource
partitioning have been said to result from three
categories of causes; competition, predation and
factors
which
operate
independently
of
interspecific interactions (Toft 1985). Competing
reptiles segregate along one of three param eters
in order of importance, habitat, food, and time
(Pianka 1975). These three param eters can further
be subdivided into m acrohabitat, microhabitat,
food type, food size, diel time, and seasonal time
(Schoener 1974). M acrohabitat is considered as
coast forest, interior forest, beach and disturbed
habitat types w hereas m icrohabitat includes rock
outcroppings, tops of vegetation etc.
The island of Moorea, French Polynesia was a
m odel site for this resource partitioning study
between two species of diurnal skink, genus
Emoia. The tw o species of focus, Emoia cyanura
and Emoia impar, have just recently been
described as tw o different species (Ineich and Zug
1991). Prior to this the tw o species were thought
to be only E. cyanura (Brown 1991). The two
species are morphologically sim ilar and both
species have the same color polym orphisms. The
m ost distinct color m orphs are; the striped
m orph, and the bronze or melanistic m orph. The
striped m orph is dark and has three white dorsal
stripes which extend from the head to the base of
the tail. The bronze m orph is uniform ly brown.

Materials and Methods

Study Site
M oorea (17° 30'S, 149° 50'W) is located in the
Society Archipelago in French Polynesia. It is a
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high volcanic island which encom passes an area
of 173 km 2 w ith the highest peak Mt. Tohiea at
1207m. Two m ain habitats su rro u n d the coast,
coast forest and beach. Coast forest contains
vegetation such as Cocos nucifera (coconut), and
Terminalia catappa (Indian almond). The beach
habitat has very little canopy cover an d is
bordered by vegetation such as Pemphis acidula
(Pemphis), Scaeoola taccada (Scaevola), and
Casuarina ecjuisetifolia (Ironwood). The interior
forest contains vegetation such as Hibiscus tiliaceus
(Hibiscus), Aleurites moluccana (Candle n u t tree),
Inocarpus fagifer (Tahitian chestnut), Pandanus
tectorius (Screw pine), Nephrolepis spp. (fern),
Thelypteris spp. (sw ord fern), Teratophyllum spp.
(fern), and Angiopteris evecta (Tree fern).
In this study tw o habitat types w ere chosen
for examination, coast forest and interior forest.
For each habitat type tw o sites w ere selected.
Habitats w ere determ ined by exam ining the
dom inant vegetation w ithin and around each site.
Sites 1 and 2 w ere located in coast forest and sites
3 and 4 were located in interior forest. Site 1 was
on the east side of O punohu Bay at PK 17.5
bordered by the bay and the m ain road. Site 2 was
along the G um p Station nature trail at PK 11.5
bordered by a hillside and the m ain road. Site 3 is
approxim ately 1 km along the Three Coconut
Trail starting from the Belvedere just before the
first grove of Inocarpus fagifer facing in a
northw est direction. Site 4 is approxim ately 1.5
km along the Three Coconut Trail past a dry
stream bed, just before the second grove of
Inocarpus fagifer facing w estw ard (Figure 1).

Sampling
The sam pling period for this study was
October 24 - Novem ber 18, 1997. Similar to the
procedure by Bauer et al. (1992), fourteen
Enforcer® mouse glue traps a n d /o r d-Con©
covered glue traps were set out along a line
transect 1 m apart. The sticky traps were checked
every fifteen m inutes for periods ranging from 2
to 3.5 hours. U pon capture each skink was
rem oved from the sticky trap by greasing them
w ith vegetable oil. Each anim al was checked for
coloration, snout-vent length (SVL), total length,
age (adult or juvenile), w eight and identified to
species. Species was determ ined using four
characters w hich have been show n to be
diagnostic: (1) num ber of fused and unfused
m iddorsal scales, (2) relative anterior loreal scale
length and height, (3) presence or absence of
parietal eye, (4) underbelly color (Zug 1991; Ineich
an d Zug 1991). Age was determ ined using SVL,
adults range betw een 39-56 m m for E. cyanura and
40-48 mm for E. impar (Zug 1991).
All adult skinks were stomach flushed,
m eaning that w ater inserted into the stomach
through a butterfly catheter tube washes out the
contents in the stomach and those contents exit
o u t the m outh (K. Zam udio and D. DeNardo,
pers. comm.). The contents w ere then preserved
in 70% EtOH for later exam ination under the
dissecting scope in the lab. All skinks were then
m arked differently for each site before release.
In addition to the skink sampling, food
availability was examined by placing insect pitfall
trap s at each site. Six cups filled w ith soapy w ater
w ere set out at each site and collected 48 hours
later. The contents were then transported to the
lab to be sorted under the dissecting scope. The
trap s were used in two 48 hour periods of
sampling. Insect specimens were identified to
o rd er and in some cases to family using standard
texts (Boror et al. 1989), and by consulting w ith
graduate students at the U.C. Berkeley, Division
of Insect Biology.
Analyses
The
Shannon-W iener
Diversity
Index
combines tw o com ponents of diversity (1)
num ber of species, and (2) equitability, or
evenness of allotm ent of individuals am ong prey
species (Auffenberg and Auffenberg 1988). A
Shannon-W iener Diversity Index was used to
illustrate many com parisons of diversity; between
food availability and w hat was actually consumed
in both habitats, by both skink species; between

Figure 1. M ap of four sites. Sites 1 and 2 are in
coast forest, sites 3 and 4 are in interior forest.

23

coast and interior forest food availability and food
consum ed by both skink species; and between
skink species. A tw o-tailed T-test assum ing equal
variance w as used to check for differences in diet
between the tw o species of skink and to check for
diet differences betw een habitats w ithin a species.
A m ean num ber of prey species per skink species
per habitat w as calculated to illustrate differences
in abundance. The catch per unit effort (total
num ber of lizards caught per trap divided by the
num ber of times checked) in different sites were
com pared using the m ean num ber of individuals
captured per trap each time checked + standard
error
(Bruna
et
al.
1996b).

Results

Both species were found at all sites and thus
in both habitats. In both coast and interior forest
habitats E. impar was found in greater abundance
than E. cyanura. The tw o species are similar in size
and the striped m orph w as the m ost com m on
color m orph caught for both species. Only a few
bronze E. impar individuals w ere trap p ed w hich
w as not enough to make any com parisons of
coloration. The SVL of the adult E. impar
individuals collected was 44.2mm + 3.45 standard
deviation (range = 38-52mm, n = 36); th at of E.
cyanura collected w as 48.5mm + 3.98 SD
(range=43-56mm,n=T6).

Table 1. M ean num ber of prey collected from stom ach contents

interior forest
prey spp.
E. cyanura(n=5) E. im par{ n=10) E. cyattura(n=5)
1.8
A m phipoda
0.6
1.4
Isopoda
0
1.2
0.2
Formicidae
0
0.4
0.2
D iptera
0.4
0.3
0.2
Coleoptera
0.8
0
0
A nthribidae
0
0
0
H ydrophilidae
0
0
0
Scolitidae
0
0
0.1
Curculionidae
0.2
0
0
Araneae
0.4
0.6
0.4
Psocoptera
0
1.7
0
H ym enoptera
0.2
0.5
0.2
H om optera
0.4
0.1
0
Fulgoroidea
0
0.2
0
O rthoptera
0
0
0.4
Cicadellidae
0
0.3
0
Lepidoptera
1
0.2
0
N europtera
0
0.2
0
H em iptera
0.2
0
0
D erm aptera
0
0
0
G eophilom orpha 0
0
0
m icrogastropod 0
0.1
0
Acarina
0
0.1
0
coast forest
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E. im pai\n=12)

1.9
0.2
0
0.5
0.1
0.1
0.1
0.1
0
0.3
0
0.2
0.2
0.1
0.1
0
0
0.1
0
0.1
0.1
0
0.1

The catch per unit effort in coast forest habitat
ranged from 0.02 + 0.01 (mean num ber of
individuals captured per trap each time checked +
SE) at site 1 to 0.03 + 0.01 at site 2. In interior
forest habitat catch per unit effort ranged from
0.05 + 0.03 at site 3 to 0.04 + 0.01 at site 4 (Figure
2).
The diet of both species consists of a wide
variety of arthropods. A m phipods w ere the most
abundant prey species at all sites. Isopods and
C oleopterans (beetles) w ere the m ost abundant
prey species for E. cyanura in coast forest habitat.
Psocopterans were the m ost abundant for E. impar
in coast forest habitat. There were not any other
abundant species besides am phipods in the
interior forest habitat (Table 1). Also only E. impar
consum ed Acarinans, Scolitids, N europterans,
and Fulgorideans (Table 1). A tw o-tailed T-test
com paring the diet of the tw o species yielded no
statistically significant results at the p=.05 level.
The pitfall traps had an overall greater
diversity of species com pared to the overall diet
contents of skink species. The sam pled E. impar
h ad a greater diversity in prey species in both
habitats com pared to E. cyanura (Table 2).

Behavioral observations
At all sites m arked and released individuals
were sighted indicating that these skinks m ay
have a home range. Also observed many times
w as tw o skinks running tow ards each other in
head to head confrontation w hich ended each
time w ith one of the skinks running quickly in
another direction while the other skink rem ained
indicating that these skinks m ay be territorial. At
all sites skinks w ere observed m ost active w hen
the sun penetrated through the canopy and m uch
less active on w indy and rainy days. Skinks were
also observed climbing u p trunks and branches of
trees as high as 5 m, and jum ping distances of
about 5-10 cm betw een vegetation.
Discussion

The higher proportion of striped color
m orphs caught could be due to the fact that the
striped coloration has been stated as m aking the
animal a more confusing target for predators
(Bauer 1992).

F ig u re 2. Mean capture per unit effort at four sites + standard error.

The data includes both E. cyanura and E. impar.
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Table 1 illustrates the fact that there w ere four
prey categories that E. impar consum ed that E.
cyanura did not. This may be because only E.
impar will consum e these insects b u t a larger
sample size is needed to show that this trend is
statistically significant. In coast forest habitat E.
cyanura consum ed Coleopterans in relative high
abundance and only E. impar consum ed
Psocopterans. These orders of insects m ay be
areas w here the tw o species of skink segregate but
in the future a larger sample size w ould be
needed to show this as statistically significant.
A m phipods w ere m ost likely the m ost abundant
prey species at all sites betw een both skink
species due to their relative high abundance in
nature.

The results of the diet portion of this study
did not support the hypothesis that these two
species segregate on the basis of diet. The data
supports the hypothesis that these skinks may
well be opportunistic feeders. Dietary overlap
between species is generally higher during dry
periods when prey abundance is low and higher
also for species that are similar in body size
(James 1991). At the time this study took place
Moorea was experiencing a drought and rainfall
w as below norm al for that particular time of year.
These climatic conditions may have increased the
degree of dietary overlap betw een the two
species.

Table 2. Shannon-W iener Diversity Index
D is the inform ation content of the sample. Dmax is the species diversity
under conditions of m aximal equitability and E is equitability (range 0-1).
Totals are for both coast and interior forest habitats (Ec = Emoia cyanura, Ei = Emoia impar).

D
Total (Ec and Ei) Diet
Total Insect Pitfalls
Coast Forest (Ec and Ei) Diet
Coast Forest Insect Pitfalls
Interior Forest (Ec and Ei) Diet
Interior Forest Insect Pitfalls
Ec in Coast and Interior Forest
Ei in Coast and Interior Forest

Dmax
1.072
0.795
1.088
0.829
0.851
0.680
0.955
1.027

Table 2 illustrates that the insect pitfall traps
at all sites have a greater maxim um species
diversity (Dmax) than the diet contents of both
skink species at all sites. The lower diversity
levels (D) for the pitfall traps com pared to the diet
contents could be due to the fact that the pitfall
traps are biased tow ards insects which are found
crawling or inhabiting the ground level, and do
not capture flying insects which m ay be im portant
com ponents of the skink s diet. Table 2 also shows
that E. impar sam pled had a higher diversity (D)
in prey species than E. cyanura. This may be due
to the higher abundance of E. impar in both coast
and interior forest habitats. O ther hypotheses
could be that E. impar may be m ore specialized in

E
4.524
4.644
4.524
4.644
4.524
4.644
4.524
4.524

0.237
0.171
0.241
0.178
0.188
0.146
0.211
0.227

these habitats for catching prey or E. impar may
be a better predator in general.
The m ean catch per unit effort (Figure 2)
shows that the tw o sites of coast forest and the
tw o sites of interior forest are similar. M ean catch
per unit effort w as only slightly less in the coast
forest habitat than interior forest habitat (Figure
2). These results of relative abundance am ong
coast and interior forest habitats is consistent w ith
previous studies on Fiji and Rarotonga (Zug 1991;
Bruna et al. 1996b). This similarity in different
Pacific island groups could sup p o rt the
hypothesis that the sam e mechanisms m ay be at
w ork in causing segregation betw een the tw o
species. Different optim um body tem peratures,
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competition
a n d /o r
differences
in
therm oregulation activities of the tw o species may
be some of these mechanisms.
It has been proposed that E. impar m ay be
unable to tolerate the higher tem peratures found
in habitats lacking in canopy cover e.g. beach and
disturbed forests (Bruna et al. 1996b). At all sites
the canopy cover was in high percentage, but in
times of sunlight penetration m any skinks were
sighted basking in direct sunlight. Also at times
w hen the sunlight penetrated, a large num ber of
skinks w ere seen climbing to the tops of the
Angiopteris evecta, a type of fern w hich can reach
heights of about 5 m. Lizards preferred body
tem peratures m any times fall into a small well
defined range governed by their physiological
requirem ents and this could be a factor limiting
m icrohabitat selection between species (Adolph
1990). Future studies of this system may w ant to
consider m icrohabitat segregation especially in
the vertical realm. It could be possible that more
E. impar w ere collected in this study because all
traps were set on the ground or close to ground
level and E. cyanura may be found in greater
abundance at higher points. Also optim um
tem perature range of the tw o species could be
m easured in the lab.

Conclusion

In sum m ary some key findings are the trends
in diet contents, w hich may suggest segregation
betw een the two skink species due to competition.
Also the behavioral observations com pared with
the relative abundance of skink species in each
habitat m ay suggest microhabitat segregation
caused by mechanisms such as behavioral
specialization's for microhabitat and prey items or
physiological specialization's for microhabitat and
certain prey items.
Because these tw o species recently have been
determ ined as distinct it may be that there are
other cryptic species of skink that have not yet
been recognized. A m ore thorough study of the
Pacific islands w here these species exist in
sym patry m ay produce more inform ative results
as to w hat ecological mechanisms are at w ork for
morphologically similai species ability to coexist.
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The Effects of N utrients and Herbivores on Algal Standing Crop in the O punohu
River, Moorea, French Polynesia

Jessica Sisco
Department of Environmental Science
University of California, Berkeley
ABSTRACT. I conducted two experiments to determ ine the effects of nutrients and herbivory on algal standing crop
in the O punohu River, Moorea, French Polynesia. The first experim ent tested the effects of nitrogen and phosphorus
on algal standing crop. The second experim ent excluded herbivores to determ ine the effects of grazing on algal
standing crop. In the nutrient enrichm ent experiment, a combined nitrogen and phosphorous treatm ent resulted in
the highest m ean algal biomass. Mean area grazed due to nitrogen enrichm ent was significantly greater than mean
area grazed due to phosphorus enrichm ent. Mean algal biom ass was significantly greater in herbivory exclosures
than controls. In heavily shaded areas nutrient augm entation and herbivory exclusion failed to stim ulate prim ary
production. Light m ay be the prim arily limiting factor in the O punohu River. In areas of sufficient light, nutrient
limitation and herbivory are significant controls of algal standing crop in the O punohu River. As the interaction of
nutrient augm entation and herbivory demonstrates, top dow n and bottom up controls are inextricably linked in this
system.
Key words: algae; biomass; French Polynesia; grazing; herbivory; Moorea; nitrogen; nutrient limitation; Opunohu
River; phosphorus.

relatively n arro w channel w id th and rip arian
vegetation shades a high proportion of the stream
surface area. The riparian vegetation inhibits
prim ary production and provides a great deal of
allocthonous inputs to headw aters (Vannote 1980).
At dow nstream sites the stream channel expands
an d the influence of rip a ria n v eg etatio n is
decreased. A greater area of the stream has
available light and autocthonous inputs increase
in dow nstream stretches (Vannote et al 1980). The
degree of shading prim arily influences the point at
w hich the majority of inputs are autocthonous vs
allo cth o n o u s (M inshall 1978). In tem p erate
stream s w ith sufficient light, researchers have
found that prim ary production often is lim ited by
nu trien ts, herbivory, or both (Hill and K night
1988).
N u trien t lim itation in an algal food web
can be thought of as bottom up limitation and has
been docum ented in m any tem perate stream s,
including desert, prairie, and conifer forested
stream s (Grimm and Fisher 1986, Tate 1990, Hill
an d K night 1988, P rin g le 1987).
N u trie n t
lim itation of the producing trophic level can have
cascading effects, ultim ately affecting the top
carnivores in a system (Rosemond et al 1993). Top
dow n controls on algal productivity and biom ass
are in the form of consum ption by herbivores and
have been docum ented in tem perate and tropical

Introduction
Tropical island stream s are different from
tem perate stream s in m any respects. Stream s
draining tropical islands generally have low er
nutrient concentrations and lower grazer diversity
than continental stream s (Resh pers com). There
have not been m any studies of com m unity and
ecosystem scale in tro p ical isla n d stream s
(LaPerriere 1995). T em perate stream s have
received a g re a t d eal of a tte n tio n at the
com munity and ecosystem level recently (Vannote
et al 1980, Pow er et al 1995, Pow er et al 1988,
W ooton et al 1996). The result of m any studies is a
theoretical fram ew ork w ithin w hich to examine
tem perate stream s. In this stu d y I set out to
determ ine the applicability of these concepts to
tropical island stream s. Specifically, I examine
th e im p lic a tio n s of th e "R iv e r C o n tin u u m
C oncept" (RCC) for tropical stream s, and top
dow n vs bottom up lim itation on algal standing
crop.
The RCC is a fram ew ork that attem pts to
make generalities about how the structure and
function of stream com munities are shaped by the
"co n tin u u m " of th e ir p h y sical e n v iro n m en t
(Vannote et al 1980). The source of organic inputs
changes from headw aters to the m outh of the
river. In general, m any headw ater stream s are of
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som e cover p ro v id ed by Hibiscus rosa-sinensis.
C anopy cover is approxim ately 60% at this site,
w ith mosses and ferns abundant. The stream bed
is composed mainly of boulders w ith some cobble
and sand. Site 1 has a great abundance of diatom s
w hich are clearly visible, p articu larly on large
boulders, and very low algal biomass. Periphyton
was observed only on tw o occasions. This site is at
a relatively high elevation (122 m eters) and is
above most anthropogenic influence.
Site 2 is located ju s t d o w n stream of the
first bridge on the O punohu-Pao Pao road. This
site has m any pools connected by a few riffles.
M id-stream velocity averages 0.18m /s and m ean
discharge is 0.068 m 3/s . The canopy is a m ixture
of Inocarpus fagifer and Hibiscus rosa-sinensis, w hich
p ro v id e s a p p ro x im a te ly 35% co v er.
The
stream bed at this site is m ainly gravel w ith some
cobble. D iatom s w ere n o t a b u n d an t by visual
observation at this site. Algae tends to be visible
as an epilithic film at site two. Three species of
algae have been d ocum ented in the O p u n o h u
River, Schizothrix mexicana, Mougeotia genoflexa,
and Hildenbrandia rivularis (Shiley 1992). Site two
is at an elevation of 12 m eters and there is a great
deal of agriculture in the im m ediate vicinity and
in upstream areas. The ag ricu ltu re consists of
large scale m o n o cu ltu re p lo ts an d m an ag ed
forestry, which receive sporadic fertilization.

stream s (Power 1990, Cuker 1983, Resh et al 1990,
Pringle 1996). C onsum ption at each trophic level
indirectly affects the entire food web through
"tro p h ic cascad es" (Pow er 1990). R osem ond
concluded that top dow n an d bottom up effects
w ere b o th in flu en cin g algal dynam ics in a
tem perate w oodland stream (1993).
M any n u trie n t enrichm ent experim ents
have docum ented nutrient limitation in temperate
stream s (Rosem ond et al 1993, Tate 1990, Grimm
and Fisher 1986, Hill and K night 1988). Algal
grow th can be lim ited by nitrogen (Grimm and
Fisher 1986, H ill and K night 1988), phosphorus
(Kjeldsen 1996) or both nitrogen and phosphorus
(Tate 1990, Rosem ond 1993). Atomic nitrogen to
p h o sp h o ru s ratio s (N:P) hav e been u sed as
support for a single limiting nutrient in num erous
lotic studies (Redfield 1958). M ost algae assimilate
N and P at a ratio of 10-20 (Rhee et al 1978). If
am bient stream w ater contains an N:P ratio <10
there will exist a shortage of available N relative to
available P, and P becomes secondarily limiting to
algae. Conversely, if am bient stream water has an
N:P >20, P m ay be in short supply relative to N.
N u trien t enrichm ent increased grazer density on
artificial substrates in tem perate streams (Hill and
K night 1988), illustrating the dynamic relationship
of n u trien ts an d herbivory. H erbivory often
reduces standing crop of algae in streams (Pringle
1996, Power 1992).
The focus of this study was to determ ine
lim iting factors of algal stan d in g crop in the
O p u n o h u River, M oorea (17° 31'S, 149° 55'W),
French P olynesia. A n u trie n t augm entation
ex p erim en t w as co n d u cted for 20 days. A
h e r b iv o r y m a n ip u la tio n e x p e rim e n t w as
conducted for 25 days.

Physical and Chemical Characteristics of the Opunohu
River
Several param eters w ere m onitored over a
tw o m o n th p erio d (10 O cto b er 1997 to 20
N ovem ber 1997) in an effo rt to d e te rm in e
limitations on algal standing crop in the O punohu
River. Four subsam ples of w ater w ere taken at
2.5 m intervals parallel to stream flow at each site,
and m ean values w ere rep o rted .
D issolved
o x y g en , p H , to ta l d is s o lv e d s o lid s an d
conductivity w ere m easu red u sin g a C orning
m eter (Table 1). In ad d itio n , m ean velocity,
discharge, and w ater te m p eratu re w ere also
m onitored weekly (Table 1). W ater sam ples were
tran sp o rted to Berkeley an d analyzed for total
nitrogen content, total p h o sp h o ru s content, and
N:P atom ic ratio using the K jeldal p ro ced u re
(Bradstreet 1965).

M ethods
Study Site
The stud y site consists of a 1.5 km stretch
of the O punohu River, M oorea, French Polynesia.
M oorea is an island of basaltic origin, w hich tend
to be low in N content and have m oderate levels
of P (Tolliver, pers com; 1997).
Site one is adjacent to the Belvedere road
at the M arae Titiroa. The first site can be reached
by a trail th at begins at the inform ational sign at
the marae. This site is a series of short riffles and
sm all pools. M id-stream velocity averages 0.22
m / s and m ean discharge is 0.049 m 3/s . The
canopy is d o m in ated by Inocarpus fagifer w ith
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Table 1.
SITE

DO

pH

°C

7.05
6.88

23.5
25.0

%o2
1
2

94
90

stream to maximize diffusion of nutrients over the
dow nstream end of the tile. O ther than canopy
cover, physical an d chem ical v ariab les w ere
relatively constant betw een g roups (Table 1).
After 20 days, tiles were removed from the stream.
A n area of 144 cm2 w as scrap ed from the
d o w n stre a m en d of each tile u s in g an
entomological scalpel. Algal biomass was scraped
onto prew eighed filter papers and dried in a plant
drier for 24 h ours and m ean treatm ent values
reported. Area grazed was estim ated on each of
the nutrient treatments. Due to the prevalence of
gastropod grazing, and the density of individuals
(see discussion), area grazed was quantified only
if it was unquestionably due to gastropod grazing.
Gastropods in the O punohu River create distinct
patterns in periphyton as a result of their grazing,
w hich facilitated iden tificatio n of g a stro p o d
consum ption of algae in the nutrien t treatm ents
(Boyer, pers. com.; 1997). A clear plastic grid was
placed over nutrient tiles to estimate area grazed.
The num ber of grazed squares w ere quantified,
w here each square was 6.25 cm2, and area grazed
of each tile was estimated.

canopy
cover %
60
35

Table 1. M ean w ater quality values.
Natural Algal Standing Crop
Percent cover of algae was estim ated on 3
occasions.
A lgal sta n d in g crop w as n o t
consistently high enough to m easure biom ass,
therefore percent cover was used as an estimate of
changes in stan d in g crop. A t each site, ten
transects w ere delineated perpendicular to stream
flow at 0.5 m eter intervals. Q u ad rats of 0.09
sq u are m eters w ere placed at tw o ran d o m ly
chosen points along each transect. Percent cover
of algae w as visually d eterm ined w ith in each
quadrat, and m ean values w ere reported for each
site. Because this study focused on green algae,
d iato m s w ere n o t in clu d ed in p ercen t cover
estimates.
Nutrient Manipulations
N u trien t m anipulations w ere conducted
for a period of 20 days (31 October 1997 to 19
N ovem ber 1997) to determ ine if nutrient limitation
influences algal standing crop in the O punohu
River. Artificial substrates w ith enriched nutrients
w ere constructed out of terracotta roofing tiles.
The tiles w ere 46 cm in length and had a w idth of
21 cm at one end and narrow ed to 16.5 cm at the
opposite end, creating a total surface area of 684.16
cm 2. Petri dishes w ith a volum e of 71.3 cm3 were
filled w ith 1.8% agar solution containing four
v a ry in g n u trie n t co n cen tratio n s.
The four
treatm ents were: 1) 0.5 m o l/L N aN 0 3 (+N), 2)
0.1 m o l/L KH2P04 (+P), 3) 0.5 m o l/L N aN 0 3 and
0.1 m o l/L KH2P04 (N+P), 4) and no nutrients (C).
Three p etri dishes w ere attached to each tile,
creating a total solution volum e of 213.9 cm3 per
variate. A total of sixteen tiles were introduced to
the stream on 31 O ctober 1997. Tiles w ere
anchored in the stream by pounding rebar into the
substrate and w iring the tiles to the rebar. Eight
tiles w ere placed at site one and eight tiles w ere
placed at site two. Each group of 4 replicates was
arran g ed in a diam ond configuration w ith the
control tile at the upstream point, the N and P tiles
w ere dow nstream from the point, parallel to each
other, and the N + P tile was at the dow nstream
point of the diam ond. Tiles w ere oriented in the

Herbivory Experiments
H erbivory m anipulations w ere conducted
for a period of 25 days (25 O ctober 1997 to 19
N ovem ber 1997) to determ ine if grazing w as
influencing algal standing crop in the O punohu
River. Ceram ic tiles w ere in tro d u ced as an
artificial substrate for algal growth. The tiles were
20 cm long and 10 cm w ide. C ages w ere
constructed to exclude all algivores. The cages
consisted of 18 m m m etal w iring w ith 3 m m
w indow screening surrounding it. Cages w ith one
end open were also placed in the stream to control
for cage effects. Ceramic tiles were placed in the
stream to m easure n atural algal standing crop.
The tiles w ere divided into six groups. Each
group had a closed cage, an open cage, and a tile
w ithout surrounding structure. The variates were
arranged random ly w ithin their groups. Three
groups were placed at Site One and three groups
were placed at Site Two. Physical and chemical
variables were relatively constant between groups
(Table 1).
Statistical Analyses
D ata from n atu ra l algal stan d in g crop
measures were analyzed by a tw o factor (site and
date) analysis of variance. N utrient m anipulation
data from site tw o w ere anlyzed by ANOVA.
Herbivory m anipulation data were averaged over
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m anipulations in the O punohu River w ould be an
ideal w ay to test this hypothesis.

b o th sites an d analyzed by ANOVA. W hen
significant differences were found by ANOVA, the
Tukey-Kramer test was employed.
Results
Nutrient Manipulations
N u trien t augm entation did n o t stim ulate
algal grow th at site one. At site 2, the nitrogen
and phosphorus tile had the greatest m ean algal
stan d in g crop (Fig. 3), a lth o u g h it w as n o t
significantly higher than the control. The nitrogen
tile had evidence of significantly greater grazing
than the phosphorus tile (Fig. 4; F=9.4120, 3, 4 df,
p<0.0276). M ean N and M ean P concentrations
w ere very low th ro u g h o u t th e stu d y p erio d
(0.1642 m g /L and 0.1635 m g/L , respectively). The
N :P atomic ratio of am bient stream w ater ranged
from 1.026 to 5.279 during the study period
Grazing Manipulations
The closed cages had significantly greater
m ean algal standing crop than both open cages
and lone tiles (Fig. 4; F=8.92, 2, 14 df, p<0.0032).
T he closed cages h a d g reater n u m b e rs of
Chironom id (m idge larvae) individuals than the
open cages and the lone tiles (Fig. 5) although the
difference w as not statistically significant.
Disturbance
An extrem ely high flow event occurred 9
O ctober 1997 and flow rem ained relatively low
until term ination of the study . M ean natural algal
stan d in g crop increased significantly (Fig. 2;
F=15.8534, 2,3 df, p< 0.0001) during the period of
low flow w hich followed the high flow scouring
event.

Time
Fig. 2. M ean percent algal cover at site
tw o d u rin g the stu d y period. Scouring event
occurred on 9 October 1997.
Natural Algal Standing Crop
H igh flow has been observed to scour
periphyton and "reset" river system s (Power et al
1996). A heavy rain period occurred 9 October
1997 in the O p u n o h u Valley w hich m ight have
red u ced algal stan d in g crop. A lgal biom ass
increased significantly d u rin g the 4 w eeks of
relatively d ry w eath er follow ing the high flow
event (Fig. 2). Typically, a h ig h flow event
d isru p ts sm all to m edium sized su b strate and
p erip h y to n is su b seq u en tly im p acted . M any
grazers require a longer tim e p eriod to recover
from scouring floods th an p erip h y to n , w hich
allow s hig h p erip h y to n accrual im m ediately
following these disturbances (Rower et al 1996).
H igh flow events can also provide a pulse
of nutrients to the stream system through leaching
and runoff from the land. It is of particular

D iscussion
Total algal g ro w th (both n atu ra l and
m anipulative) was negligible at site 1 (Fig. 2, 3, 4,
5), suggesting that another factor is limiting algal
grow th at this site. The fact that there w as no
natural algal cover initially at site 1 creates some
d o u b t as to w h eth er th ere w ere sufficient
co lo n izers av ailab le for the m a n ip u latio n s.
Perhaps over a longer period of time, colonization
of site 1 m anipulations m ight have occurred. It is
also possible that light is controlling algal standing
crop at site 1. Site 1 has approxim ately two times
m ore canopy cover than site 2 (Table 1). Light is
prim arily lim iting in m any tem perate headw aters
a n d could b e lim iting p erip h y to n at site 1
(Vannote et al 1980, Hill and Knight 1988). Light

Fig. 3. A lgal biom ass (m eans ±SE) vs
nutrient treatm ent, w here C=control; N =nitrogen,
P=phosphorus; N +P=nitrogen and phosphorus.
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systems (M attson 1980). As a result of increased
n utrient concentrations, plants frequently allocate
m ore energy to g row th and less to herbivory
d efenses, m ak in g th em m ore suscep tib le to
grazing. A lthough this shift in allocation increases
turnover rate of prim ary producers and ultimately
increases algal grow th (Chapin, pers com ; 1996).
The extrem ely h ig h area grazed on the +N
treatm ents, along w ith the high biom ass value on
the N +P tre a tm e n t su g g ests N h as g reater
influence on algal productivity and standing crop
th an P. P rim ary and secondary lim itation by
nu trien ts has been observed in tem perate prarie
stream s (Tate 1990). It is believed th at by
augm enting prim arily lim iting n u trien t values,
algal g row th is increased, and the secondarily
lim iting n u trien t is taken up and is subsequently
in short supply. Tate found that upon addition of
N, P becam e secondarily lim iting to p rim ary
p roductivity in a tem perate stream (1990). The
m ean N:P ratio (2.22, range= l.02-5.28) throughout
the study period supports the hypothesis that N is
prim arily lim iting. In the O punohu River, the
algal b io m ass an d g razin g p a tte rn s su g g est
prim ary lim itation by N and secondary limitation
by P, alth o u g h a m an ip u latio n w ith greater
sam ple size an d m ore conclusive resu lts are
neccessary to support this hypothesis.
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Fig. 4. A rea grazed (m eans ±SE) vs
nutrient treatm ent, w here C=control; N=nitrogen,
P=phosphorus; N+P=nitrogen and phosphorus.
interest that site 2 is su rro u n d ed by agriculture.
H igh flow events m ight deliver nutrients in the
form of agricultural fertilizer and organic inputs to
prim ary producers. It is clear that algal standing
crop increased in the d ry p erio d follow ing
disturbance, b u t the m echanism s beh in d this
grow th require deeper investigation.
Nutrient Manipulations
There was no algal grow th as a result of
n u trien t m anipulations at site 1, therefore, the
follow ing discussion of n u trien t m anipulations
refers to site 2. The N+P treatm ent exhibited the
highest m ean algal biom ass (Fig. 3), suggesting
th a t n u trien ts lim it algal stan d in g crop in the
O punohu River. The N +P treatm en t w as not
significantly greater than the control treatm ent,
although statistical significance m ight have been
achieved w ith greater sam ple size (n=2). The N
trea tm e n t and P trea tm e n t b o th resu lted in
relatively low m ean algal biom ass (Fig. 3). Dual
n u trie n t lim itatio n has been d o cu m en ted in
instances of sim ilar experim ental design w here
single N and single P additions fail to stim ulate
grow th, b u t com bined N +P ad d itio n s increase
algal grow th (Tate 1990, Rosemond et al 1993).
The low +N biom ass value (Fig. 3) m ight
be explained by the extremely high area grazed on
the +N treatm ent (Fig. 4). It ap p ears that N
stim ulates algal growth, b u t this stim ulation is not
rep resen ted in stan d in g crop v alues because
h e rb iv o re s are p re fe re n tia lly g ra z in g th is
treatment. Preferential grazing of plants w ith high
N content has been d o cu m en ted in terrestrial

Fig. 5. Algal biom ass (m eans ±SE) vs
herbivory treatments.
Grazing Manipulations
G a stro p o d m o llu scs w ere th e m ost
frequently observed group grazing on natural and
artificial substrates. The ab u n d an t fam ilies of
gastropod m olluscs in the O pu n o h u River are
N e ritid a e an d T h iarid ae, w hich hav e been
docum ented as algal grazers (Resh 1992). There
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The g re a te r n u m b e r of m id g e s in
exclosures (Fig. 6) could indicate th at consum ers
are exploiting an increased resource base and are
controlled from the bottom up. Conversely, these
grazers have found a refuge, and are protected
from p red ato rs, an im plicatio n of to p d o w n
control. The results of the grazing m anipulations
and the im pact of grazing on the results of the
n utrient m anipulations (Fig. 4) d em onstrate that
herbivory is a dom inant force influencing algal
stan d in g crop in the O p u n o h u R iver.
An
inform ative future study could m anipulate grazer
biom ass and d ensity on the v ary in g n u trie n t
treatm ents to examine the interaction of top dow n
and bottom up controls in the O punohu River.

are tw o ab u n d an t fam ilies of crustaceans in the
O p u n o h u River, A ty id ae an d Palaeom onidae
(Resh 1992), w hich w ere observed grazing on
enriched treatm ents on a few occasions. Tube
d w ellin g C h iro n o m id s, o rd e r D iptera, w ere
observed grazing on treatm ents occasionally. In
addition, sm all gobie individuals were observed
on enriched substrates, but it w as unclear whether
they were grazing or not.
G razing significantly decreased algal standing
crop in the O pu n o h u River (Fig. 5). Resh et al
d o cu m en ted th a t N eritid snails reduce algal
standing crop, they observed grazing halos in the
p e rip h y to n s u rro u n d in g in d iv id u a ls (1990).
C uker found th a t grazing snails reduced algal
standing crop in artic lakes, b u t increased prim ary
production (1983). It is unfortunate that prim ary
pro d u ctio n d ata w ere n o t obtained from these
m anipulations because it w ould be interesting to
relate prim ary production to responses of higher
trophic levels. F u tu re experim ents could be
designed to isolate the effects of gastropod grazing
on algal standing crop and productivity.

Conclusion
Light plays a strong role in algal standing
crop limitation in the O punohu River as it does in
m any temperate streams. In areas of the O punohu
River w ith sufficient light, top d ow n and bottom
u p controls becom e in c re asin g ly im p o rta n t.
Disturbance in the form of high flow creates a bare
substrate on w hich these factors control algal
standing crop to varying degrees.
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Diurnal Behaviors of Anguilla marmorata
in Streams on Moorea, French Polynesia
Celina E. Salazar
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U niversity of California at Berkeley
Berkeley, CA 94720

ABSTRACT. This research characterizes the behaviors of Anguilla marmorata, and establishes a diurnal time budget
for the behaviors. It tests the hypotheses that (1) there is a diurnal pattern of behavior and (2) hiding activities are the
most common type of behavior. The first hypothesis is strongly supported that A. marmorata do exhibit diurnal
patterns of behavior. Peak visibility of eels is in the late afternoon between 4:30 PM and 5:00 PM w hen there is an
average of 9 to 10 visible eels per study site. There is a secondary peak in the m orning between 8:30 AM and 9:30 AM,
w hen there is an average of 5 visible eels per study site. The lowest point is between 11:15 AM and 12:15 PM w hen
there are fewer than two eels visible per study site. This data suggests that eel visibility m ay be affected by the
available shade and sun. A. marmorata eels engage in one of 15 behaviors w hen visible. These behaviors occur in the
sun 1.1% of the time and in the shade 98.9% of the time. Chin perching is the m ost frequent behavior. It leaves the eel
exposed, and aw ay from its crevice, disproving the second part of the hypothesis. Chin perching behavior increases
exponentially throughout the day and suggests that the behavior may be dependent upon the time of day. This study
contributes to the knowledge of the basic biology of Anguilla marmorata, a species o f which little w as known about its
behavior.
Keywords: Anguilla marmorata, Eels, Fish Behavior, Animal Behavior, N octurnal Animals, Diurnal Activity, Moorea,
Society Islands, French Polynesia, Field Research.

Introduction
Anguilla marmorata is a tropical species of
fresh w ater eel. It is found in Japan, South
Africa, the M arquesas Islands, and in all streams
on Moorea, French Polynesia. The species is
believed to have evolved in the rivers of
M alagasy in the w estern Indian Ocean (M oriarty
1978).
Individuals of A. marmorata have a very
distinct profile, w ith a flat forehead, and small
mouth. From the top, the snout appears pointy.
These fish can be recognized by their spotty
brow n skin and anal fin w hich reaches halfw ay
up its body. W ater is passed through their m outh
and gills are used to breathe. Their lack of large
scales allows them to also breathe through their
skin, and they can rem ain out of the w ater for 48
hours provided their skin stays m oist (M oriarty
1978). It is reported that "on rainy autum n nights
w hen silver -stage eels feel the urge to m igrate to
the sea, they can easily wriggle through sodden
fields to escape from land-locked ponds into
nearby rivers" (Usui 1974).
In M oorea, French Polynesia, A. marmorata
have a biom ass of 261kg/ha (M arquet 1991).
They have little or no com petition from other

fish and they eat mollusks, crabs, insects,
crustaceans, fish, rats and other A. marmorata.
M uch is know n about eel physiology, b u t very
little is know n about eel behavior. They are
reportedly nocturnal and difficult to study
(M oriarty 1978). The purpose of this study is (1)
to characterize the behaviors of A. marmorata,
and (2) to establish a diurnal time b u dget for the
behaviors. This study tests tw o hypotheses: (1)
A diurnal p attern of behavior exists, and (2)
hiding activities are the m ost com mon type of
beh av io r.
M ethods
This study was conducted between November
4th and 21st, 1997 at three locations in Moorea,
French Polynesia. The surface flow of all the
study site rivers is on the order of 0.05 m /s.
Site 1 is at the village U rufara in O punohu
Bay between PK 19 and 20 (Figure 1). This site is
on the w est side of the intersection of the Urufara
River w ith the m ain paved road. The river is an
average of 7 m eters in w idth and the site is 7
m eters in length from the bridge. The average
depth of w ater is 30 cm. The substrate is
prim arily silt, w ith some cobble and boulder.
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the Putoa River. It consists prim arily of cobble,
b u t some boulder and silt are also present and
there is a large concrete structure covering 8m2 of
the substrate. The w ater depth is ~50 cm (Figure
2 ).

Site 2 is at the village A fareaitu, on the eastern
side of M oorea at PK 9. The 9m by
9m site is on the w estern side of the intersection of
the m ain paved road w ith

W a te r I^evel S ketch M an

Figure 2. Water level of study site 2: The Putoa River in Moorea, French Polynesia.
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Site 3 is at the village Papetoai in O punohu Bay
at PK 22. The public road by the Papetoai post
office is taken to access the site w hich is adjacent
to the northern m ost house on the eastern bank of
the V aihana River. The site is 8m by 8 m and the
w ater depth is 15 cm. The substrate is prim arily
cobble and organic debris.
Extensive prelim inary observations were
m ade to characterize the behaviors of A.
marmorata. Thereafter, behaviors of visible A.
marmorata w ere recorded every five m inutes
betw een 8:00 AM and 5:00 PM. It was recorded
w hether or not the behavior took place in the sun
or shade, and w hen one eel engaged in m ore than
one behavior ("duplicate"). At the end of
selected days, canned m ackerel or fresh fish was
placed into the stream and the visible A.
marmorata eels w ere counted. This average
num ber was assum ed to be the population of the
site.
The num ber of "average visible eels" was
calculated by totaling the num ber of visible eels
for each time slot, subtracting any "duplicates",
and dividing the total by the num ber of data sets
for the time slot. For the percentage of visible

eels from the total, the time slot w as totaled,
m ultiplied by 100, and then divided by the sum
of each study site data set times the eel
population. The same procedure was used for
individual behaviors, as well as for activities
which took place in the shade and sun.
Percentages of diurnal eel behavior were
calculated by taking the num ber of visible eels for
each behavior divided by the total num ber of
visible eels.
Results
There is strong support that A. marmorata
exhibit diurnal patterns of behavior. Peak
visibility of eels is at late afternoon betw een 4:30
PM and 5:00 PM when there is an average of 9 to
10 visible eels per study site. There are also
secondary peaks in the m orning at 8:30 AM and
9:30 AM, w hen the average of visible eels is
between 5 and 6 per study site. The lowest point
is between 11:15 AM and 12:15 PM w hen there are
less than tw o eels visible per study site. A t 12:00
PM the percentage of visible eels is -10% , and at
5:00 PM it is -65% (Figure 3).
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Figure 3. Percentage of A. marmorata visible between 8:00 AM and 5:00 PM.
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CVI

A . marmorata eels engage in one of 15 behaviors w hen visible. These are described in Table 1.
Table 1. D iurnal behaviors of Anguilla marmorata .

C ategory
H id in g B e h a v io rs

B ehavior

D escrip tion
P ro tru d e s th e h e a d , w h ile k e e p in g
th e len g th o f its b o d y p ro te c te d
w ith in a c re v ic e o r b u rro w .
P ro tru d e s ta il fro m a b u rro w , w h ile
k e e p in g the h e a d p ro te c te d w ith in
th e b u rro w .
S w im s at a rate o f < 1 u n d u la tio n
o f th e eel b o d y / s e c o n d .

P o k in g h ead o u t

T ail sticking o ut

S w im m in g B e h a v io rs

S w im m in g slo w ly to
m oderately
S w im m in g q u ic k ly

S e a rc h in g B e h a v io rs

P e rc h in g B e h a v io rs

In te ra c tio n s W ith
O th e r E els

S w im s at a ra te > 1 u n d u la tio n o f
th e eel b o d y / se c o n d .
E n terin g crev ice
S w im s in to b u rro w , w h ic h m a y o r
m a y n o t c a u s e s p la s h e s o n th e
s tre a m su rfa c e .
E x itin g crevice
S w im s fro m b u rro w so th a t th e
w h o le b o d y is v isib le .
L o o k in g to su rfa c e fo r fo o d T h e h e a d q u ic k ly flo a ts to the
su rface w h e n a sm all o b je c t falls
in to th e stre a m , o r s tre a m su rfa c e .
S n o o p in g u n d e r co b b le
U se s sn o u t to fe e l u n d e rn e a th th e
s tre a m s u b stra te , w h e th e r it is
c o b b le , o rg a n ic d e b ris , o r so m e
o th e r d e b ris.
C h in perch
L a y s c o m p le te ly s tre tc h e d o u t on
th e stre a m su b stra te , w ith its ja w
re s tin g on su b stra te .
S to m a c h perch
L a y s w ith th e b o d y s tre tc h e d o u t,
a n d the h ead flo a tin g ab o v e the
su b stra te . T h e p o in t o f c o n ta c t
w ith the su b stra te is w ith in 10 c m
b e lo w th e p e c to ra l fins.
H ip p erch
L a y s w ith th e b o d y stre tc h e d o u t
an d the h ead flo a tin g ab o v e the
su b strate. T h e p o in t o f c o n ta c t
w ith th e su b stra te is b e tw e e n 11 c m
fro m the p e c to ra l fin s to th e e n d o f
th e eel.
H e a d to h ead
R e sts w ith its n o s e to u c h in g o r
v e ry c lo s e to a n o th e r e e l's n o se .
B itin g o th e r eel

B itin g a n o th e r eel on th e fa c e o r a
fin .
S w im s q u ic k ly a fte r a n o th e r eel fo r
a s e c o n d o r m o re .
P a ssiv e a c tiv itie s o v e r w h ic h th e
eel h as no c o n tro l. U s u a lly re s u lts
in a re a c tio n su ch as s w im m in g
q u ic k ly .

C h a sin g o th e r eel
B ein g b itten o r ch ased
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In an average day, w hen A. marmorata is
visible, it chin perches 40.19% of the day, pokes
head out of crevices 36.32%, swims slowly 7.64%,
sticks tail out of crevice 7.56%, stomach perches
2.06%, enters crevices 1.78%, hip perches 1.44%,
exits crevices 0.98%, swims quickly 0.48%, is

chased or bitten by other eels 0.42%, bites other
eels 0.33%, rests head to head w ith other eel:
0.27%, chases other eels 0.25%, snoops under
cobble 0.16%, looks to surface for food: 0.11%
(Figure 4).

Figure 4. Time budget for the behaviors of A nguilla marmorata betw een 8:00 AM and 5:00 PM.

Between 8:00 AM and 9:00 AM there are an
average of 4 to 5 eels poking heads out of their
crevices. By noon, there is an average of less that

0.5 eels, and by 5:00 PM the average raises to 3
eels (Figure 5).
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Figure 5. Poking head out behavior of Anguilla marmorata between 8:00 AM and 5:00 PM.
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Snooping was observed only between 10:00 AM
and 3:00 PM. Chin Perching increases throughout
the day. H ip perching and chin perching have no
apparent d iurnal patterns.

As a whole, the perching behaviors increase
throughout the day (Figure 6).

Figure 6. Perching Behaviors of A nguilla marmorata betw een 8:00 AM and 5:00 PM

There is no apparent p attern in the head to head
behavior. A lthough the biting and chasing
behaviors are concentrated at m idday, both have
an average of less than 0.15 eels. Entering
crevices is not observed from 8:00 AM to 8:50, from
1:40 PM to 3:00 PM, or from 4:00 PM to 5:00 PM.
Exiting of crevices is m ost frequent in the m orning

and late afternoon, w ith the low est point of
activity at noon. The peak is at 4:45 PM, w hen
the average num ber of eels is 0.66. Looking to the
surface of w ater for food is observed betw een 10:30
AM and 12:25 PM. There is no apparent pattern in
the tail sticking out behavior or in the sw im m ing
behaviors (Figure 7).

Figure 7. Swimming slowly behavior of A. marmorata between 8:00 AM and 5:00 PM.
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Visible behaviors occur in the sun 1.1% of the
time and in the shade 98.9% of the time.
Behaviors w hich take place in the sun occurred
between 9:15 AM and 12:45 PM and behaviors in
the shade occur all day long.

An example of the diurnal behaviors of an
individual A. marmorata eel at study site 2 is
shown in Figure 8.

Substrate Sketch Map
N

9m.

Figure 8. Sketch m ap of substrate w ith path of an individual A. marmorata eel at Putoa River, betw een 11:00 AM and
2:00 PM. (1) Exits crevice. (2) Stomach perch. (3) Chin perch. (4) Hip perch. (5) Chin Perch.
(6) Enters Crevice
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are low er in the afternoon, perhaps, because
m ore are engaged in perching behaviors.
Entering of crevices is not observed in the
m orning, afternoon, or late afternoon. One
explanation is that the eels take ad v an tage of
the shaded areas at these times, and do not
seek protection from the crevices. H ow ever, w e
know from the poking head out behavior that
the crevices are, indeed, occupied at this time.
An alternate explanation m ay be th a t the
space to poke heads out of the crevices is
already occupied and the exposed eels w ould
rather be outside than p u sh ed to the back of
the crevice.
D ifferent sizes of A. marmorata w ere
observed biting and chasing, suggesting that
small eels chase large eels just the sam e as
large chase small. A. marmorata is b itten by
other eels 0.42% of the time, and bites other
eels 0.33%, and chases other eels 0.25%. It
seems that these should be cause an d effect, and
that the num ber of bitten eels and chased eels
should total to 0.58. H ow ever, A. marmorata
was n o t always the only eel involved. A t
Papetoai, one in d iv id u al A. megastoma w as
present and it w as observed being bitten and
chased by A. marmorata repeatedly. It w as
only rarely observed in the shade, and never
seen sharing crevices w ith A. marmorata. This
individual w as never observed biting or chasing
any A. marmorata eels. This suggests that
there m ay be some territorial behaviors w hich
occur betw een the different species of eels, and
dominance of one over the other.
H ead to head behavior does n o t ap pear to
be an aggressive activity. The eels do n ot m ove
from one another, b u t share a common space.
Similarly, during perching behaviors, the eels
sometimes stack up one on top of the other. This
can be seen during the head poking o u t behavior
as well, b u t it was not clear from m y
observation w hether or not the eels choose to
stack, or if space is m erely lim ited inside the
burrow . According to Tesch (1977), several eels
will squeeze into the same crevice even w hen
others are available.
Looking to the surface for food is a behavior
that has m ost likely been induced by hum ans
w ho feed eels. The eels are accustom ed to being
fed and are not afraid to swim right u p to
hum ans. W hen som ething falls into the w ater
naturally or unnaturally, a nearby eel w ill look
up to see w hat fell in the stream .

Discussion
C ontrary to popular belief, Anguilla
marmorata eels are not exclusively nocturnal.
Over 2500 individual behaviors were observed
during the course of this study, suggesting that
A. marmorata behave dium ally.
The parabolic shape of total eel visibility
(Figure 3) suggests that visibility of eels is
dependent upon the availability of shade and
sun. The eels are highly visible in the
m ornings and late afternoons, when the sun is
at its lowest. A t noon there are less eels visible
probably because there is less available shade.
M oriarty (1978) confirms that eels avoid bright
light. Only nocturnal and bottom -living fishes,
such as the burbot and the barbel have more
retina rods than the eel. Because of this, eels
have lim ited vision capacities in the daytim e.
It is surprising that chin perching is the
m ost frequent behavior. This is an exposed
behavior (as opposed to hiding) which leaves
an eel vulnerable while aw ay from its
protective crevice. The fact that the behavior
increases exponentially throughout the day is
also surprising, being that total eel visibility
peaks both at the beginning and end of the day.
This suggests that the perching behavior may
depend directly upon the time of day, rather
than on available sun and shade.
Eels' dependence upon time, rather than
light has been observed by others as well. In
N orthern Europe scientists and fishermen have
found that the peak m igration runs take place
at the last quarter moon, w hen the early part of
the night is dark. Even w hen the cloud cover
masks a bright m oon, the eels still m igrate
during the last quarter. Statistical analyses of
eel catches have raised doubts as to w hether
light alone is responsible for the m onthly lunar
rhythm in eel m igration (M oriarty 1978). The
question is raised w hether or not the eel is
dependent upon the light, or upon an internal
calendar.
The poking head out of crevice behavior
was second most frequent which is not
surprising. Based on initial observations, it
was suspected to be a frequent behavior. Some
days it w as the only behavior which was
observed at all. The average num ber of eels
engaged in this behavior is highest in the
m orning, lowest at noon, and peaks again at
late afternoon (Figure 5). The num bers of eels
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I observed people feeding eels very
frequently, and this could have an affect on
their overall behaviors. I alw ays stopped
data collection until approxim ately 20 m inutes
after feeding ceased. H ow ever, the length of
tim e for w hich the eels behave abnorm ally
after feeding is not know n, It could be 20
m inutes to a lifetime.
Snooping under cobble was not frequently
observed. It rem ains a question w hether or not
it is a behavior that has been induced by
hum ans.
Activities took place in the sun only
betw een 9:15 AM and 12:45 PM. Perhaps this is
because there is less shade at these times and
there is a greater chance of being in the sun.

Therefore, my hypothesis w as proven th a t a
diurnal behavior pattern exists. H ow ever, it is
unknow n if this pattern is a factor of the tim e of
day, time of year, or sunlight present.
The most common behavior is an exposed
activity, which disproves the second p art of
my hypothesis. I expected that the m ost
common activity w ould be a hiding activity
since eels hide from the sun. Instead, the chin
perch, an exposed behavior, is the m ost
frequent of all behaviors.
C ontrary to the belief that eels are
difficult to see in the day, over 2500 activities
were recorded, which is neither "occasional"
nor "by chance" as M oriarty (1978) claims. Eels
did not stay buried away in their crevices as he
stated. D uring daylight hours they engage in
at least 15 distinct behaviors w hich follow
distinct patterns. Knowledge of these
behaviors and time budget provide a richer
understanding of the biology of Anguilla
marmorata.

Future research on A. marmorata:
Do A. marmorata eels have an internal
clock, or are they responsive to light only? An
experim ent m anipulating light and using time
could be conducted in the lab to determine this.
Special attention should be given to the
docum entation of cloud cover and in the field.
Also, a study could be conducted on the
correlation betw een w ater d ep th and perching
behaviors. Is there com petition for space to
poke heads out of crevice? There are still many
unansw ered questions about the interactions of
A. marmorata w ith other species such as A.
megastoma and A. obscura. M oriarty (1978)
says it is very difficult to determ ine the sexes
in specimens of 30 cm and greater, but it will be
very valuable inform ation w hen future study is
conducted and should be attem pted in the lab.
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Conclusion
Anguilla marmorata's visible diurnal
behaviors exhibit a distinct pattern.
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A B S T R A C T . C ascade faces were studied to determine if there was a pattern to the distribution o f organism s and what that
pattern is. W ater flow w as found to be variable throughout the study sites and is not a major factor on the distribution o f
organism s.
T yp e o f cover present was a sign ifican t factor for S im u liu m sp. larvae and pupae, thiarid snails and for
am phipods. Full-tim e cascades were found to have less diversity than those that run interm ittently. T opography was a lso
identified as b eing important, but quantitative data could not be analyzed.

K e y w o r d s : M o o r e a , w aterfall, stream , c a s c a d e , m a c ro in v erteb ra te

Introduction
Volcanic islands have long fascinated biologists for
their unique fauna. Few animals make it to islands and
even fewer are able to actually colonize them. Within
volcanic streams lives a collection of mainly marine
derived species who have found a way to adapt to the
ways of life in the fresh water. These organisms are
most likely exploiting the increased productivity of
tropical fresh waters(McDowall et al. 1987).
Exploiting these bountiful waters are the gastropods,
fish, and other macroinvertebrates. Like the fish, most
marine derived macroinvertebrates continue to have an
obligate salt water life stage.
Most studies involving tropical cascades have
focused on the stream gobies, known for their ability to
climb straight up the shear faces. Though the fish may
be relatively unique in the fish world, many other
organisms also have adapted to life in the fast moving
waters.
Life in the streams has created many
innovations and changes in the lives of organisms.
Flow is known to affect metabolism, respiration,
feeding
biology
and
many
behavioral
characteristics(Statzner et al. 1988). Animals whose
behaviors are controlled by the stream flow are known
as rheotaxic.
When working in tropical streams, one must not
only consider the unique fauna, but also the unique
habitat. Upon approaching the face of a cascade it is
clear that the organisms are not distributed evenly across
the face. Therefore the waterfall habitat must be broken
down into several microhabitats. What is the major
influence on organismal distribution on the cascade
face???

Materials and Methods
Four sites were chosen on Moorea, French
Polynesia. Two of the sites are full time streams:
Putoa and Vaioro, and two of the streams are not full
time: Teavaro and Belvedere(See Figure 1). Fulltime
streams are always running, even during the dry times.
The parttime streams of the other hand dry up in places
during between rainfalls. This means they provide a
discontinuous opportunity for organisms to advance up
the stream. Also makes it possible that the locale a
particular organism is living in will dry up if the rain
does not keep falling. This provides a unique chance to
look at the faunal distributions in relation to
desiccation.
P u to a :

The largest of the cascades used in the study, Putoa
falls is on the Putoa river which drains into Putoa bay
on the Eastern edge of the island. The face faces south
and is exposed to the sun nearly all day long. A wide
arc, surrounding the pool, of nearly 50m is swept down
to low grasses from high winds, leaving the face very
exposed. The falls are approximately 80m tall and 48m
wide at the base. The main flow is restricted to the
west side of the face.
V a io r o :

Vaioro falls is just North of Putoa and also empties
into Putoa Bay. It is a tall narrow face rising about
70m on its final drop. At the base, the falls are only
about 18m wide. The face faces East giving it sunlight
for half of the day. These falls are more popular with
the tour groups and has a deeper pool than the Putoa
site.
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Teavaro:
Teavaro has a narrow shoot, 2m, and is about 50m
tall. This is one of the dry faces where the water nearly
stops in the dry season. It is on the East side of the
island between Plage de Temae and Vaiare. The face of
the cascade faces east.
Belvedere:
Belvedere is located up the second stream bed
starting along the 3 Coconut trail out of The Belvedere.
The face is about 40m tall and faces North. The face is
part of a cliff at the base of Mt. Toheia and is about
12m wide. Belvedere becomes extremely dry at times,
with over 50% of its face dried up completely.
Sampling Procedure:
To sample the waterfall face, quadrats were used
measuring 30 by 30cm. The quadrats were stacked in
groups of three: the bottom quadrat starting at the
waterline and the top of the third one approximately lm
above the waterline. The location of the quadrats were
chosen to give an accurate representation of the falls as
a whole. The main channels on the face were chosen
along with any areas which appeared as important
representatives of the face. Once the quadrat was
positioned, the location was marked on a map and
sampling commenced. The macroinvertebrates were then
counted and recorded. Along with the numbers of
individuals, the percent and type of cover was also
recorded.
Flow:
A five liter olive oil bottle with a square bottom
was used to collect the water coming down the face.
The bottom was cut off and one edge was held up
against the face so that all water coming down was
collected. The water was collected for 30s and then the
volume was measured using a graduated bottle. For
places where the water flow would fill up the jug in less
time, the water was allowed to fill for a shorter amount
of time and the volume divided by the time to get the
flow rate. All data were reduced to L/s.
Statistics:
Single variable ANOVA tests were run to test the
distribution of water flow on the faces both between
groups of three and between faces. This data was then
compared between dry and wet sites using a T-test. The
number of organisms found were run through
regressions with the flow rate. A Pearson Product
Moment was calculate for the macroinvertebrates to see
if there was any exclusion of species by others.
Shannon indexes were calculated and then compared
using T-tests. All statistics were run on SigmaStat and
graphed on SigmaPlot(Jandel Corporation).
R e su lts
In total, sixty-nine quadrats were sampled on
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four waterfalls faces. Many species were found on all
four faces. The only correladon was a positive one
found between the black fly pupae and Iarvae(BFP and
BFL), genus Simulium sp. with a correlation
coefficient of .3556 and a p-value of .00272.
Species:
Dry cascade faces were found to have a higher
diversity index than the wet cascade faces.
The J’ values were significantly higher for the dry falls
than they were for the wet falls with a p-value of
< . 0001 .
Dominant cover was a factor in the distribution of
several of the study organisms: amphipods, black fly
larvae and pupae, and Thiarid snails(figure 2).
Figure 1. Cover preferences of 8 studied organisms
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Flow:
Statistically significant variation was found in the
groups of three quadrats. The variation between cascade
faces was not significantly different either.
The
variation in flow rates was between dry and wet faces
using a t-test were not significant.
Combined:
Regression tests using flow versus species data
were not significant for any face, but some possible
trends were noticed in the data. Nor was there a
significant correlation between flow rate and any one
species studied.
D iscu ssio n
Species:
The diversity indexes calculated for the cascades
suggests that the periodically dry cascades have a wider
variety of habitats for organisms to live in. This is
apparent when one is sampling on the face. There are
definite patches of wet and dry spots as well as large
variations in flow. Also seen on the dry faces, but not

species of snail that have yet to be identified. It is still
up in the air whether they are terrestrial or aquatic.
Many other terrestrial species were also found on the
faces. A surprising find was that of an_____

included in my study are many terrestrial species
including: ants, centipedes, skinks, geckos, and several
species of millipede. Many species of flying insects
were also noted on the dry cascade faces. The dry faces
seem to serve as a meeting place between the land and
the river where organisms from both worlds can
interact.
Cover was found to be important in distribution to
several species included in my study. Amphipods,
black fly larvae and pupae, and thiarid snails all had a
preferential habitat where they were most often found on
the face. All but the thiarids preferred the dense moss
covering, most likely because it provides some
protection from the hydraulic strains of the falling
water. Only one amphipod was found not in the mossy
cover, suggesting that they are either feeding in the
moss or they are using it for safety. It was noted while
exploring the faces that amphipods would seek moss as
cover when approached while exposed, most likely the
moss provides protection from predators. The thiarids
were found to prefer habitats where detritus dominates.
It is quite possible that they are eating the detritus or
they are seeking a place where the flow is not so strong
and the detritus just happens to come out of suspension
in the same spots.
Flow:
The water flow through the quadrats was found to
be significantly different both across the face and down
the groups of three quadrats used to sample. This
demonstrates that there is too much variation on one
face to distinguish it from another on just on the basis
of flow. This is important because it helps explain the
discontinuous distribution of species when moving up
from the waterline. Water flow is highly dependent on
the topography of the face. Data were collected on
topography, but was not able to be analyzed
completely. A topographic map of one quadrat is
included to give an understanding on how the organisms
were related to topography in their distributions(Figure
3). Most organisms were found in the channels and
grooves in the quadrats, where the more variability in
the topography there was generally more animals
present. Water gets channeled along ridges on the face.
Filter feeders such as the black fly larvae and pupae were
almost exclusively found in these microfalls. In these
small habitats the flow is nearly laminar making filter
feeding easier. When the cascade dries up, there are left
pockets of water in the indentations on the face. These
pockets hold many shrimp during the low flow days. In
one such pocket I found 19 shrimp.
Interesting Finds:
There were some interesting and thus far
unexplained finds on the cascade faces. Truly a unique
environment for the study of organisms. I found several

Observed Distribution of Animals

Figure 3. Observed distribution of organisms on a
quadrat. Higher numbers mean a deeper recess.

Anguilla megastoma found 1.2m above the pool and
4m to the side of it. The eel was protruding from a
hole and apparently dead, but slithered back in when
prodded. It is believed that this individual has been
sighted twice because of the small area and one being
found on the ground at nearly the same spot on a
previous trip to the face. Also exciting was finding that
above what I consider a full-time cascade, Putoa, there
exists an intermittent one with a fauna that seems very
close to that of the intermittent sites I studied. A full
sampling was not able to be performed here, but a small
collection was made and they seemed to match.
C o n clu sio n
There are a lot of ideas that can be produced from
this study, but further work is needed to pin down
exactly what is controlling the distribution of
organisms. Topographic data needs to be analyzed on a
fine scale and a more rigorous data collecting regime
needs to be employed. Individuals’ locations should be
recorded as well as their presence in the quadrat
Complete collections of all organisms in a quadrat
including the plant material would also be helpful in
getting a more complete look at the face. A further
look at some of the cascades and maybe looking at
some of the other ones on the island would give a better
picture and more data with which to draw comparisons.
A better understanding of the lower reaches of the
streams would also be good in understanding what
happens to these organisms when their river dries up or
drastically increases flow.
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Comparative Study of the Effects of Land Use Practices
on the Opunohu and Pao Pao Rivers,
Moorea, French Polynesia
H eather S. Cooley
M olecular Environm ental Biology
U niversity of California, Berkeley, 94720

ABSTRACT. The O punohu River and Pao Pao River w ere compared on the basis of sedim entand nutrient loading
levels from 14 October 1997 to 13 November 1997, during periods of high and low flow. W ater samples were
collected at a total of eight sites along both rivers , filtere d o n a 42 pm filter, and air dried. Samples were also
analyzed for total nitrogen and phosphorus concentration using the Kjeldahl procedure. The results indicated
that the sedim entload w as substantially higher in the O punohu River than in the Pao Pao River. The nitrogen and
phosphorus loading levels, however, were not significantly different. This suggests that the O punohu River is not
pristine relative to the Pao Pao River.
Key words: land use practices, Moorea, Opunohu River, Pao Pao River, sedimentload, nutrient load

O punohu Bay as a basis for
comparison (Moraney 1994; London
& Tucker 1992). This assum ption,
however, has been form ulated solely
from visual assessments of the bays.
The
Pao
Pao
region
is
characterized by the presence of
hotels and the tow n of Pao Pao.
Agriculture, prim arily
pineapple
cultivation, is also practiced in the
valley.
The
O punohu region,
however,
looks
relatively
undeveloped, as there are few
houses and only one inconspicuous
hotel.
The drainage basin does,
however,
include
a significant
am ount of
agricultural
land.
Unfortunately, previous researchers
have not considered agriculture as a
form of developm ent. This bias is
likely a consequence of the em phasis
on point sources, e.g. effluent pipes,
and the failure to recognize the
importance of nonpoint sources, e.g.
agriculture,
as
significant
contributors to pollution.
The purpose of this study was to
compare the freshwater inputs into

Introduction

N um erous
studies
h ave
suggested that the sedim ent and
nutrient transport of a river is
affected by the watershed land use
practices (Richey et al. 1991). The bay
into w hich the riv er drains is
subsequently impacted, the extent of
which is a function of the type and
intensity of the land use activity, as
well as the ability of the particular
system to recover.
Sediment and
nutrient transport are of particular
concern in areas near coral reefs.
Eutrophication and sedim entation
have resulted in the overgrowth of
macroalgae and the subsequent death
of corals (Banner in LaPointe et al.
1992) This phenom ena has been
documented w orldwide and is
becoming of increasing concern w ith
the w orldw ide decline in coral reef
health.
In Moorea, French Polynesia,
studies on the effects of onshore
developm ent activities have been
conducted on Pao Pao Bay, using the
supposed
pristine
quality
of
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Pao Pao Bay and O punohu Bay on
the basis of nutrient and sedim ent
loading levels. The emphasis was
placed on assessing w hich land use
practices on a regional scale had a
greater impact on these levels.
Materials and Methods
Study S ites

Moorea (17° 30' S, 149° 50' W, pop.
11,000) is located in the south central
Pacific
w ithin
the
Society
Archipelago of French Polynesia,
approximately 25 km northw est of
Tahiti. It is a high volcanic island
that is 1.2 m illion years old. M oorea
is triangular in shape and is
surrounded by a barrier reef w ith a
lagoon 500-1500 meters wide. T he
reef front is intersected at 12 passes
which correspond to the principal
valleys (Galzin & Pointier 1985). The
prim ary means of economic support
on the island is tourism .
The climate in Moorea is tropical,
with daily tem perature fluctuations
greater than
average
seasonal
fluctuations. There are two distinct
seasons: a cool, dry season from June
through September and a hot,
hum id rainy season from October
through April. The dom inant w inds
are the trade winds, which approach
the island from the northeast.
This study focused on the
O punohu and Pao Pao Valleys, both
located on the north side of the
island and separated by Mt. R otui
(Figure 1). A lthough both valleys are
subject to sim ilar wdnd and w ave
conditions, they have been subject to
very
different
patterns
of
developm ent.
The history and
cultural significance of the O p u n o h u
Valley has had a trem endous im pact

Figure 1. Location map of Opunohu and Pao
Pao Bays

on the current land use practices
within the region. Polynesians view
Moorea as a fish w ith Mt. Moua Puta
as the eye and the O punohu Bay as
its abdomen (opu nohu means belly
of the stone fish in Tahitian) (Galzin
& Pointier 1985). In pre-European
times, the O punohu Valley was the
primary religious center of the
W indward Islands, which is evident
by the num erous maraes in the area.
The region was colonized by
Germans after European arrival, but
was purchased
by a wealthy
American family during the early
20th century.
The Territorial
Authority bought the area in the
1950's w ith a stipulation that
prevented the division of the land.
The valley was eventually turned
over to the Rural Economy Bureau
for
management.
The
valley
includes an area of 28.5 k m 2 and
receives an average of 3200 m m /year
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Site

Land Use Practice

Source of Inputs

O pun o h u River
Site 1 undeveloped
Site 2
agriculture
Site 3
grazing
Site 4 river m outh

w eathering/atm ospheric deposition
fertilizer
feces/urine
overall inputs from valley

Pao Pao River
Site 1 residential homes
Site 2
agriculture
Site 3 undeveloped
Site 4 river m outh

trash/sew age
fertilizer
w eathering / atmospheric deposition
overall inputs from valley

Table 1. Land use practices associated w ith each site and dom inant source of inputs.

Water samples were collected for all
tests at m id-stream and m id-depth as
suggested in the 1982 E n v iro n m ental
Protection Agency guidelines. Each
subsite at a particular site was treated
as a replicate for w hich a m ean was
calculated.
The sampling period
extended from 14 October 1997 to 13
November 1997 during periods of
high and low flow and consisted of
five sampling dates.
Sites were
chosen as representatives of the land
use practices in each valley (Table 1;
Figure 2 and 3). These sites are
described beginning at the m ost
upstream site and proceeding toward
the m outh of the river.

of rainfall (Moraney 1994).
It is
optim al for agriculture due to the
presence of fertile soils and a
m inim al slope. Today, the region
has become a center for agricultural
developm ent, including forestry,
horticulture,
aquaculture,
and
grazing (Galzin & Pointier 1985).
The land use practices w ithin the
Pao Pao Valley are more focused on
tourism and hum an settlem ent th an
those of the O punohu region. The
Pao Pao Valley includes an area of
16.8 k m 2 and receives an average of
2800 m m /y ear of rainfall (Moraney
1994). The tow n of Pao Pao, with a
population of approximately 800, is
situated at the head of the bay and
extends the entire length of the river.
Coconut and pineapple plantations
are also scattered throughout the
valley. In addition, the bay itself is
lined w ith hotels that release sewage
into the bay.
Eight sites were sampled, four
along the O punohu River and four
along the Pao Pao River. Four
subsites were random ly chosen at
each site at 2.5 meter intervals
parallel to the stream.
These
intervals were m arked so they could
be sampled at each time interval.

Opunuho River S ites

The first site along the O p u n o h u
River is located near the m arae
Tetiiroa. It is a second-order stream
that consists of alternating pools and
riffles.
Canopy
cover
is
approximately 50% and is dom inated
by Tahitian chestnut (I n o c a r p u s
fa g ifa r ).
Ferns and moss are also
found in the surrounding area. At
the time of sampling, very few algae
were present, but diatoms were
abundant. Some shrim ps and snail
54

vO p u n o h u

Key
Pineapple Plantation
Agriculture

□
ra

Pasture
Aquaculture

Figure 2. Location of study sites along the O punohu River in relation to land use practices.

The third site is located on the
m ain road to the Belvedere, a wellknown lookout point of the two
bays. It is on a tributary and is
approximately .4 km from the
m outh of the river. The canopy is
open, but a closed canopy of hibiscus
is found imm ediately upstream and
downstream. The substrate consists
of gravel and silt. An orange bacterial
mat, w ith an areal extent of
approximately 15m2, was visible
during the low flow period after
heavy rains. Algae is also present
w ithin the bacterial mat and w ithin
the main path of the stream. Few
diatoms are present. Cattle and sheep
graze in the fields im m ediately
adjacent to the site.
The fo u rth site along the
O punohu River is located about 100
meters from the m outh of the river
where tidal influences are reduced.
The canopy is open, but the riparian
vegetation is dom inated by hibiscus.

eggs were visible.
The substrate
consists of boulders, cobble, and
gravel.
There
is
very
little
developm ent above this site, thus
patterns and trends are assumed to
be independent of hum an activities.
The second most upstream site
was on a tributary off the m ain road
to Pao Pao. It is just downstream of a
small road bridge and adjacent to
agricultural fields, where papaya and
taro are cultivated. The field to the
southwest was recently planted w ith
taro seedlings. The site also receives
runoff from pineapple plantations
that are located in the surrounding
area. There are fewer diatoms than
the first site, but more algae is
present. The site consists of riffles
and the substrate is cobble and
gravel.
Canopy
cover
is
approximately 35% and is dom inated
by Tahitian chestnut and hibiscus
(.H ib is c u s s p p .) .

5,5

Figure 3. Location of study sites along the Pao Pao River in relation to land use practices.

found imm ediately upstream and
downstream. Cobble, gravel, and silt
dom inate the substrate.
Algae is
present.
The third site is located on a
small tributary off the m ain channel
on the north side of Mt. Rotui. The
stream consists of a series of pools
and cascades.
The substrate is
predom inately boulder and gravel.
Root masses from the riparian
vegetation extend into the m ain flow
of the stream. Canopy cover is 50%
and consists of hibiscus. Diatoms are
abundant, while algae is absent.
A lthough
some
pineapple
plantations are found
in
the
surrounding area, this site is the least
impacted by hum an activities.
The fourth site is located adjacent
to an elementary school and is
approximately 200 meters upstream
from the m outh of the Pao Pao
River. The canopy is open and there
is essentially no riparian vegetation.
The river bank has been reinforced
by large boulders. The substrate is

The substrate consists of silt. S hrim p
farming
is
practiced
in
the
surrounding area. This site indicates
the overall input to O punohu Bay.
Pao Pao River S ites

The first site along the Pao Pao
River is im m ediately upstream of a
small bridge. The banks have been
severely altered from their natural
state, i.e. they have been reinforced
with large boulders and planted w ith
ornamentals.
The
canopy is
essentially open and the substrate
consists of silt. Small fish and
freshwater
eels
are
present.
Residential homes are located in the
immediate area and any inputs are
attributed to this source.
The second most upstream site is
immediately adjacent to a num ber of
irrigated fields. The cultivated plants
include eggplant, carrots, cabbage,
and onions. Pineapple plantations
are also present on the surrounding
slopes. The canopy is open, but
hibiscus and Tahitian chestnut are
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SIire am bank

Figure 4. M ethod for determ ining cross-sectional area of a stream reach. A, B, C, D, etc. represent
the depths at various points and I represents the interval between two adjacent d ep th
measurements.

(Hamilton and Bergersen 1985). The
discharge (Q) was calculated by the
equation

predom inately silt.
No algae or
diatoms are visible.
This site
represents the overall inputs to Pao
Pao Bay.

Q = Axs x v mf

(Jeffries and Mills 1990). A ^ and v sf
were measured at approximately the
same point at each site for every
sampling date.
For the fourth site along the
O punohu River, a reference A ^ was
determ ined by taking the depth at
one meter intervals from a kayak.
From the shore, the edge of the river
was located. Because access to both
sides of the river was not possible
and the depth profile is symmetrical
across the width of the river, the
change in the w idth due to changes
in flow at subsequent sampling dates
was assumed to be consistent on both
sides of the river. The elevational
difference between the reference edge
and the new edge was measured and
was assumed to be constant for all
points along the w idth of the river.

Discharge (Q)

A
transect
was
established
between
two
stream
banks,
perpendicular
to
stream
flow.
Thedepth at various intervals was
measured (Figure 4). The crosssectional area (A ^) was th en
calculated by the equation
A * - I1[(A+B)/2] + I2[(B+Q/2] +
I3[(C+D)/2]+ ...+ IJ(Y+Z)/2]
where A, B, C, D, etc. are the depth
m easurem ents and 1^ is the interval
between
two
adjacent
depth
m easurem ents.
The surface velocity (vsf) was
measured by taking the average tim e
that sticks required to travel a
specified distance of the stream (n=5).
The m ean flow velocity ( v ^ )
wascalculated by m ultiplying v sf by .6
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Figure 5. Sedim ent load in the O punohu River.

obtain
total
nitrogen
and
phosphorus
concentrations
(Bradstreet 1965). The samples were
then auto-analyzed at Stanford
University. N utrient concentrations
jvere m ultiplied by the discharge to
obtain nutrient load, expressed in
mass per unit tim e. A Student's ttest was performed for each sam pling
date to determ ine if there was a
significant difference in the m ean
nutrient loading levels between the
rivers (n=12).

The corrected depths were then used
to determ ine the new A ^.
Nitrogen and Phosphorus Measurements

A
prelim inary
nitrate
concentration was determ ined for
each site using a Chemets® nitrate
kit. In addition, 60 ml water samples
were collected at each subsite. The
samples were frozen and transported
to UC Berkeley. Upon arrival in
Berkeley, the samples were digested
according to the Kjeldahl procedure
in Tracy Benning's laboratory to

Figure 6. Sedim ent load in the Pao Pao River.
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Figure 7. Sediment load at the O punohu and Pao Pao river mouths.
Results

Sediment Load

Water samples were collected at
each site from m idstream and m id
depth and filtered through a pre
weighed 42 (im filter. The filtered
samples were air-dried and then
weighed again.
The sedim ent
concentration was calculated and
then m ultiplied by the discharge
specific to that site and sam pling
period to obtain the sedim ent load.

Sediment Load

Along both the O punohu River
and Pao Pao River, sediment load
declined over time at all sites.
(Figure 5 and 6). The sediment loads
were highest after the storm event
on 12 October 1997 and 13 October
1997. This storm event represented
the first heavy rains of the season

Figure 8. N itrogen load in the O punohu River.
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Figure 9. N itrogen load in the Pao Pao River.

to be three times greater than the
plum e in Pao Pao Bay.

and was followed by a period of
heavy river discharge.
On the O punohu River, the
highest sedim ent loads were found
at the m outh of the river, whereas
the lowest levels were recorded at
the undeveloped site (Figure 5). T he
sediment loading levels at the
pasture were initially twice those of
the agricultural site, but both
approached and m aintained low
levels by the 29 October 1997.
Along the Pao Pao River, the
highest sedim ent loading levels were
found near the agricultural site and
the lowest was at the undeveloped
site (Figure 6). By the 29 October
1997, there was little variation
among sites.
The sedim ent loading levels at
the O punohu River m outh were
substantially greater than those
encountered at the Pao Pao R iver
m outh (Figure 7). W hen corrected
for differences in drainage area, the
loading at the m o u th of the
O punohu was still 5.3 times greater
than that at the m outh of the Pao
Pao River. On 14 October 1997, after
the major storm event, the sedim ent
plume in the O punohu Bay appeared

N utrient Load

At all sites except the river
m ouths,
the
nitrogen
and
phosphorus levels were at their peak
during the first sampling period
(Figure 8-11). The greatest variation
in nutrient levels among sites
occurred during this period of high
flow. N utrient levels were m ore
erratic at the m ouths of the rivers.
The Student's t-test indicated that
there was no significant difference
(p<.05) in phosphorus and nitogen
loading between rivers for all
sampling periods.
The test also
indicated
that
there
was
no
difference in nitrogen loading for all
sampling dates except 14 October
1997.
On this date, the m ean
nitrogen loading was greater in the
O punohu River than the Pao Pao
River (p=.0014, n=12).
Discussion
Sediment Load

In terms of sedim ent loading
levels, an effective m ethod of
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comparing the O punohu River and
the Pao Pao River and their potential
effect on their respective bays is to
focus on the sedim ent levels at the
m outh of the river. Regardless of
the levels at specific points along the
river, it is the final sedim ent load at
the river m outh which affects the
biology of the bay and the health of
the coral reef.
The results indicate that the
O punohu River has a substantially
greater sedim ent load than the Pao
Pao River. The elevated sedim ent
load in the
O punohu
River,
however, may be due to both natural
and anthropogenic causes. Because
the
O punohu
catchment
is
approximately 1.7 times larger th an
the Pao Pao catchment, the total
am ount of discharge and potential
sedim ent loss is naturally greater in
the O punohu valley. By correcting
the sedim ent load to obtain a value
per unit area, however, we can
compare the am ount of sedim ent
lost for the same unit of area. This
value would enable us to m in im ize
natural variation and assess how
land use at the larger spatial scale
affects a given area.

The data indicates that agriculture
in the O punohu valley has a greater
effect on sediment loss than the
urbanization of the Pao Pao valley.
These
differences
were
m ore
pronounced following heavy storms
w hen runoff was high. These results
are supported by previous studies
that found that sites dom inated by
agriculture ranked among the lowest
in terms of ecological integrity (Roth
et al. 1996).
In 1967, W olm an
suggested that
agriculture
and
grazing have a greater impact on
sediment yield than urbanization.
Agricultural practices such as tilling
and ploughing break up the soil
structure and subsequently cause
erosion.
An
im portant
consideration w hen assessing the
impact of agriculture is to examine
the intensity of agricultural practices,
i.e. the use of fertilizers and heavy
machinery. Grazing can also lead to
erosion as a result of the physical
compaction of the soil and the
removal of ground cover. Cattle and
sheep create paths and tracks w hich
lead
to
hillside
instability.
Urbanization, however, results in
the creation of im pervious surfaces

Figure 10. Phosphorus load in the O punohu River.
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Figure 11. Phosphorus load in the Pao Pao River.

and release. At the agriculture sites
on both rivers and the pasture site
on the O punohu river, there was a
noticeable increase in algal standing
crop after the first sam pling period.
A
microbial
or
fungal
mat,
m easuring fifteen meters by one
meter, was also observed at the
pasture site. This m at is typically
associated w ith nutrient inputs due
to grazing (Lawson pers. comm.).
The algal and microbial growth may
have depleted the nutrients in the
im m ediate area so that their
concentrations
w ould
be
undetectable. The biotic uptake of
nitrogen by algae and possibly
riparian vegetation may be an
im portant
m echanism
of
the
reduction of nitrogen concentration
dow nstream (Tate 1990). The uptake
during primary productivity and
subsequent
release
during
decomposition create a continual
nutrient spiral along a stream reach.
Jeffries and Mills (1990) em phasize
that eutrophic waters do not
necessarily
have
elevated
nutrientconcentrations all of the
time because "the nutrients may be

and a decline in sedim ent yield as
the area becomes more stable
(Knighton 1984).
The future of the Pao Pao River,
however, is questionable.
W ith in
the Pao Pao Valley, there is a
dem and for more agricultural land,
primarily for the cultivation of
pineapple. Because available space is
limited, many farmers have opted to
plant on steep slopes. This practice,
however, can be disastrous because it
may lead to substantial increases in
erosion.
Nutrient Load

By m onitoring
the n u trien t
loading levels at m ultiple sites, I
obtained an average loading for each
river. The results indicate that there
isn't a significant difference in m ean
nutrient loading values between the
Opunohu and Pao Pao Rivers. These
results, however, may be m isleading
and thus
w arrant considerable
research.
I encountered great difficulty
quantifying and interpreting the
relative nutrient levels of the rivers
due to potential biological uptake
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gleaned and utilized by the plants,
especially algae, so quickly that
am ounts
at
any
instant
are
undetectable".
This p h enom ena
may be even more pronounced on a
volcanic, tropical island
w here
nutrient levels are typically low
(Marquet 1991).
This study was initially designed
to m onitor sedim ent and n u trien t
loading levels relative to localized
land use practices. This approach,
however, ignores the
dynamic
nature of a river ecosystem and
factors, such as biological activity,
which may influence these levels.
Riparian vegetation, for example,
regulates sedim ent transport and
moderates
terrestrial inputs
of
nutrients from agricultural sources
(Osborne & Kovacic 1993; Lowrance
et al. 1984) Esser and K ohlm aier
(1991) suggest that the "input over
the entire watershed and load at the
river m ouths are not equivalent,
because of the processes occuring
along
the
rivers
and
their
floodplain". Roth et al found (1996)
that measures of land use at larger
spatial scales, i.e. at catchment levels,
were a superior
predictor
of
Conclusion
The nutrient
and sedim ent
loading values suggest that the
O punohu River is not pristine
relative to the Pao Pao River.
Because
this
study
took
a
comparative approach, however, I
can not make any assum ptions about
either river in term s of ecological
integrity. I can conclude that either

the O punohu
River
is m ore
impacted or the Pao Pao River is less
impacted by anthropogenic activities
than originally assumed. It may be
helpful for future studies to focus on
the use of biological organisms as
indicators of stream health.
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Causes of Spatial Variation of a Fringing Reef in Paopao Bay, Moorea,
French Polynesia
Devon Muto
College of N atural Resources
U niversity of California, Berkeley 94720
ABSTRACT. Several factors can effect the development and the community structure of a coral reef. This main
objective of this study is to describe characteristics of a fringing reef in a bay and to identify the major factors w hich
are influencing its composition. 37 20 m 2 areas were surveyed on the reef flat of the fringing reef along the eastern side
of Paopao Bay, Moorea (French Polynesia). Algae and coral genera w ere identified and percent cover was recorded.
In addition, substrate type and cover along w ith Echinodermata and H olothurian abundances w ere noted. Through
regression scatter plots, patterns were observed which identified the inputs of rivers as the overriding influence on
coral communities in the Day. This contradicted previous w ork on other bays in which the confinement and energy
conditions within the bay governed the development of the reef assemblages.

Introduction

circumference of 61 km and 134 km2 of land. The
north shore of the island consists of tw o deep bays
sim ilar in size and shape. The study area w as
along the east side of Paopao Bay, the eastern
most of the two bays (Figure 1). This bay is
approxim ately 2.5 km long from bay head to th e
bay m outh and has an approxim ate average
w idth of 550 m. The m outh of the bay is effected
by Avaroa Pass (300 m wide and 60 m deep) in th e
barrier reef located directly n orth of it. A patchy
fringing reef w hich connects to the lagoon's
fringing reef at the bay's m outh begins 100 m from
the bay head on the east side and further north
on the west side.
Steep volcanic mountains
boarder the bay to the east and west, and a large
valley containing the Paopao River w hich flows
into the bay head is to the south. The w atersh ed
of the valley's river contains numerous p in e ap p le
plantations, and between 150 and 200 residences.
A nother river, much sm aller in size, enters th e
bay in a cove about 600 m from the bay head in
the east side. The shore and coastal strand along
the east side of the bay and around the bay h e a d
are populated by hotels, m arkets, restaurants,
and num erous residences. The west side of the bay
rem ains practically com pletely undeveloped.
Distances from the m outh of the Paopao
River along the fringing reef on the eastern side
of the bay w ere calculated by using a topographic
m ap of the area. 36 50 m long stretches w ere
calculated along the reef starting at 350 m from
the river m outh. A study site was selected a t
random w ithin each stretch to ensure that th e
entire length would be represented. At each site
a 2 m x 10 m area p arallel to the reef crest w as
studied by placing a 1 m x 1 m quadrat with a 10 x
10 grid throughout it 20 times (Figure 2). T his
area was located 2 m inshore of the reef crest

Bays are often described as being subject to
numerous influences. They have been noted to
possess higher variations in tides, tem perature,
salinity, and turbidity (Ketchum, 1983).
In
addition, they are most often affected by
m ultiple hum an activities.
Suprisingly, th e
coral reefs of these unique environments h a v e
attracted few studies.
Possible effects on coral reefs of both n atu ra l
and anthropogenic origins have been w ell
documented over the past years. N atu ral stress
such as those which result from storms, volcanoes,
tem perature, sea level, predation by A ca n th a ster
planci, sedim entation, and El Nino events can
result in large am ounts of changes or m ortality in
the reefs (Grigg and Dollar 1990; Brown and
H ow ard 1985; Pearson 1981).
O ther studies
reviewing impacts on reefs such as sedim entation
(from construction, dredging, wastes), sewage,
nutrient enrichment, and toxic dumping or sp ills,
displayed the destruction that humans h a v e
caused on reefs throughout the w orld (Johannes
1975; Rogers 1990; Karlson and H urd 1993; Connell
1997).
Practically all of the research for these
studies were conducted on reefs which causes were
known and effects were to be discovered.
The
objective of this study is to analyze the effects cn
a reef in a bay by looking at spatial v a ria tio n
and patterns, and then to deduce the cause or
causes of those characteristics.
Materials and Methods

The study was conducted in a bay on the north
coast of Moorea (17° 30'S; 149° 50'W), one of th e
Society Islands (French Polynesia). Moorea is a
triangular shaped high island w ith th e
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community cm the back reef area. The reef crest
characteristics varied along the fringing reef,
therefore, in order to standardize the testing
area, the 2 m measurement started at the point
w here there was a visible difference cm th e
inshore side in the reef crest community (Figure
2 ).
W ithin each quadrat, genera of coral and
algae were identified and for each genus percent
cover w as calculated. Substrate was classified as
either san d /m u d or dead coral, and percent cover
of each was also calculated. Percent cover values
represent a 2-dimensional view from d irec tly
above the quadrat. Topography of the area and
mass, height, and density of corals and algae are
not represented. Counts were also m ade for a l l
echinoderm and H olothurian species visible from
directly above w ithin the quadrats. In ad d itio n ,
an estim ated average depth was recorded for
each quadrat. Data from the 20 quadrats, at each
site, were grouped to give a total for the entire
studied area at that site. In order to determ ine
the differences along the reef, rep resen tativ e
values for each site were plotted in rela tio n sh ip
to their distance from the river m outh. All o th er
d ata to be analyzed were also subjected to a
norm al x /y scatter plot.
Any patterns or
correlations were analyzed for relevance w ith rsquare values.

Figure 1. Location of Paopao Bay, Moorea. Dotted lines outline
the edge of the patchy fringing reef w hich is found along both
sides of the bay. Site 1 w as the southern m ost point and site 37
w as the northern m ost point along the fringing reef. The river
w hich is refered to at the bottom is Paopao River.
Reef

Results

A total of 8 genera of corals were id e n tifie d
among the 37 study sites. These were Porites,
Psamrnocora, Pocillopora, Montipora, Acropora,
M ontastrea, Pavona, Leptastrea, and Fungia. 4
uncommon species or genera of coral were not
identified. Algae genera identified along th e
reef included: H alim eda, D ictyota, Galaxaura,
Porolithon, Padina, Turbinaria, Ventricaria. 3
genera or species of algae w ith low occurrence
were not identified. The species of echinoderms
occurring in the study sites were those of sea
urchins only: Diadema savignyi, Echinothrix
calamaris,
Echinothrix
diadem a,
and
Echinometra
m athaei.
Two species of
holothurians, sea cucumbers, were recorded
w ithin the study sites. .
Total coral cover was found w ith an
increasing gradient aw ay from the Paopao R iver
m outh (Figure 3). D ata was fitted w ith a
polynom ial line which reached a minimum
w here the sm aller river enters the bay. O nly

Figure 2. Location of study sites in relation to reef crest. A,B,
and C show a profile position of study area w hen reef crest size
and characteristics vary. D represents an overhead of the
parrallel position of the site to the reef crest.
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data for the genus Porites was com parable for a l l
sites. O ther genera w ere either restricted to only
2 or 3 sites or had values too small w ith too much
variation to have significantly meaning. Porites
were found at all sites, except for 3, and norm ally
dom inated in com parison to the cover of all o th er
coral genera.
This dominance decreased in
proxim ity to the m outh of the second river and
also at the m outh of the bay (Figure 4).
A lthough algal cover was extremely v a ria n t,
a trend much sim ilar to the inverse for th a t of
coral cover could be seen (Figure 5). Algal cover
was found to be greatest closer to the river m outh
and decreased gradually moving aw ay from t h a t
point. The cover does increase just slightly for
sites near the m outh of the bay. H alim eda and
D ictyota were the two most common genera
observed. Flowever, near the m outh of th e
sm aller river a species of sea grass com pletely
dom inated. Also, Turbinaria became increasingly
the more dom inant genera closer to the m outh of
the bay.
A t a few other sites, re la tiv e ly
uncommon genera were found to have the most
cover. Like the coral data, only one genera,
H alim eda, of algae w as consistent enough to be
analyzed betw een all sites. Percent cover values
for H alim eda revealed a slightly decreasing
trend aw ay from the river m outh (Figure 6).
Identification of sea urchin species in th e
field was extrem ely difficult. The m ain reason
for this is th a t m any of the individuals were
found in sm all crevices or holes in the substrate
w hich restricted intensity of inspection.
To
account for this all species, except for D iadem a
savignyi, were grouped for a total urchin count a t
each site.
D. savignyi, was an e a s ily
identifiable species and h ad a total count of 3
individuals for all of the sites. The total urchin
counts contained extreme variab ility w hich h id
any trends th a t existed. D ata for the counts of
the holothurians was also much too sporadic for
any trends or correlation to be seen.
Discussion

In 1944, M iyadi et al. offered the term
"embaym ent degree" to describe the factors of
confinement and energy conditions w hich effect
coral reef communities in bays. They reported
three categories to recognize a change in benthic
communities throughout a bay: weak, medium,
and strong embayment degrees from the bay h e a d
to the mouth respectively. Several studies an
bays in Ryuku, Japan and Palau, Micronesia were
summarized by H orikoshi (1988), who re la te d
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those works to the concept of the em baym ent
degree. He concluded that the theory is useful cn
a more general basis for describing "location
factors" of communities at any given lo c ality .
Location factors were defined as the sum of a l l
factors effecting the com m unity at th at site.
The theory was tested once again by Adjeroud
and Salvat (1996) in Opunohu Bay, Moorea. The
bay is often considered the equal to th a t of
Paopao Bay, w hich is located about 4 km to th e
east of it. They are relatively the same size,
shape, and depth, and they also have a riv er
sim ilar in size entering the head of each bay.
Patterns were found that supported the theory of
three distinct zones of different characteristics.
Because the bays are so sim ilar, it sim ilar.
O verall, the data is similar: 1) coral cover w as
found to have a hig h correlation to the distance
from the river m outh (Figure 3); and 2) Porites
displayed a dominance typical to fringing reefs
(Figure 4).
The decrease in coral cover and Porites
dominance found by Adjeroud and Salvat closer to
the river entrance were not consistent w ith
diverse and populous communities found in
locations of "high embayment degree" in studies
cited by H orikoshi (1981,1988). This discrepancy
w as determ ined to be a result of stress due to
tem perature, salinity, and turbidity changes from
the river w hich enters the head of O punohu B ay.
The sim ilar decreases around the entrance of th e
second river on Paopao Bay supports this id e a .
H owever, the gradual change in coral cover
throughout Paopao Bay, in relation to th e
Paopao River, reveals th a t the factors resulting
from the inputs of the river are effecting much
more than just the bayhead. Sedim ent plum es
observed between
September,
1997,
and
November, 1997, produced by the rivers during
heavy rain falls often covered the entire b ay
(pers. obs.).
In addition, extrem ely turbid
conditions w ould continue in the inner h alf of th e
bay for 1 to sometimes 3 days following th ese
rains. By them selves, these observations show
th a t it is very likely there is at least a minor
effect throughout the bay by the river(s). T he
gradient of coral cover is much more convincing of
a greater im pact of the rivers. If effects of th e
rivers were confined to the b ayhead, a v isib le
rapid change in cover constricted to a sm all a re a
would be much more likely.
H ow ever, th e
gradient of coral cover seen in Paopao Bay is
gradual and is throughout the entire bay.

Figure 4. Dominance of the genus Porites against distance
of site from the mouth of the Paopao River. Dom inance is
calculated by dividing the percent cover of genus Porites
and dividing it by the percentage of total coral cover. The
large drop at approximately 600m corresponds w ith the
location of the second river entrance.

Figure 3. Percent cover of all coral genera combined, against
distance of site from the m outh of the Paopao River. Bottom
of polynomial fit corresponds w ith the location of the second
river entrance. The percent cover for the genus Pontes looks
extremely similar to this graph.
M ostly because of the
dom inance by that genus.
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Figure 5. Percent total cover of all algae genera against the
distance of each site from the mouth of the Paopao River. The
rise in the trendline at the furthest distances from the river
m outh are a result o f increases in cover for the genus
Turbinaria.

Figure 6. Percent cover of the genus Halimeda against the
distance of each site from the mouth of the Paopao River.
Halimeda grows on both sandy and hard substrates, and was
the only genus of algae recorded along the entire fringing
reef.

A gradient in algal cover (Figure 5) also
supports the idea th a t the effects of the riv er
extend much further than just the bayhead. On
unstressed reefs, algal cover is norm ally
correlated w ith coral cover.
However, in
situations like this, coral cover is reduced so much
th at it is no longer a lim iting factor (Tomascik
1991). D ata from total algal cover and also for
Halimenda cover (Figure 6), show increased cover
at the head of the bay w ith a decreasing trend
tow ards the bay m outh. This relationship is
very likely the result of nutrient enrichm ent
an d /o r decreased herbivory, both norm ally
associated w ith riverine inputs (Tanner 1995).
A lthough Paopao Bay is certainly effected
by the M iyadi factors of confinement and
changing energy conditions (w hich Adjeroud and
Salvat deemed dom inant in Opunohu except for

the bay head), evidence suggests th at the effects
resulting from the rivers are larger th a n
previously stated. There are 4 possible reasons
w hich may explain the difference in opinion cn
the im pact of rivers cn bays between this p ap er
and that of Adjeroud and Salvat (1996): 1) th e re
is an actual difference betw een Opunohu Bay and
Paopao Bay; 2) Adjeroud and Salvat looked a t
species richness and diversity, w hereas th is
study calculated coral cover; 3) Adjeroud and
Salvat only had 8 sites w ithin the bay, this one
had 37; and 4) Adjeroud and Salvat compared
transects of the fringing reef, this study compared
select 20 m 2 sites on the back reef.
The gradient in Paopao Bay supports
H orikoshi's adapted concept of the em baym ent
degree which m ust take into account all factors of
a locality. The populations and m ake up of any
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community, is governed by all factors w h ich
effect that community. In bays there is a factor
w hich the communities w ithin will alw ays be
subject to. This is the decrease of energy w ith in
the bay and has been addressed as th e
em bayment degree. H owever, every community
has infinite amounts of factors affecting its
structure. It is the predom inate of these factors
w hich changes the community in ways th a t we
can see and study. In past studies, the embayment
degree w as the predom inant factor effecting th e
reefs. In this study, the im pact of a river entering
a bay was so large that it overshadow ed those
effects
of
energy
conditions
the
bay.
U nderstanding these different factors can g reatly

help for future assessments of n atu ral and
anthropogenic effects on not only reefs in bays, but
all reefs. In addition, these results pave th e
w ave for much needed coral reef h e a l th
assessments in new ly developing areas such as
Moorea.
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The Morphology of Tuarea Fringing Reef, Moorea, French Polynesia
Ryan Petterson
Dept. Geology, U.C. Berkeley. 94704

ABSTRACT. On the southern tip of Moorea lies the bay of Atiha. Inside the bay lies Tuarea Fringing reef. This reef is abnormal
in both its location and morphology. Forming with the general morphology of a barrier reef, including an algal ridge and spur and
groove topography, Tuarea fringing reef is of unknown origins. In order to document this feature, a map was made depicting the
lagoon, ridge, and spur and grooves. Profiles were made to compliment the plan map. Detailed observations were also made of
the surface features of the reef. In addition to the documentation of the reef, several scenarios are presented as to the possible origin
of the reef. The reef may be a depositional feature, upon which a thin veneer of calcareous and fleshy algae have grown. There
is also evidence to support the idea that it is relic reef growth that as a result of change in the environment shifted to algal growth.
The actual shape and location of the reef are most likely due to wave patterns generated by the very shallow pass directly seaward
it.
Key words. Fringing reef, morphology, spur and groove, algal ridge.

unfavorable tides and a high energy environment,
it requires another explanation. In the interest of
better understanding reef formation in general and
thereby helping to preserve them, it becomes of
interest to determine and document the controlling
factors in the development of the Tuarea fringing
reef.

Introduction
Moorea, located in French Polynesia, is a
high, steeply dissected volcanic island with a
continuous barrier reef around it. This reef is
broken only by several major passes. On the south
western tip of Moorea is the pass of Avarapa and
its accompanying bay, Atiha. The southern tip of
this bay is a small, non-descript projection called
Tuarea Point. Around this point has formed a
well developed fringing reef. In 1977, Steers and
Stoddart stated that coasts protected by barrier
reefs are often void of fringing reefs, and that
fringing reefs were generally simple reefs with
simple explanations. Tuarea fringing reef has the
apparent morphology of a second barrier reef,
which Guilcher (1988) noted to be absent in the
Societies as a result of low tidal range (~30cm),
narrow lagoons and no wide passages on the
windward side of the islands. Tuarea reef defies
both statements. Not only has it formed within
the lagoon of a barrier reef, but it has extremely
well developed facies, including spur and groove
formations.
Though rare, double barrier reefs are not
unheard of. The double barrier reef of North
Bohol (Philippines), described by Pichon (1977),
is perhaps the most well known. Pichon’s origin
of Bohol was one of subsidence and favorable tidal
currents. The two barriers were mostly sandy
accumulations, characterized by a low energy
environment.
This is not the case with Tuarea. With

M aterials and Methods
The mapping was founded on a system of lm
rebar posts hammered into the reef crest at
measured distances and compass bearings.
Distances and bearings were taken from points on
the framework to features of interest (rock and
sand interfaces, spur and grooves, etc.). Profiles
were made from the shore to the seaward edge of
the reef crest and across the shallow spur and
groove formations. This was done using a tripod,
level, transect tape, stadia rod, and more lm rebar
stakes. The surveys were backsited to the
benchmark located near Kilometer post (P.K.) 18.
Tliis benchmark is part of a system of benchmarks
near almost all of the P.K. markers. The profiles
were taken perpendicular to the coastline to a
specified post in the framework already setup and
across a characteristic well developed region of
the shallow spur and groove. The additional rebar
stakes were used to “leapfrog” with the tape along
the length of the profile. The bearings of the
profiles were taken and tied into the plan map of
the reef. The data were complemented by the
topographic map of the island of Moorea, several
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high altitude aerial photographs, and snorkeling
expeditions around the ridge crest, both seaward
and landward. Depths around the seaward edge of
the reef were measured using a commercially
purchased depth gauge.

growth forms.
Back-spur moat
From the ridge crest the surface of the reef slopes
into a depression between the ridge and the
Porolithon encrusted spurs that runs, in some
fashion, the entire length of the spurred crest.
This depression, or moat, is highly irregular,
sometimes flowing into the outer lagoon and
sometimes connected to it by furrows or tunnels.
The moat itself is up to 1 meter deep. Where the
moat opens into the outer lagoon Hydrolithon
islands often occur ( figure XXXX). These
islands are no more than 10 meters from the reef
proper, and the depths between the islands and the
reef are no more than 2 meters.

Results
Inner Lagoon
The landward edge of the lagoon is an
artificial seawall constructed of large boulders.
The lagoon floor is composed primarily of coral
sand and small debris, with accumulations of
larger coral rubble apparent at the northern end of
the lagoon. In the middle and to the south.
Porites heads are present in the lagoon, even
forming micro-atolls in the shallow water. The
southern and northern extremes of the lagoon are
shallowest, no more than 1 meter in depth. The
middle of the lagoon reach a maximum depth of
approximately 2 meters (figure 2). A lack of
Diadema in the inner lagoon, as well as on the
reef flat and fore reef, was also noted.

Shallow spur and groove
On the outer lagoon side of the moat, pink
Hydrolithon encrusting algae replaces the
Sargassum and Turbinaria that cover the reef flat
and algal ridge. Hydrolithon is the dominant
genus on all of the shallow spurs. The spurs are
irregular in frequency , but show a fairly consistent
pattern of amplitude (figure 3). The maximum
depth between the spurs and off the ends of the
spurs is consistently around 1 meter and at low
tide the Hydrolithon encrusted tops stand roughly
10cm out of the water. The orientation and shape
of the spurs is also irregular, showing only a
general trend towards orientation normal to wave
direction. The sides of the spurs are vertical to
overhanging and are sometimes so close to each
other that the overhanging sides become incipient
tunnels. The grooves between the spurs are
characterized by a distinct lack of algae, perhaps
the only location without it. They are instead
filled with gravel sized and smaller grains of coral
debris.

R eef Flat
The transition from the lagoon to the reef flat is
demarcated by an abrupt change in elevation, and
moves from a sandy to a rocky carbonate
structure. The reef flat ranges from 10 to 30
meters in width. The widest areas being at the
northern and southern extremes and the narrowest
in the middle, corresponding to the areas of least
and greatest spur and groove development
respectively. The reef flat is dominated by
Sargassum sociale, Turbinaria ornata, and
Dictyota bartayresiana. Several other species
characteristic of low flow back reef are also
present (figure 2). The flat itself is interspersed
with depressions and furrows. The furrows are no
more than 50 centimeters deep and run roughly
normal to wave direction. They originate at the
heads of grooves and continue through the
backspur moat, across the reef flat and
occasionally reach the inner lagoon waters on the
other side. The path varies from furrows to
tunnels with no recognizable pattern.

Fore Reef
Beyond the shallow spur and groove formations
the fore reef is once again dominated by algae.
Sargassum sociale and Dictyota bartayresiana
provides a near total algal cover, with the latter
often epiphytic on the former. The topography of
the fore reef is made up of coral rubble and has a
gently decreasing slope until it reaches the sandy
bottom of the lagoon floor at 7 to 10 meters. At
the interface between the fore reef structure and
the outer lagoon floor 5-6 large Porites heads are
present These helmet shaped heads range in size
from just under 1 meter in diameter and less than
a meter high to more than 3 meters in diameter

Boulder field
On the reef flat, behind the zones of less well
developed shallow spur and groove formations, a
boulder field is present (northern and southern
extremes, fig. 1). The boulders of coral rubble are
often as big as 50 centimeters in diameter. The
fields also contain pieces of coral rubble that are
very wide and flat, characteristic of deep water
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environmental conditions has taken place in the
recent past to cause the coral to die and the algae
to flourish. This could be natural changes or
anthropogenic disturbances. This would mean
that the conditions in the lagoon were extremely
favorable reef growth at one time.
Tuarea reef could also be a veneer of algal
and minimal coral growth upon a preexisting
erosional platform. Similar structures were noted
by Steers and Stoddart (1977). This platform
could be a result of waves continuing to erode
even after the barrier reef was fully developed due
to the pass directly out from Tuarea point.
Adey and Burke (1976) described a similar
fringing reef on the island of Martinique in which
the coral growth had given way algal growth at
some point in the past. They described a reef
characterized by a lack of corals on the ridge
section In its place was dense covering of fleshy
algae on a carbonate substrate. This Sargassum
dominated platform was given the term “Fleshy
algal pavement.” These fleshy algal pavements
have been described at several places in the
Caribbean but have not been described in the
Indo-Pacific The reef structure described by Adey
and Burke was also typified by high productivity
and turbidity', but low' populations of Diadema and
parrot fish.
Adey and Burke concluded that the low
populations of Diadema (and possibly parrot fish)
precipitated the heavy growth of macro-algae.
The lack of Diadema on the reef seemed to be a
result of high levels of deposition filling in the
large porosities that Diadema habitate and over
exposure to rough water (Adey and Burke 1976).
It would be of interest to determine if a
similar lack of Diadema exists on the fringing reef
at Afareaitu so as to further correlate the two sites
and thereby increase our understanding. If more
similarities between the two reefs and the two
passes could be demonstrated it would lend more
support to a causal relationship between the reefs
and the passes. Unfortunately, the exact nature of
the relation between the phenomena of Tuarea
Fringing reef and the extremely shallow pass is
unclear, though there is evidence to support a
relation.
For example, there are three possible
outcomes of the wave crossing; they are aligned
trough to trough, they are aligned trough to crest
or they are somewhere in between. If they are
trough to trough the waves will amplify, creating
higher wave energy. If they are trough to crest
the two wave patterns will cancel each other out

and 2 meters high. The heads are growing
inuneven plates, each superceding the previous
one.
Outer lagoon
The outer lagoon reaches depths of over fortyfour meters and contains, at its edges, what appear
to be basaltic out crops, though this was not
confirmed. The pass in the outer barrier reef is
approximately 200 meters wide and a mere 3.5
meters deep.
Comparison with Afareaitu reef
The morphology of Tuarea fringing reef is very
similar to a fringing reef formation in the bay of
Afareaitu. The reef at Afareaitu is much less
defined, however, than Tuarea. The crest, as well
as the shallow spur and groove formations, are
only marginally visible. The inner lagoon is
approximately 50 meters wide and no more than
50 centimeter deep at low tide. The outer lagoon
is 36 meters deep and the pass is 4.4 meters deep.
The pass at Afareaitu and the pass at Atiha are the
only major passes that are of depths this shallow.
The next shallowest pass is perhaps 30 meters
deep. In addition, these two bays possess the only
fringing reefs of the afore mentioned morphology
that are known on the island of Moorea.
From aerial photography, it can be seen that
a wave pattern, often present in passes, is
exacerbated in the bay of Afareaitu. This is
presumably due to the shallow pass and the wide
width of the barrier, which is causing a defraction
pattern that appears as two distinct wave
propagations originating from the edges of the
pass. The shallow pass decreases the wave length
and, in doing so, increases the effect of the wave
defraction and reflection off of the edges of the
pass. The point at which these two arcs cross is
directly in line with the reef formation under
observation.
Discussion
The lack of live coral growth is particularly
interesting because this reef appears to be
characteristic of high levels of coral growth, i.e,
the pronounced reef crest and spur and groove.
This offers two possibilities.
Either the
environmental conditions causing the extreme reef
growth drastically changed after the reef had
reached its present form, or our ideas about the
formation of reef structures need to be
reexamined.
It is altogether possible that a shift in
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leaving no wave energy (Bearman 1989). If the
waves are amplified, the increased wave energy
could cause increased coral growth in response,
thereby extending the reef toward the outer
lagoon. If the waves are canceling each other, the
decreased energy in this zone could lead to
increased deposition of coral rubble on the reef. If
the waves were causing increased reef growth a
negative feed back system would be set up in
which the propagating spit of coral reef would
cause wave refraction around itself, thereby
increasing sedimentation and reducing coral
growth. This leaves the possibility of cancellation
of wave energy and deposition a more likely
hypothesis.
The different depths in the inner lagoon are
most likely a result of this same wave energy
pattern, differentially depositing and removing
sediment. It can be seen that the areas of
shallower inner lagoon correspond with the areas
of little or no spur and groove formation.
Whereas the deep parts of the inner lagoon are
directly behind the most defined regions of spur

and groove formation. The reef flat as well seems
to work in relation to wave energy. The widest
reef flat zones are grouped with the shallow inner
lagoon and the lack of spur and groove.
Much more definitive conclusions could be
made concerning this reef with more detailed
observations. The most helpful of these would be
lo core the reef, both on the ridge and on the
spurs. In addition a more detailed survey of the
fringing reef at Afareaitu would be beneficial.
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Figure 2. Transverse profiles showing the morphologic and biotic zonation on Tuarea Fringing Reef.
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Figure 4. Bay of Ahtia with Tuarea Fringing Reef in inset.

Microhabitat partitioning in two color morphs of the arc-eye
hawkfish, Paracirrhites arcatus (Cirrhitidae)
Kelly Sherm an Boyle
D epartm ent of Integrative Biology
University of California, Berkeley 94720

ABSTRACT. Snorkel surveys were conducted to observe microhabitat use (perching and sheltering) by two
color morphs of the arc-eye hawkfish, Paracirrhites arcatus. P. arcatus has two common color morphs, a white
striped moiph (W.S.) and a melanisdc (MEL) morph. In addition, I I P . arcatus individuals were captured and
microhabitat preferences were examined in the laboratory using live corals: Pocillopora meandrina, Poc.
eydouxi, Poc. verrucosa, Porites lobata, and dead coral. MEL individuals use Poc. eydouxi more frequently
than W.S. individuals and Par. lobata and dead coral less frequently than W.S. individuals at three field sites.
Chi square tests for microhabitat use for WS. vs. MEL morphs were statistically significant at two of three
sites. Poc. eydouxi was selected most in the laboratory. Benefits of coral substrate microhabitats with
respect to color morph and size are discussed.
Key words: Hawkfish, Paracirrhites, microhabitat partitioning, color morphs, Moorea, French Polynesia,
Pocillopora

areas of the Indo-Pacific, where there are
several common branching corals present, th e
partitioning of live coral m icrohabitats may
be different. Branching corals may afford
different benefit depending on the size and
color m orph of P. arcatus..
The objective of this study w as to
examine the use of different species of
branching corals by P. arcatus in Moorea,
Society Archipelago, French Polynesia, w ith
respect to size and color morph of the fish .

Introduction
H aw kfishes (C irrhitidae) are lie-in w ait predatory fish. H aw kfish perch on
substrates and w ait for prey items to ap p ear.
The arc-eye haw kfish, Paracirrhites arcatus,
is a small fish w ith a total length (T.L.) 11.1
centimeters or less. (Meyers 1991). P. arcatus
has several color m orphs but is alw ay s
characterized
by the presence of an
irridescent arc marking behind the eye. P.
arcatus occurs throughout the Indo-Pacific
and is present in the Society A rchipelago
(Beaufort 1940; R andall 1963). The color
morphs appear to be independent of sexual
identity (R andall 1963) or m aturity of th e
fish (Sadovy and Donaldson 1995).
The lose of different
perches or
m icrohabitats, such as species of live corals,
dead coral, and rock, may provide d ifferent
levels of benefit for haw kfish. H aw k fish
may be more inconspicuous on certain perch
colorations and some perches may have a
dual function as a shelter from p o te n tial
predators. D eM artini (19%) found th a t in
H aw aii, the branching coral Pocillopora
m eandrina w as the most commonly used
perch by P. arcatus and its use may be th e
result of the protection the branched coral
fingers provide w hen potential predators of
P. arcatus are present. Elsewhere in the IndoPacific, P. arcatus has been seen using o th er
branching corals w hich are not common in
H aw aii, such as Acropora sp. and Pocillopora
sp. (DeM artini and Donaldson 19%). In o th er

Materials and Methods
Microhabitat Partitioning
Surveys were conducted at th re e different
sites (Appendix 1) w ithin the lagoon of
Moorea,
Society
Archipelago,
French
Polynesia: the north-east comer of Cook's
Bay (S lim 's reef), Plage deT em ae, and Motu
A hi. Surveys were conducted for 25, 45, 50, or
70 minutes at a tim e using snorkel gear. T he
surveys were conducted car separate areas of
the reef at each site to avoid surveying th e
same fish individuals, except at Plage de
Temae, w here data from separate days
covered the same site area. This was done
because the study site was restricted in area
and P. arcatus density w as lower relative to
the other sites.
H aw kfish occurrence was determ ined
visually using a search image based on th e
shape of the fish and its perching b eh av io r
to minimize sampling bias for either color
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morph (DeM artini and Donaldson 1996).
Color m orph of the fish (WS or MEL) and th e
coral the fish was first seen perching on or
hiding in, was recorded. Size estm ates of
total length (T.L.) were recorded, in itia lly
using visual estim ates, and later on using
estim ates w ith a measured rule by measuring
the perch area the fish was last seen on
(McKaye 1977). All d ata were recorded on
plastic slates and transcribed upon returning
from the field .

individuals and later a second fish w as
added (Appendix 4). Total length of each
fish (TL) and color m orph were recorded
before introduction
to
the
aquarium
(Appendix 4) The occurrence of each fish on a
particular coral or on dead coral w as recorded
a t half hour intervals and w h eth er or not th e
fish was perched on top, hiding w ith in th e
coral or beneath the coral.
Occurrences
outside the controlled m icrohabitats were
recorded but not considered in the an aly sis.

Habitat Preference
H aw kfish individuals were captured
from north east Cook's Bay by using a net and
chasing them out of coral w ith a ruler.
C aptive fish were kept in an outdoor, flow 
through aquarium. The coral species,
Pocillopora meandrina, Poc. eydouxi, Poc.
verrucosa and Porites lob at a, and pieces of
dead coral were used as m icrohabitats for th e
laboratory environment. M icrohabitats were
placed between 30 and 50 cm from each o th er
and
the
composition
of
controlled
m icrohabitats w as changed eight times over
24 days (Appendix 3) to minimize artifacts of
location in the aquarium on hab itat use
decisions.
Sizes of some corals were
augmented by adding several small corals to
the existing corals and total quantity of some
coral species w as changed by using different
pieces of coral or by adding more pieces
(Appendix 3). This w as done to minimize th e
effect of ooral size on h ab itat decisions.
M icrohabitats w ithin the aquarium were
quantified by surface area. Surface area of
branching corals (Pocillopora sp.) were
approxim ated
by
calculating
th e
hypothetical
surface
of
the
space
encompassed by the tips of the branches. The
surface area was computed by using th e
average diam eter, AD [(L x W x H )/3]
(Kuwamura et. al 1994). The height of th e
coral w as estim ated by averaging four fingerdepth measurements w ithin the center of th e
coral and four random measurements along
the perim eter.
Length and w idth (and
height in Porites lob a t a) were measured
d irectly.
Eleven fish were used in the laboratory
study.
Fish were in the aquarium
individually and in pairs.
The fish th a t
were kept in pairs were introduced as p airs
and la ter separated, or introduced as

Statistical A n a lyses
Chi square tests (Sokal and R ohlf 1987)
were used to analyze the uses of coral between
both color m orphs of P. arcatus in the fie ld .
At Slim 's reef and Motu Ahi, total occurrences
were used because there w as no overlap in
study site. At Plage de Temae, the m edian
number of each color m orph of fish cm each
m icrohabitat category were used (D eM artini
and Donaldson 1996).
U npaired
one-tailed
t-tests
were
performed for size d ata of W.S. and MEL
morphs, and for size d ata of W.S. in d iv id u a ls
using the branching corals Poc. m eandrina and
Poc. eydouxi. T-tests were not perform ed on
sizesMEL m orphs using the Poc. m eandrina
and Poc. eydouxi because too few MEL m orphs
(n<4) were found onP. m eandrina at any site.
Significance w as denoted by P values of <
0.05.
Electivity for m icrohabitats as perches
and shelters w ithin the laboratory w ere
measured using the Strauss' (1979) lin e a r
index of selection, L = (p + ps), w here r ; = th e
relative use of the ith perch or shelter and p t
= the relativ e
amount of th e
ith
m icrohabitat (DeM artini 1996). -1< L < + 1,
w ith negative values indicating avoidance
and positive values indicating selection of a
substrate. V ariance of L w as estim ated using:
var L = [(r,)(l- p,)]/ ip + [(p,)(l- p ;)]/ r^, in
w hich n, = the number of tim es a
m icrohabitat w as used (measured occurrence
of sheltering or perching) and
rip = the total amount of m icrohabitat use
(observed sheltering or perching) (Strauss,
1982; DeM artini 1996).
Results
Field D ata
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Table 1:
Chi square analysis of Slim's Reef Data;
1 0 /1 0 ,1 0 /1 1 ,1 0 /1 9 /9 7
______________________
W.S.
MEL
Pocillopora meandrina

46

2

Pocillopora eydouxi

44

37

Porites lobata

18

1

Pontes rus

1

0

Dead Coral

5

2

P value

1.89001E-06

Figure 1. A verage Sizes of White Striped
and Melanistic Individuals at Slim’s Reef.
Bars represent standard error.

Table 2. Chi square analysis o f M otu Ahi data, 1 1 /6 /9 7
MEL
W.S.
Pocillopora meandrina

12

1

Pocillopora eydouxi

7

7

Porites rus

1

0

Porites sp. (purple)

3

0

dead coral

4

0

P value

0.04187676

Table 3. Chi square analysis of medians of combined
Plage de Tem ae data; 10 /1 3 ,1 0 /20,11 /1 4 / 97________
MEL
W.S.
Pocillopora meandrina

4

2

Pocillopora eydouxi

2

10

Pocillopora verrucosa

1

0

Porites lobata

1

0

Acropora sp.

1

1

Dead Coral

1

0

P value

0.119128117

Color M orph

Figure 2. Average Sizes of White Striped
and Melanistic Individuals at Motu Ahi.
00

vO

35 *

The chi-square test of Slim 's Reef d a ta
(Table 1), based on three separate days and
156 surveyed fish, 114 W.S. and 42 MEL,
showed a significant difference of perch use
between W.S. and MEL morphs, P = 1.89 E-6.
Motu Ahi data, based on two surveys on one
day, and 35 sam pled fish, 27 W.S. and 8 MEL,
was also statistically significant, P = 0.04187
(Table 2.) The chi-square tests of Plage de
Temae data, based on the m edian of th re e
separate days and 87 surveyed fish, 49 W .S.
and 38 MEL, was not significant, P = 0.119
(Table 3).
A verage sizes of MEL individuals w ere
higher at all three sites. MEL in d iv id u als
averaged 1.67 cm. longer in T.L. than W S
individuals at Slim's reef, w ith a significant
t-test P value of 2.02 E-07 (Figure 1). MEL
individuals averaged 1.46 cm. longer th a n
W.S. at Motu Ahi, P = 0.00962 (Figure 2). T he
m edian of MEL T.L. averages was 1.96 cm.
longer th an the m edian of W.S. T.L. (Figure
3). P values for t-tests were: P= 5.45 E-05,

>

<

o

10/13/97; P=0.00348, 10/20/97; P=0.00281,
11/14/97.
Average sizes of W.S. in d iv id u als
observed on Poc. eydouxi were higher t h an
average sizes of W.S. individuals observed on
Poc. m eandrina at all three sites. At Slim 's
reef the individuals on Poc. eydouxi
averaged 0.55 cm. longer T.L. th a n
individuals found on Poc. m eandrina (Figure
4), but the t-test of sizes from each group w as
not statistically significant, P = 0.0731. W.S.
individuals found on Poc. eydouxi at Motu
A h i.
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Figure 3. Medians of Three Size
Averages of White Striped and
Melanistic Individuals at Plage de
Temae.

Figure 4. Average Size of White Striped
Individuals Occurring on Poc.
m eandrina and P oc. ey d ou x i at Slim's
Reef

Figure 5. Average Size of White Striped
Individuals on P oc. m ean d rin a and Poc.
ey d ou x i at Motu Ahi

Figure 6. Median of Average Sizes of
W.S. Individuals on Poc. m eandrina and
P oc. eydouxi at Plage de Temae
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Table 4. Summary statistics for Strauss' (1979,1982) electivity indices of substrate use for
perching (DeMartini 1996) and sheltering.
Substrate Utilization;
Total Utilization ; Shelter Utilization : Perch Utilization
ri
ri
ri
L (+ /-) SE
Dates
# fish Substratum
Pi
L (+ /-) SE
10/2329 /97

3
0.489

0.857

P oc. m eandrin a 0.147

0.143

P oc. eydouxi

10/301 1 /5

P or. lo b a t a

0.364

0

P oc. eydouxi

03938

0.939

11/1215/97

11/172 0 /97

(+) 0.178 (+ /-) 0.87
0.254
(+) 0.186 (+ /-) 0.13
0.325
(-) 0.364 (+ /-) 0
0.00771

(+) 0.381 ( + /- 0.667
) 0.0111
(-) 0.0167 (+ /-) 0.333
0.00212
(-) 0.449 (+ /-) 0
0.00503

(+) 0.368 ( + /- )
0.0155
(-) 0.00423 (+ /-)
0.1089
(-) 0.364
( + /- )
0.00472

(+) 0345 ( + /- ) 0.92
0.0344
(-) 0331 ( + /- ) 0.078
0.00561
(-) 0393 ( + /- ) 0
0.00423

(+) 0326
0.0129
(-) 0335
0.0238
(-) 0339
.00545

(+) 0326
0.0266
(-) 0.222
0.0752
(-) 0393
0.0173

(+ /- )

(+) 0396
0.00101
(-) 0.349
0.0141
(-) 0.150
0.00184
(-) 0.0973
0.00127

(+) 0.501 (+ /-) 1
0.0148
(-) 0354 (+ /-) 0
0.0141
(-) 0.150 (+ /-) 0
0.0271
(-) 0.0973 (+ /- 0
) 0.00187

(+) 0.799
0.0363
(-) 0.552
0.00578
(-) 0.150
0.00578
(-) .0973
0.00399

(+ /-)

(+) 0.415
0.05445
(-) 0.137
0.0401
(-) 0392
0.0551
(-) 0.0414
0.00681
(-) 0.0928
0.00468

(+ /-) 0.579

(+) 0.438
0.0515
(-) 0.357
0.00380
(-) 0319
0.00521
(-) 0.143
0.00645
(-) 0.0928
0.00443

(+ /-)

(+) 0.981
0.0620
(+) 0.154
0.0445
(-) 0.0320
0.00583
(-) 0.134
0.00680
(-) 0.0868
) 0.00466

(+ /-) 0.5

(+) 0.304

(+ /-)

3

P oc. m eandrina 0.313

11 /711/97

L (+ /-) SE

0.092

P or. lo b a ta

0-293

0

P oc. ey dou xi

0.201

0.797

P oc. m eandrina 0.552

0.203

(+ /-) 0.92
(+ /-) 0.091
(+ /-) 0

(+ /-)
(+ /-)

2

P or. lo b a ta

0.15

0

Dead Coral

0.0973

0

P oc. eydouxi

0.141

0.568

P oc. m eandrin a 0.526

0.243

P oc. verru cosa

0.097

0.027

P or. lo b a t a

0.143

0

D ead Coral

0.928

0.162

P o c . eydouxi

0.196

0.333

(+ /-) 0.702
( + /- ) 0.298
( + /- ) 0
(+ /-) 0

(+/->
(+ /-)
(+ /-)

3
(+) 0.427 (+ /-)
0.0265
(-) 0383 ( + /- )
0.00311
(-) 0.0700 (+ /-)
0.0268
(-) 0.143 (+ /-)
0.00332
(-) 0.0928 (+ /-)
0.00228

0.556
0.389
0.056
0
0

( + /- ) 0.105
(+ /-) 0.316
(+ /-) 0
(+ /-) 0

(+ /-)
(+ /-)
(+ /-)

(+/-)

5

P oc. m eandrina 0.493

0.619

P oc. verru cosa

0.0909

0.048

P or. lo b a t a

0.1335

0

Dead Coral

0.0868

0

(+) 0.137
) 0.0458
(+) 0.126
) 0.0360
(-) 0.0400
0.00472
(-) 0.134
0.00551
(-) 0.868
0.00377

(+ /- 0394
(+ /- 0.647
(+ /-) 0.059
(+ /-) 0
(+ /-) 0

0.111
(+ /-) 0.5
(+ /-) 0
(+ /-) 0
(+ /- 0

(-) 0.007
0.240
(-) 0.0909
0.00206
(-) 0.134
0.0289
(-) 0.0868
0.0198

(+ /-)
(+ /-)
(+ /-)
(+ /-)

were not significant for data obtained
10/13/97 and 11/14/97, P = 0.187 and P =
0.0574 respectively, but was significant for
data obtained 10/20/97, P = 0.0464.

Ahi averaged 1.48 cm. longer T.L. th a n
individuals found on Poc. m eandrina
(Figure 5), the t-test of sizes of each group
w as statistically significant, P = 0.00894 .
The m edian of average T.L. of W .S.
individuals found on Poc. eydouxi at P lage
deTem ae was 1.25 cm longer than the T.L.
of individuals found on Poc. meandrina
(Figure 6). The t-tests of sizes of each group

Laboratory D ata
Strauss indices of Pocillcrpora eydouxi
were positive (L ) for total substrate
u tilizatio n by P. arcatus (use as both a
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perch and shelter), use a s a shelter, and use
as a perch (Table 4) suggesting selection by
P. arcatus for a m icrohabitat for perching
and shelter. Indices for Poc. meandrina
were negative except from 11/17-11/20/97
for total substrate utilization and for use as
a shelter (Table 4.) All Poc. meandrina
indices for perch utilization were negative,
suggesting avoidance by P. arcatus.. A ll
indices for Poc. verrucosa , Porites lob at a,
and dead coral were negative, suggesting
avoidance by P. arcatus (Table 4).
Microhabitat And Color M orph
Discussion
MEL morphs of P. arcatus
use
Pocillopora eydouxi proportionately more
often than W.S. m orphs do. A possible
benefit of using Poc. eydouxi may be th a t
the MEL m orphs ap p ear more cryptic by
hiding in Poc. eydouxi, which on Moorea is
often a darker shade than Poc. meandrina .
A lthough the bright w hite stripe of th e
W.S. m orph may be conspicuous (D eM artini
and Donaldson 1996), the lighter tone of
body coloration of the W.S. m orph may be
more cryptic than the MEL m orph when
Poc. m eandrina is used as a p e rc h /sh e lte r.
This how erver, contradicts the findings by
DeM artini and Donaldson (19%) th a t W.S.
are more common in shallow w aters when
Poc. m eandrina is scarce. This may be
because w hen branching corals, such as
Pocillopora sp., and fish densities are low,
the W.S. m orph may have an advantage of
being more conspicuous for signalling
conspecifics (DeM artini and Donaldson
1996).

acting upon MEL m orphs th a t would affect
mean population sizes. Small in d iv id u a ls
of MEL m orphs are rare and MEL m orphs
usePoc. eydouxi
alm ost exclusively.
Predation may be higher for MEL m orphs
th at are found on Poc. m eandrina because
the dark body m ay be more conspicuous on a
lighter color coral. Larger MEL m orphs
may be more likely to obtain and defend
Poc. eydouxi as a perch and shelter, and
thus be more oommon than sm a lle r
individuals.
If this is true, one would
expect W.S. m orphs th a t use Poc. eydouxi to
be larger on average than W.S. m orphs
found on Poc. m eandrina and this trend is
observed and w as sometimes s ta tis tic a lly
significant.
Microhabitat Preference
Poc. eydouxi
appears to be th e
preferred
m icrohabitat
over
Poc.
meandrina, and Poc. verrucosa. Por.lobata
and dead coral appear to be avoided as
found in the field by D eM artini (1996).
W.S. m orphs in the laboratory w ere
utilizing Poc. eydouxi
w ith g reater
frequency then the other Pocilloporid
corals, suggesting th a t Poc. eydouxi is
preferred w hen available, in each m orph.
Perhaps size lim its the av ailab ility of Poc.
eydouxi as a m icrohabitat and in trasp ecific
factors
determ ine
m icro h ab itat
partitioning
in the
field.
Some
territo riality
has been observedin P.
arcatus (DeM artini 19%).
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Microhabitat And S ize
MEL m orphs are larger on average
w ithin the lagoon at Moorea. This p attern
is not seen in H aw aii (DeM artini and
Donaldson 1996). Because this difference in
mean size of both color m orphs is not
universal across Oceania, there may be
selection pressures, or predatory effects
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A ppendix 1.
Map of Study Sites on Moorea French Polynesia

A p p e n d i x 2.

Dates Used

Corals Used In Order Of Relative Position (clockwise)

1 0 /2 3 /9 7

P oc. ey d o u x i (A), Poc. m ean drin a (A), F o r . lob ata

10/24 to 1 0 /2 7 /9 7

P oc. m ean drin a (A), P or. lob ata, P oc. ey d o u x i (A)

10/28 to 1 0 /2 9 /9 7

P oc. ey d o u x i (A), P or. lob ata , P oc. ey d o u x i (A)

10/30 to 1 1 /1 /9 7

P oc. ey d o u x i (A), P oc. m ean drin a (A + a l and a2), P or. lob ata

11/1 to 1 1 /5 /1 9 9 7

P oc. m ean drin a (A + a l and a2), P or. lob ata , P oc. ey d o u x i (A)

1 1 /7 to 1 1 /1 1 /9 7

P oc. m ean d rin a (A + a l + a2 and a3), P oc. m ean drin a (B + dead coral), P oc. m ean drin a (C), P o r . lob ata,
P oc. ey d o u x i (A)

11/12 to 1 1 /1 6 /9 7

Poc. m ean drin a (A + a l + a2 and a3), Poc. m ean drin a (B + dead coral), P oc. v erru cosa, P oc. m ean d rin a
(C), P o r . lob ata, P oc. ey d o u x i (B)
P oc. m ean drin a (A + a l + a2 and a3), P oc. m ean drin a (B + dead coral), P oc. verru cosa, P oc. m ean d rin a
(C), P oc. ey d o u x i (C), P or. lob ata

11/17 to 1 1 /2 0 /9 7

A ppendix 3.
Summary o f fish used in the laboratory
Morph
Size T.L. (cm.)

D ates Kept In TheLaboratory

W.S.

3.5

1 0 /2 3 to 1 0 /2 4 /9 7

W.S.

8

1 0 /2 3 to 1 0 /2 4 /9 7

W.S.

6

10 /2 7 to 1 1 /3 /9 7

W.S.

10

10/31 to 1 1 /3 /9 7

W.S.

6

1 1 /5 to 1 1 /1 1 /9 7

MEL

11

1 1 /7 to 1 1 /1 3 /9 7

W.S.

6.5

1 1 /1 3 to 1 1 /1 7 /9 7

W.S.

5

1 1 /1 4 to 1 1 /1 7 /9 7

W.S.

5.5

1 1 /1 7 to 1 1 /2 0 /9 7

W.S.

6.5

1 1 /1 9 to 1 1 /2 0 /9 7

W.S.

5

1 1 /2 0 /9 7

8 6

Tradeoffs of Recruiting Inside Adult
Colonies in the Damselfish Stegastes nigricans

Jonathan S.F. Lee
D epartm ent of Integrative Biology
University of California at Berkeley
Berkeley, CA 94720

ABSTRACT. Juveniles of Stegastes nigricans occur 1) in adult colonies, 2) in juvenile colonies, and 3)
solitarily. We I) examined the costs and benefits of different settlem ent strategies, II) quantified the territory
requirem ents of adults, and III) investigated mechanisms by which juveniles make the transition to adults
holding ad u lt territories. I) Com pared w ith solitary juveniles, juveniles <4 cm TL in adult colonies benefit
from reduced heterospecific com petition for food; all juveniles in adult colonies benefit from a greater food
density. A cost of recruiting in an adult colony is increased agonistic interactions w ith conspecific adults.
II) A dult territories m ust 1) correspond in area to total length of fish, 2) contain tunnel entrances of a
suitable size for the fish, and 3) be near other adult territories. Ill) Juveniles originally settling in adult
colonies do so by 1) taking refuge from the aggression of adults in small holes inaccessible to adults and 2)
reducing attacks by adults by settling between the territories of multiple adults in "halos" of undefended
space. As juveniles in adult colonies grow, chases by adults on the juveniles decrease, while chases by
juveniles on conspecific adults and heterospecifics increase. Territory size correlates w ith fish size in adult
colonies; as the fish grows, it probably expands its territory at the expense of neighboring adults, and
eventually obtains a territory suitable for an adult. Settling in adult colonies and eventually obtaining space
required by adults m ay be easiest for juveniles that originally settle in adult colonies. Juveniles that
originally settle solitarily or in juvenile colonies may later attem pt to enter adult colonies, but, because they
do so as larger juveniles, probably cannot utilize the two settlement strategies seen in juveniles which
originally settle in a d u lt colonies.

Key words. Stegastes nigricans, recruitment, Moorea, colony, territory, hierarchy of territoriality,
settlem ent strategies, Pomacentrid

Sale (1980) docum ented three settlement
strategies by which Pomacentrus wardi gain space;
1) "the flank attack," in which recruits settle on the
borders of adult territories, 2) "topological
deception," in which juveniles settle in adult
territories, avoiding adult aggression by taking
cover in the topology of the substratum , and 3) the
"I'll take almost anything strategy," in which
recruits settle in areas previously and currently
unoccupied by adults.
Assuming that adults
occupied "good" sites and defended their sites
from juveniles, Sale (1980) argued that the first
two strategies allowed juveniles to access "good"
space.
Sale (1974) reported these first two
strategies in juvenile Abedefduf lachrymatus,

Introduction
Survival to adulthood has traditionally been
considered limited by the survival of planktonic
larvae (Doherty 1982; Victor 1986; Williams et al.
1994). Recent studies, however, dem onstrate the
importance of the post-settlem ent juvenile stage
(Jones 1991; T upper and Boutilier 1995).
Recruitment success has been shown to vary
with the distribution of habitats (Levin 1993,1994),
habitat complexity and the availability of food
(Tupper and Boutilier 1995), and predator and
shelter abundance (Shulman 1985; M iranda and
H ubbard 1994).
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Pomacentrus apicalis, P. flavicauda, an d P. wardi, an d
docum ented their capabilities of then expanding
their territories at the expense of neighboring
adults.
Juvenile P. wardi utilizing the third
strategy settled for inferior sites, probably w aiting
for vacancies in "good" space (Sale 1980).
This stu d y I) examined the costs and benefits
of different settlem ent strategies, II) quantified the
territory requirem ents of adults, and III)
investigated mechanisms by w hich juveniles
utilizing different settlem ent strategies make the
transition to adults holding these territories in
juveniles of the pomacentrid, Stegastes nigricans.
Stegastes nigricans is found in the IndianPacific O cean (Allen 1975).
A dults defend
individual territories that provide food and sites
for reproduction and shelter. These territories are
clustered, form ing colonies.
Prelim inary observations found juveniles to
occur 1) in ad u lt colonies, 2) in juvenile colonies,
and 3) solitarily.

Costs and benefits
The differences between these three strategies
can be broken into two prim ary com ponents: 1)
degree of aggregation and 2) size of neighboring
fish. Fish in adult colonies are 1) aggregated an d
2) surrounded by large neighbors. Fish in juvenile
colonies are also 1) aggregated, b u t are 2)
surrounded by small neighbors. Fish that settle
solitarily are 2) not aggregated, an d have 2) no
neighbors.

Costs an d benefits may be associated with
each of the two components (Figure 1).
Degree of aggregation
Chases against
heterospecifics decreased and chases against
conspecifics increased w ith increasing distance
from the colony edge in Stegastes planifrcms
(M eadows 1995). Surrounding territories buffered
fish near the center from heterospecifics, but also
exposed them to more conspecifics. Extending this
to juveniles settled solitarily and juveniles settled
in colonies should reveal a tradeoff: com pared to
settling solitarily, settling in a colony should lead
to fewer heterospecific chases (benefit) (Figure 1,
2), but m ore conspecific chases (cost) (Figure 1, 2).
Size of neighboring fish. Defensive actions,
effectiveness of the attempts, and algal biomass in
territories increased with fish size in Stegastes
dorsopunicans (Foster 1985). If this is true for S.
nigricans (Figure 1), a fish with larger neighbors
should be m ore buffered from heterospecifics and
consequently should have access to a greater
am ount of algae (benefit) (Figure 2). Because S.
nigricans are territorial against both heterospecifics
and conspecifics, larger neighbors should also
better defend against conspecifics. Therefore, it
should be m ore difficult for juveniles settling near
larger neighbors to obtain space (cost) (Figure 2).
We test this model for two different
recruitm ent strategies: recruiting in an adult
colony and recruiting solitarily aw ay from
conspecifics. Juveniles in juvenile colonies were
too rare to be studied. Unfortunately, this limits

Size o f fish

^Small (juvenile)

Ability to defend
from heterospecifics

lo w 4 ---------------

•Ahigh

Ability to defend
from conspecifics

lo w 4---------------

A h ig h

D egree o f aggregation

N o t clustered (solitary)

Frequency of agonistic
heterospecific interactions

h igh 4--------------------------

-A lo w

Frequency of agonistic
conspecific interactions

lo w 4 --

-A h ig h

Big (adult]j

flu stered (colonial)
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Figure 2. Costs and benefits of individual juveniles settled in different habitats

M ethods an d m aterials

us to only a coarse test of this model.
Benefits—Food: Juveniles in adult colonies
should benefit from joint defense of the territories
and larger neighbors. 1) Juveniles in adult
colonies
should
less
frequently
chase
heterospecific intruders than do solitary juveniles.
2) As a re s u lt juveniles in ad u lt colonies should
have access to more food.

Site
D ata were collected via snorkeling and free
diving from October to November 1997 at Gump
Reef in front of the UC Berkeley Gump Biological
Research Station on the west side of PaoPao Bay in
Moorea, French Polynesia (Figure 3). Visibility
ranged from one to five meters, depending on
weather. The reef averages a depth of 0.5-3 meters
before it drops off to 30 meters. The fish observed
in this study inhabited stands of dead Acropora at
depths between 0.5 and 3 meters; other Stegastes
nigricans w ere seen elsewhere to inhabit partially
live Parites.

Costs—Agonistic
interactions
w ith
conspecifics: 3) C om pared to solitary juveniles,
juveniles in ad u lt colonies should have more
agonistic interactions w ith conspecific adults.

Suitable space
We attem pt to quantify the territory
requirem ents for ad u lt S. nigricans and to
determ ine its availability. 4) Fish of different sizes
m ay utilize shelter resources. Fish TL should be
directly proportional to tunnel entrance size. 5)
A dult space m ay be limited.

Fish total length was estimated by observing

Obtaining suitable adult space
We
also
investigate
trends
in
the
aforem entioned data and conduct prelim inary
m odel-bottle tests to leam about juvenile strategies
for m aking the transition to adults holding adult
territories.

Figure 3. The island of Moorea. Study site is boxed.
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and ham m er to remove a portion of the dead coral
from three categories of space: 1) inside the
juvenile's territory, 2) inside an adjacent adult's
territory, and 3) outside the colony. Algal density
was also estim ated for ten juveniles outside of
adult colonies by sam pling in the same m anner
from two categories of space: 4) inside the
juvenile's territory and 5) outside the juvenile's
territory. Because algal cover varied little within
each category of space, each sam ple is considered
representative of the entire area. The coral was
then dried for 24 hours in a standard plant drier.
After drying, all algae was rem oved from a square
cm of surface area under a dissecting microscope
and w eighed to the nearest ten-thousandth of a
gram. Differences in algal biomass per square cm
between categories of space w ere examined with a
Kruskal-Wallis One Way ANOVA on Ranks and
the Student-Newman-Keuls Method.

the fish until it swam in front of a reference object,
which was then measured. Fish smaller than six
cm total length (TL) are referred to as juveniles.
Distribution
A transect was run along the bottom of the
reef and every fish along and w ithin a meter of the
line was observed for five minutes. I recorded
home range size and location, within home-range
tunnel entrance sizes, social situation (in a colony
or solitary) and fish total length. Home range was
defined as the space occupied by the fish; the
length and breadth of this space was m easured
with a ruler and used to calculate its total area.
Tunnel entrances in the substrate were m easured
along its longest axis and along the axis normal to
that line. Tunnel entrance depth was sounded by
placing a ruler into the hole until the rear wall was
hit. Tunnels were typically extensive networks;
fish were often observed entering from one
opening and exiting from another.

Costs associated with defending food were
estimated
by
counting
chases
against
heterospecific herbivorous intruders.
Chase
frequency differences betw een solitary and
colonial juveniles w ere determ ined with the
M ann-W hitney Rank Sum Test using the statistical
program SigmaStat (Jandel Scientific 1994). The
correlation coefficient relating fish TL and chases
was determ ined and I tested the slopes of the lines
against a slope of zero.

Costs and benefits—Food
Each of 21 juveniles in adult colonies and 21
solitary juveniles was observed once for ten
minutes.
Access to food was estimated by
counting bites at algae, m easuring home-range
size, and quantifying algal density.
Bites at algae. Bite data w ere converted to bite
per minute ratios and plotted against fish TL.
Regressions and r-values were computed. I tested
for a difference between the regressions for
solitary juveniles and juveniles in adult colonies.

Costs and benefits—Interactions with conspecifics
Chases by and against adults were counted
during the same ten-m inute periods described
above. A dults did not always respond to chases
by juveniles, so chases against adults are better
described as agonistic interactions directed tow ard
adults by juveniles. Differences in chases between
solitary juveniles and juveniles in adult colonies
were determ ined with the M ann-W hitney Rank
Sum Test using the statistical program SigmaStat
(Jandel Scientific 1994).

Home range size. These data on home ranges
were combined with those from the transect
described above. Although home ranges were
determ ined after ten m inutes of observation in this
section and after only five minutes in other
sections, the data were combined because the two
sets of data did not differ significantly from one
another.
Regressions and r-values were
computed. I tested for a difference between the
regressions for solitary juveniles and juveniles in
adult colonies.

Suitable space
To determ ine the size of the fish that could fit
into tunnel entrances, 112 specimens of Stegastes
nigricans from the California Academ y of Sciences
were m easured for total length (TL), greatest body
depth, and greatest body w idth. Growth curves
for these m easurem ents w ere then constructed.

Algal density. Preliminary observations found
a visually obvious difference in algal tuft densities
and lengths between areas in colonies and areas
outside of colonies. Algal density was estimated
for ten juveniles in adult colonies by using chisel
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The largest fish that could physically fit into the
entrance was determ ined, using the grow th curves
and plotted against the size of the fish occupying
the home range that contained the tunnel entrance.
The fish sizes com puted were those that could
physically fit into the entrances. However, a fish
might choose a slightly bigger tunnel entrance.
Another graph was constructed by plotting the
depth of tunnel entrances possessing an opening
with a greatest axis of at least 5 cm against fish
total length. Correlations w ere com puted and
regressions w ere tested against slopes of zero for
both sets of data.

territorial fish. A 3.4 cm. juvenile was captured
with hand nets and p u t in a clear glass jar. The jar
was placed in the territories of fish 1.9,1.9, 3.2, 4.3,
4.7, 4.9, 6.2, and 10.6 cm TL for five minutes,
during which their reactions were recorded.
Aggressive behavior was divided into five
categories.
Bite: a forw ard motion of less than one body
length tow ard the model-bottle fish, ending with
the attacking juvenile contacting the bottle with its
mouth.
Charge and bite: same as "bite," except the
forw ard motion is an accelerating swim of more
than one body length.

Saturation of habitats and the distribution of
the different sized tunnel entrances in the field
were determ ined using a 200-meter transect line
across the reef. A t each meter, fish w ithin a half
meter of the transect line w ere observed for five
minutes. Home-range size, the num ber and size of
tunnel entrances w ithin the home range, size and
social situation (in a colony or solitary), and terrain
(sand or dead coral) w ere recorded using the
methods previously described. If no fish were
present, only terrain and tunnel entrance sizes
were recorded for the area w ithin a half meter of
the transect.

Charge w ithout bite: an accelerating forward
motion of more than one body length toward the
model bottle, but ending with braking and no
contact between the attacking juvenile and the
model bottle.
Display: the attacking juvenile presents one side to
the facing model-bottle fish while extending its
m edian fins. The attacking fish then often rotated
its body so that its dorsal spines were pointed at
the model-bottle fish.
Tail beat: the attacking juvenile presents one side
to the facing model bottle fish and beats its tail
tow ard the model-bottle fish.

A dult colonies w ere always situated on
relatively tall patches of dead coral. These coral
patches provided the large tunnel entrances
required by adults. The relationship between the
coral-patch area and num ber of fish in the colony
was assessed by m easuring the size of the area
occupied by the dead coral patch and counting the
number of fish in the colony. The length and
breadth of the coral patch was m easured with
transect tape and used to calculate its total area.
The number of fish was estim ated by counting the
number visible in a tw o-m inute period, using a
hand counter. This was done three times, and the
mean value was used. Because the fish seldom
remained out of view more than half a minute, a
two-minute observation provided the best chance
of counting all fish in the colony. Regressions
were com puted, r-values w ere determined, and
regressions w ere tested against slopes of zero.

Results
Distribution
Juveniles settle in adult colonies, juvenile
colonies, and solitarily. Juveniles in adult colonies
always occurred at the boundaries of adult
territories and often at the junction of several adult
territories. Juvenile colonies were situated outside
of adult colonies and consisted of two to ten
juveniles in contiguous territories.
These
territories
were
defended
against
both
heterospecifics and conspecifics. Adults occurred
exclusively in colonies. No fish greater than six
cm total length were found solitarily or in juvenile
colonies. The second transect (200m) resulted in
similar results.

Obtaining suitable adult space
Costs and benefits—Food

Preliminary model-bottle tests (Myrberg and
Thresher 1974) w ere perform ed to determ ine the
effect of intruder size on the aggression of the

No significant differences were observed in
bites taken between solitary juveniles and
SI

r=0.87, Figure 5, respectively). Those juveniles
settled in adult colonies had smaller hom e ranges
than solitary juveniles (P<0.01; Figure 6).
No statistical difference in algal density per
square cm existed between the territories of adults
and the home ranges of juveniles in adult colonies
(P>0.05; Figure 7), nor between the home ranges of
solitary juveniles, the area outside of adult
colonies, and the area outside of solitary juvenile
home ranges (P>0.05; Figure 7). Both the

Fish Total Length (cm)
Figure 4. H om e range size o f solitary juveniles. Solid line
represents regression line; dashed line represents 95 per cent
confidence interval. (N=36)

Figure 6. D ashed line represents the regression for solitary
juveniles; solid line represents the regression for fish in adult
colonies.
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Figure 5. H om e ra n g e/ territory size o f fish in adult colonies.
Solid line represents regression line; dashed lin e represents 95
per cent confidence interval. (N=63)
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juveniles in adu lt territories (P>0.05). W hen homerange size was plotted separately for solitary
juveniles and juveniles and adults in adult
colonies, home range size was positively
correlated w ith fish size for both solitary juveniles
and juveniles in ad u lt colonies (r=0.62, Figure 4;
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Figure 7. M eans connected by horizontal lines do not differ
significantly by the Kruskal-Wallis One Way ANOVA on
Ranks and the Student-Newman-Keuls Method (P>0.05)
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territories of adults and the hom e ranges of
juveniles in adult colonies contained a higher
density of algae per square cm than the home
ranges of solitary juveniles, the area outside of
ad u lt colonies, and the area outside the home
ranges of solitary juveniles (P<0.05; Figure 7).
Juveniles <4 cm TL in adult colonies
conducted fewer chases against heterospecific
intruders than did solitary juveniles (P<0.05);
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Figure 10. C hases directed b y adults at juveniles in adult
colonies are negatively correlated with size.
Solid line
represents regression line; dashed line represents 95 per cent
confidence interval. (N=21)
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juveniles >4 cm TL did not demonstrate a
statistically different frequency of chases against
heterospecific intruders (P>0.05) (Figure 8, Figure
9)-

4

Fish Total Length (cm)
Figure 8. Solitary juveniles: chases against heterospedfic
intruders. (N=21)

Costs and benefits—Interactions with conspetifics
The larger the juvenile in the colony, the less
the adults chased it (r=-0.52, p<0.05; Figure 10).
The locations of the chases also differed between
younger an d older juveniles. Younger juveniles
w ere chased regardless of their location in their
hom e ranges, w hereas older juveniles were chased
only at the edges of their home ranges, and often
only after they had taken bites of algae from inside
the neighboring ad u lt's territory.
Solitary
juveniles
never
encountered
adults
and
consequently w ere never chased by adults.
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Juveniles less than four cm in adult colonies
never initiated agonistic interactions with adults
(Figure 11), although adults did intrude upon
these juveniles' hom e ranges. Six out of seven
juveniles over four cm in adult colonies initiated
such interactions (Figure 11). Solitary juveniles
never encountered adults and consequently never
initiated agonistic interactions with adults. Thus,
juveniles >4 cm TL in ad u lt colonies had more

0
0
Fish Total Length (cm)
Figure 9.
Juveniles in adult colonies: chases against
heterospedfic intruders. The number o f chases by juveniles
under four cm TL is statistically different from the number of
chases by juveniles greater than four cm TL. (N=21; P<0.01)
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Suitable space

The d ep th of tunnel entrances having an
opening w ith a greatest axis of at least 5 cm was
positively correlated with the total length of the
fish holding the hom e range containing the tunnel
entrance (r=0.79; P<0.01; Figure 12). Fish of a size
greater than eight cm TL always held territories
that contained at least one and often more than
one tunnel entrance measuring more than five cm
along its greatest axis and deeper than ten cm.
Fish size w as positively correlated with the
m axim um -size fish that could take shelter in the
largest tunnel entrance of the home range (r=0.81;
P<0.01; Figure 13), as determined by growth
curves of greatest body depth and greatest body
w id th and the TL of fish (Figure 14, Figure 15).

jj

ro
to
c
ro

■|
o
<

0

2

4

6

Fish Total Length (cm)

Figure 11. Juveniles in adult colonies: Agonistic interactions
initiated by juveniles against adults. The number o f initiations
by juveniles under four cm TL is statistically different from the
num ber of initiations by juveniles larger than four cm TL.
(N=21; P<0.01)

Degree of saturation of habitats.
The 200
m eter transect included 50 percent of the reef
covered w ith sand and eight percent of the reef
covered w ith dead coral containing no tunnel
entrances. N o Stegastes nigricans of any size was
found in these habitats. Twenty-eight percent of
the reef contained tunnel entrances of a size which
juveniles w ere seen to inhabit in nature; of these
holes, thirty percent were occupied by juveniles.
Fourteen percent of the reef contained holes of a
size which adults w ere seen to inhabit in nature; of
those tunnel entrances, 93 percent were occupied

Figure 12. Depth of holes w ith openings greater than five cm
v s TL o f fish occupying the area containing the holes. Solid
line represents regression line; dashed line represents 95 per
cent confidence in terval (N=35)

Fish Total Length (cm)
agonistic interactions with adults than did solitary
juveniles and juveniles <4 cm TL in adult colonies
(P<0.01).
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Figure 13. M axim um size o f fish that can fit into the largest
h o le v s size o f fish occupying the area containing the holes.
Solid line represents regression line; dashed line represents 95
per cent confidence interval. (N=35)

Obtaining suitable adult space

Fish Total Length (cm)
Figure 14. Growth curve o f greatest b od y depth in Stegastes
nigricans.
Solid line represents regression; dashed line
represents 99 per cent confidence interval. (N=112)

Model Bottle. Aggressive behavior tow ard the
model-bottle fish was seen from all fish larger than
1.9 cm TL. The types of behavior consisted mainly
of bites and charge and bites, although the number
of times these aggressive acts were performed
varied. The two smallest juveniles (both 1.9cm)
exhibited a behavior which consisted of floating
slowly upw ard or laterally with the head higher
than the rest of the body and the body
perpendicular to the ground. Their coloration was
lighter than normal, becoming light tan, while the
forehead became darker. On a few occasions
during casual observations of natural interactions,
juveniles under 1.9 cm TL (as low as 0.9 cm) were
seen to direct aggressive behavior tow ards other
juveniles, but never against other juveniles
significantly larger (more than 1 cm larger) than
themselves.
D iscussion
Costs and benefits
Food. Three factors were studied to determine
how the intake of food is affected by social
situation; bites, algal density, and territory size.

Figure 15. Growth curve of greatest b od y w id th in Stegastes
nigricans.
Solid line represents regression; dashed line
represents 99 per cent confidence interval. (N=112)

by adults. The portions of the reef th at contained
tunnel entrances large enough for b u t not
inhabited by adults w ere located >5 m eters from
any other tunnel entrances of an equivalent size.
Relationship Between Sizes of Coral Patch and
Fish Colony. N ot surprisingly, the num ber of fish
in a colony increased w ith increasing size of the
coral patch (r=0.94; P<0.01; Figure 16).
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Coral patch size (sq. cm)
Figure 16. Coral patch size vs fish colony size. (N=14)

Although the num ber of bites taken by solitary
juveniles did not differ from those by juveniles in
adult colonies, the quality or am ount of food
ingested in each bite may have differed. Juveniles
in adult colonies had on average four times as
much algae by density per square cm in their
territories as did solitary juveniles. But solitary
juveniles had larger home ranges than juveniles in
adult colonies, and thus had access to a w ider area
for food. If the am ount of algae per square cm in
each territory is adjusted to the total am ount of
algae in each territory by m ultiplying hom e range
size by am ount of algae per square cm, the
juveniles in adult colonies had access to the
greatest am ount of algae. It should follow that
they consume either food of higher quality, or a
greater am ount of food, w ith each bite.
Juveniles under four cm TL in adult colonies
rarely needed to defend against intruders because
intruders were usually driven off by nearby
adults. Home ranges of these juveniles were
small, and approach by intruders usually m eant a
close approach to a nearby adult territory holder.
Thus, an attack by a heterospecific on the
juvenile's home range may have been interpreted
by the adult as an attack on the adult's territory
and consequently defended against by the adult.
Larger juveniles, however, defended their own
larger territories against adults and consequently
had to defend more against heterospecific
intruders. Thus, juveniles less than four cm TL in
adult colonies experienced the benefit of decreased
cost of defending food.

defend more against heterospecific intruders, but
also had less dense algae.
Agonistic interactions. Both living in an adult
colony and living solitarily has its costs. Juveniles
in adult colonies were chased by adults while
solitary juveniles had to chase heterospecific
intruders away. Chases by adults were often
violent, involving darting actions of adults tow ard
juveniles.
Chases
by juveniles
against
heterospecific intruders were often as intense,
involving spine erection and darting. However,
the two actions differed in that juveniles chased by
adults w ere at risk of being injured and therefore
were compelled to avoid the attacking adult.
Attacking an intruder was much less dangerous in
terms of risk of injury, and the juvenile always had
the option to, and occasionally did, ignore the
intruder.
Thus, the tradeoff for juveniles in adult
colonies is a decreased need for defense against
heterospecifics (for juveniles <4 cm TL) and
increased food availability (for all juveniles), but
increased agonistic interactions w ith conspecifics
(more so for juveniles <4 cm TL than juveniles >4
cm TL).

Suitable space
Degree of Saturation of Habitats. Large tunnel
entrances in num bers too small for the formation
of a colony of adults w ent unoccupied. Small
tunnel entrances in any distribution w ent
unoccupied. Large tunnel entrances in a clumped
distribution, however, were almost completely
occupied. This suggests that tunnel entrance size
and distribution of tunnel entrances together
define a suitable habitat for adults. The data show
that territories held by adults 1) correspond in area
to total length of fish, 2) contain holes of a suitable
size for adults as determ ined by the growth
curves, and 3) are near other adult territories.
Taking this definition of "suitable" space into
consideration, all suitable adult habitats were
occupied. This further suggests that competition
for entry into adult colonies is intense.

Defensive actions, effectiveness of the
attempts, and algal biomass in territories increased
with fish size in Stegastes dorsopunicans (Foster
1985). Because the larger adult S. nigricans readily
defended against intruders, nearby small juveniles
enjoyed the benefits of reduced need for defense of
food. By settling near ad u lt territories in adult
colonies, juvenile S. nigricans had access to the
increased food commonly associated only with the
larger adults.
In contrast, the algae inside solitary juveniles'
home ranges did not contain a significantly higher
density of algae than outside the home ranges.
Compared w ith the algae inside the hom e ranges
of juveniles in adult colonies, the am ount in the
solitary juveniles' home ranges was significantly
lower. Thus, solitary juveniles not only had to

Relationship Between Coral-Colony Size and
Fish-Colony Size. The tight correlation between
coral-patch size and fish-colony size indicates that
space is limiting (Sale 1972). Adults, therefore,
probably compete for space.
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negative correlation between fish TL and chases
by adults. However, this negative correlation
could also support an alternative hypothesis, that
adults are simply responding to the greater risk
presented by the larger juvenile. Regardless of the
cause, the im portant idea is that these juveniles, if
they can initially survive despite the pressure by
adults, experience increasingly reduced pressure
by adults.

Obtaining suitable adult space

Given the above definition of suitable space,
as a juvenile in an ad u lt colony grows and
becomes an adult, it m ust expand its territory such
that the territory 1) is of an area corresponding to
its TL, and 2) contains tunnel entrances of a
suitable size. Sohtary juveniles m ust do the same
if they try to enter the colony.

Hierarchy of territoriality. The term "home
range" has been used liberally up to this point
because territoriality by definition requires
defense of the area used. Defense against both
conspecific and heterospecific intruders of all sizes
was only seen in colonial fish greater than four cm
TL. Thus the term territorial could be applied to
those fish. Colonial fish smaller than four cm TL
were seen consistently to defend their territories
against other juveniles but not against adults,
indicating a hierarchy of territoriality: fish
selectively defended against only those intruders
they could successfully deter.

This raises the question of how juveniles make
this transition to adulthood.
Juveniles in adult colonies. Although the
distribution of juveniles relative to adults
appeared random , juvenile preference during
settlement may not be. Juvenile Stegastes nigricans
may be attracted to the greater am ount of algae in
adult colonies.
A dult Stegastes nigricans are
territorial over food; any conspecific that locates
w ithin its space is im m ediately a competitor. N ew
recruits of Stegastes nigricans settling in adult
colonies experienced intense violent chases by
adults. This implies that even if juveniles are
attracted to the food surrounding adults,
aggression by adults m ay cause some of the
juveniles to settle outside of the colonies. If so,
juveniles in adult colonies may be only those
juveniles that originally w ere able to w ithstand
chases by the adults.

Although preliminary and few in numbers,
model-bottle tests supported the idea of selective
defense. The model-bottle fish was 3.4 cm TL, and
fish smaller than that defended their territories
against the fish, suggesting that a fish will defend
against a larger fish. But how much larger the
intruder can be is limited. Both 1.9 cm juveniles
did not exhibit overt aggressive behavior towards
the 3.4 cm model bottle intruder, although fish
smaller than 1.9 cm were seen a few times to
defend against other small juveniles during other
observations. The two 1.9 cm juveniles exhibited a
classic conflict behavior (Bastock et al. 1953) in
which the fish is motivated to attack but also to
retreat (in this case, because of the size of the
model-bottle fish). This m ay be further evidence
that territories are defended only if the chances of
deterring the intruder are fair (i.e. the intruder is
of a size that the territory holder can repel).
However, more model-bottle experiments must be
done before anything can be confidently
concluded.

Sale (1980) noted that small juvenile
Pomacentrus wardi can settle in areas with adults by
utilizing the following strategies. 1) They can take
cover in small holes inaccessible to adults. 2) They
can settle between adult territories, w here defense
by adults may not be as intense. Both strategies
were seen in Stegastes nigricans. Juvenile Abedefduf
lachrymatus, Pomacentrus apicalis, P. flavicauda, and
P. wardi, which also exhibit these two strategies,
may then expand their territories at the expense of
neighboring adults (Sale 1974). If this is true for S.
nigricans, selection for fish that will eventually
obtain adult space in adult colonies may begin at
the mom ent a juvenile is able to stay in an adult
colony despite the presence of adults.

The location of chases by adults at juveniles
changed with age. Smaller juveniles (<4 cm TL)
were attacked throughout their home ranges.
However, larger juveniles (>4 cm TL) were not
attacked if they stayed in the center of their home
ranges. This suggests that adults respected the
larger juveniles' home ranges as territories.

Sale (1980) reasoned that adults eventually
habituate to the juveniles. If the juvenile can
persist long enough by taking cover in small holes
or by settling at the boundaries of adult territories,
the adult may eventually habituate to the juvenile
and reduce aggression tow ards the juvenile. This
hypothesis is supported in this study by the
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Aggressive encounters occurred exclusively at
the edges of the larger juveniles' territories, and
usually only w hen the juveniles ventured outside
of their territories and into a neighboring adult's
territory to feed. That adult chases of juveniles
occurred, and occurred at the edges of the
juveniles' territories, usually w hen the juvenile
ventured into the adult's territory to feed, suggests
that the juveniles w ere expanding their territories.
Further evidence of this expansion is provided by
the correlation between fish size and territory size
of juveniles in ad u lt colonies.

vacated spaces came from "floater" populations of
non-territory-holding,
non-reproductive
S.
planifrons. Juveniles were outcom peted by these
larger floaters. If floater populations exist in S.
nigricans, some juveniles m ay at some time become
members of these populations and eventually take
a vacated space in an adult colony. However, if
natural adult mortality in S. nigricans is low, then
removal experiments are misleading, since vacant
spaces rarely appear in nature and members of
floater populations consequently rarely enter adult
colonies.

Continued grow th by the juvenile and the
concordant increase in competitive abilities leads
to a continued expansion of its territory. This may
be how S. nigricans juveniles that originally settle
in adult colonies make the transition to adulthood
in adult colonies. Obtaining suitable adult space
may thus be a long process, requiring initial
settlement in the colony as a small juvenile.

3) If a juvenile is unable to find a larger tunnel
entrance in a colony, mortality may follow.

Conclusion
Small juveniles cannot effectively defend thenalgal patches from heterospecific herbivorous
intruders while adults can effectively defend
against herbivorous intruders and consequently
hold larger and thicker algal patches. Ability to
defend against herbivorous intruders should
increase with body size. Small juveniles can
"cheat" the curve of body size vs. ability to
d efen d / density of algal patch by settling near an
adult territory in an adult colony.
A cost,
however, is increased chases by conspecific adults
on the juveniles.
Reproductive
success,
requiring
the
obtainm ent of a territory which 1) corresponds in
area to total length of fish, 2) contains holes of a
suitable size for the fish, and 3) is near other adult
territories, may be restricted to those juveniles
who, upon settlement, can w ithstand attacks by
adult conspecifics. A dults normally chase all
herbivorous intruders, both heterospecific and
conspecific. However, juveniles are able to remain
near adult territories by 1) taking cover from
attacks/retreating to small holes inaccessible to the
larger adults and 2) reducing attacks by adults by
settling between the territories of adults, in
"halos" of non-defended space.
As the juvenile grows, pressure from adults on
the juveniles in the form of chases decreases while
pressure from the juveniles on neighboring adults
increases. An increase in the juvenile's body size
leads to an increase in its abilities to defend
against both heterospecifics and conspecifics. It
consequently expands its hom e range and defends
it as a territory. Continued expansion leads to the
obtaining of adult space in an adult colony.

Solitary juveniles.
No solitary juveniles
greater than six cm total length were seen.
Therefore, by the time solitary juveniles reach six
cm. total length, they m ust 1) enter adult colonies,
2) enter floater populations, or 3) suffer from
predation.
1) Sale (1980) docum ented a similar situation
in P. wardi, which he called the "I'll take almost
anything" strategy. These juveniles occupied suboptimal sites. Sale hypothesized that if a juvenile
could survive initially, it could later take the space
vacated following an adult mortality.
These
juveniles using the "I'll take almost anything"
strategy were similar to the solitary juveniles
encountered in this study.
Entrance into adult colonies at six cm should
be difficult. Juveniles of this size would
immediately have to establish territories of
approximately five hundred square cm (Figure 5)
in the presence of extremely territorial adults.
Juveniles that settle as new recruits in colonies, on
the other hand, can take cover in small holes and
between adult territories and only need to
maintain small hom e ranges. These juveniles in
adult colonies can then gradually expand their
territories.
2) Williams (1978) removed individuals from
colonies of the damselfish Stegastes planifrons, a
fish similar to S. nigricans in ecology and
evolutionary history.
New inhabitants of the
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Those juveniles w ho cannot initially w ithstand
adult attacks settle solitarily and m ay never reach
adulthood.
These hypotheses concerning the obtainment
of adult space need to be tested by marking
juveniles at the time of settlem ent and following
them throughout recruitment.
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The Feasibility of Using Butterflyfishes (Family Chaetodontidae) as
Bioindicators of Coral Reef Health
Jung Lee
D epartm ent of Integrative Biology
U niversity of California, Berkeley 94720

ABSTRACT. A study was conducted on the island of Moorea to assess the feasibility of using butterflyfishes of the
family Chaetodontidae as bioindicators of coral reef health. Obligate corallivore Chaetodontids sould be good
candidates for bioindicator species since they coevolved with scleractinian corals and feed directly on them Results
showed a weak correlation for both obligate corallivores as well as all Chaetodontids with live coral cover.
However feeding data showed significant differences in the feeding behaviors of the two Chaetodontids studied,
Chaetodon trifasciatus and Chaetodon citrinellus, in areas of high coral cover versus low coral cover. This suggests
that both species of Chaetodontids show promise of becoming bioindicator species; however more work must be done
in order to determine exactly when butterflyfishes first begin to show signs of stress on a reef.
Keywords : bioindicator, butterflyfishes, Chaetodontidae, coral reefs, Moorea, indicator species

order to make it a good candidate for a
bioindicator species. A good indicator species
must show sign of stress on an ecosystem before
it is too late to do something about it (Jones and
Kaly 1988; Crosby and Reese 1996). C le a rly
bioindicator species are not needed in
catastrophes such as oil spills w here the stress
on the ecosystem is b latan tly obvious (Crosby
and Reese 1996, Erdmann 1997). B ioindicator
species also must be specific to w h at it is
monitoring (Jones and Kaly 1988, Erdmann 1997)
in th at bioindicators should not sound off any
"false alarms" due to natural tem poral
variations w ithin the ecosystem (Erdmann
1997).

Introduction

Coral reef ecosystems are one of the most
diverse on the planet. Because coral reefs are
linked to a w ealth of biodiversity in the ocean,
the deterioration of coral reefs may h a v e
devastating effects on the ocean ecosystem and
the world. For this reason m any protocols h a v e
been proposed to detect stress on a reef before i t
is too late to stop their
deterioration.
Many species of butterflyfishes (fam ily
C haetodonidae) are known to be obligate
corallivores w hich feed directly cm the liv e
tissues of corals (Reese 1977, 1981,1994;
H arm elin-V ivien 1983; Bell et al. 1985;
Hourigan et al. 1988; Crosby and Reese 1996).
For this reason butterflyfishes have been
proposed as possible bioindicator species for
the conservation and m anagement of coral reef
ecosystems (Reese 1977, 1981,1994; Hourigan et
al. 1988; Crosby and Reese 1996)

Butterflyfishes as Bioindicators
Butterflyfishes
are
coevolved
w ith
scleractinian corals (Reese 1977, 1981, 1994;
Hourigan et al. 1988; Crosby and Reese 1996).
They are also brightly colored, diurnal, and
form
monogamous pairs
making
them
rem arkably easy to census and id en tify .
Because many species of butterflyfish are
obligate corallivores
Reese (1977) first
proposed th at they may be used as possible
bioindicator species because they feed d irec tly
on the live tissue of coral (Reese 1977, 1981,
1994; Hourigan et al. 1988; Crosby and Reese
1996).
It has been hypothsized
th a t
butterflyfishes will react to the stress on a reef
in due to the fact that as a reef becomes
progressively stressed, the coral is forced to

The Bioindicator Species Concept
The concept of a bioindicator species h a s
been proposed to detect chronic su b leth al
environmental changes w hich are otherw ise
hard to detect by conventional means (Crosby
and Reese 1996). Good indicator species are
organisms that exhibit certain characteristics
w hich enable the organism to detect su b leth al
stress cm an ecosystem (Jones and Kaly 1988;
Crosby and Reese 1996) . There are sev eral
essential qualities an organism must exhibit in
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Pao Bay, was renamed Slim's Reef for th e
purposes of this study. Site 3 is located on th e
barrier reef flat at Temae. The site w ith th e
highest average live coral cover was th e
barrier reef flat at Temae w hereas the site
with the lowest average live coral cover was
the fringing reef off of Gump Station (figure 2).
Thirteen 50 meter transects were laid out
parallel to the algal ridge at each site. Since
this study was concerned w ith the rela tio n sh ip
between C haetodontids and scleractinian
corals, the transects were purposely laid out in
areas of high coral cover relative to the area.
The distance from the algal ridge v aried
between 10 meters and 50 meters.
The
abundance of all C haetodontid species was
censused as well as the percent live coral cover
and coral composition of each transect. A ll
Chaetodontids w ithin 5 meters of each side of
the transect were counted and recorded,
yielding the total abundance of C haetodontids
w ithin a 500 square meter area. Percent liv e
coral cover was calculated using the Line and
Point Intercept Transect m ethod (O hlhorst et
al. 1988; Crosby and Reese 1996) w here th e
genus of coral was identified and recorded a t
every meter interval w ithin the transect. This
yielded in a total of 50 d ata points for the 50
meter transect. These d ata points were then
simply m ultiplied by two to estim ate the to ta l
percent live coral cover and the percent coral
composition at each particular site.
The study of the feeding behavior of
Chaetodontids focused on using two species of
butterflyfish. Feeding rates were recorded for
Chaetodon
trifasciatus,
an
obligate
corallivore,
and
Chaetodon
citrinellus,
a facultative corallivore as our control
(Harm elin-Vivien and Bouchon-Navaro 1983).
Data were recorded at the site w ith th e
highest live coral cover (Temae) and at the site
w ith the lowest live coral cover (Gump
Station).
Feeding rates were taken for six
individual fish of Chaetodon trifasciatus and
Chaetodon citrinellus at each site. T hree-five
minute intervals were used for each in d iv id u al
fish for a total sampling time of fifteen
minutes. The number of bites as well as th e
material being eaten was recorded for each
fish.
Analysis of Variance tests were used to
determine if there were significant differences
between study sites in the amount of live coral
cover, the number of total obligate corallivore

respire more and to lower its production of
energy storage products such as glycogen and
lipids (Reese 1994; Crosby and Reese 1996).
This leads to a reduction in the nutritional
value of the coral w hich the b u tte r fly fishes
can detect (Reese 1994; Crosby and Reese 1996).
The coral are sessile and are forced to stay in
place, how ever the butterflyfishes are not. It
has been suggested th at butterflyfishes w ill
respond to the change in nutritional value of
the coral, due to the stress on the reef, in
several w ays . These include 1) expansion of a
territory or hom e range, 2) an increase in
agonistic encounters as m ated pairs try to
expand their territory into the territories of
neighboring fish, 3) the eventual em igration to
a "healthier" site as the levels of stress on th e
reef increase, 4) an increase in feeding rates a t
first as m ated pairs try to m aintain th e ir
nutrient uptake, and 5) the eventual decrease in
feeding rates as more time is spent by the fish
foraging for food and defending its territo ry
(Reese 1981, 1994; H ourigan et al. 1988; Crosby
and Reese 1996).
The protocol for monitoring coral reef
h ealth w ith butterflyfishes is inexpensive,
"low-tech", and unobtrusive.
Developing
countries, w here many coral reefs lie, will find
this m ethod especially attractive since th e y
lack funds and equipment for costly extensive
monitoring programs. The purpose of this study
w as
to
determ ine
w h eth er
or
not
butterflyfishes of the family C h aetodontidae
could be used as bioindicators of coral reef
h ealth on the island of Moorea, French
Polynesia. It w as hypothesized th at obligate
corallivore
C haetodontids
would
make
promising
candidates
for
bioindicator
organisms. If butterflyfishes could be used to
successfully m onitor the coral reef ecosystem of
Moorea, this protocol m ay be used throughout
the w orld as a model for the conservation and
m anagem ent of the coral reefs ecosystem.
M aterials and M ethods
This study w as conducted on the island of
Moorea (Society Islands), French Polynesia ( 17
30' south, 149 50' west) . Three sites of varying
coral cover were chosen on the coral reef (figure
1). Site 1 is located on the fringing reef in front
of the Richard B. Gump Biological Station
w hich is situated on the northw est comer of
Pao Pao Bay. Site 2, w hich is located on th e
barrier reef flat on the northeast comer of Pao
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C haetodontids, and the total number of
all Chaetodontids present. Tukey-K ram er
analyses were then used to determ ine between
w hich study sites these differences occurred.
Regression analyses were used for both to ta l
obligate corallivore C haetodontids and to ta l
Chaetodontids versus percent live coral cover in
order to determ ine if a correlation could be
found between the number of C haetodontids
present and the percent live coral cover.
The feeding behaviors of both Chaetodon
trifasciatus and Chaetodon citrinellus w ere
analyzed using t-tests. A t-test was run in order
to determ ine if there was a significant
difference in the number of coral bites taken by
Chaetodon trifasciatus at an area of high coral
cover (Temae) versus an area of low coral cover
(Gump Station).
A t-test was also run for
Chaetodon citrinellus to determ ine if there w as
a significant change in the number of coral bites
taken at Temae versus Gump Station.
In
addition to the number of coral bites, th e
number of noncoral bites taken by Chaetodon
citrinellus at Temae and Gump Station was also
analyzed using a t-test.

Figure 1. Map of Moorea show ing the location of study sites
w ith 1) depicting the reef at Gump Station, 2) depiccting
Slim's Reef,, and 3) depicting the reef at Temae.
Percent Live Coral Cover at Temae, Slir
Reef, and Gump Station
45

Results
The
reef
at
Gump
Station
w as
characterized by high levels of algal cover and
composition, w hereas Slim’s Reef and the reef
at Temae showed little or no algal cover. T he
turbidity of the w ater at Gump Station w as
also higher w hen compared to Slim's Reef and
the reef at Temae. On average days w ith no
precipitation the visibility at Gump S tatio n
would reach 7-9 meters w hereas the v is ib ility
at Slim's Reef and Temae would routinely
reach 15-20 meters.

T

Temae

Slim's Reef
S tu d y
S ite

Gump Station

Figure 2. Graph showing average percent live coral cover
for the sample areas. ANO VA and Tukey-Kramer analyses
idicate that percent live coral coral cover is significantly
different betw een Temae and Gump Staion as w ell as
betw een Slim's Reef and Gum p Station, but not significantly
different betw een Temae and Slim's Reef (p< 0.05).

Regression analysis of total obligate
corallivore C haetodontids versus percent liv e
coral cover revealed a R^ value of 0.42
indicating a w eak correlation between th e
abundance
of
obligate
corallivore
C haetodontids and percent live coral cover
(figure 3).
H owever the same regression
analysis for the total number of C haetodontids
versus percent live coral cover revealed a

Transect D ata
Analysis of Variance and Tukey-K ram er
tests showed that the percent live coral cover
at Temae and Slim's Reef showed a significant
difference w hen compared to the percent liv e
coral cover at Gump Station (figure 2).
H owever the Tukey-Kramer analysis rev ealed
that Temae and Slim's Reef did not d iffer
significantly in the amount of live coral cover.
Analysis of Variance and Tukey-K ram er
analyses also revealed th at there w ere
significant differences in the abundance of bo th
total obligate corallivores and total number of
C haetodontids between all three sites.

nearly identical R^ value of 0.43 signifying
th at the total number of all C haetodontids w as
also w eakly correlated w ith percent live coral
cover (figure 4). In fact the regression analyses
revealed th at the total number of a ll
C haetodontids was slightly better correlated
w ith live coral cover than the number of to ta l

104

obligate corallivores. The slopes of the lin ear
regression lines for both obligate corallivores
and total Chaetodontids were shown to be
significantly different from zero (p< 0.01).

Average Number of Coral Bites b$ h a e t o d o n
trifasciatu s
at Temae vs. Gump Station

Feeding Rates
T-test analyses revealed th at the number of
coral bites taken by Chaetodon trifasciatus as
well as by Chaetodon citrinellus at Temae w as
significantly different from the number of coral
bites taken by the respective fishes at Gump
Station (figure 5; figure 6). T-test analysis also
revealed th a t the total number of noncoral bites
taken by Chaetodon citrinellus at Temae was
significantly different from the total number of
noncoral bites taken at Gump Station (figure 6).
Number of Total Obligate Corallivores
Percent Live Coral Cover

Figure 5. Graph showing the average number of coral bites
by C haetod on trifasciatu s at Temae and Gump Station. T-test
analysis shows that there is a significant difference in the
number of coral bites between the two sites.

vs

Figure 3. Regression analysis using number of total obligate
corallivores vs. percent live coral cover. R2 value of 0.42
idicates a weak correlation between total number of obligate
corallivores vs. percent live coral cover. The slope of the
linear regression line is highly significant when compared
with a slope of zero (p< 0.01).

Figure 6. Graph showing the average number of coral and
non coral bites by C haetod on atrin ellu s at Temae and Gump
Station. T-test analysis indicate a significant difference in
the amount of coral bites as well as the number of noncoral
bites between the two sites.

Discussion
Since we are interested in the re la tio n sh ip
between Chaetodontids and scleractinian
corals, transects were purposefully laid out in
areas of relatively high coral cover for t h a t
particular site. We are not pretending to assess
the percent live coral cover for each site, but for
the purposes of our study it is viable to compare
the data for the area sampled w ithin each
transect.
It was hypothesized that because obligate
corallivore C haetodontids feed directly on liv e
coral tissue, there would be a strong positive
correlation between the abundance of obligate
corallivores and percent live coral cover.

Figure 4.
Regression analysis using number of total
Chaetodontids vs. percent live coral cover. R2 value of 0.43
indicates a weak correlation between total number of
Chaetodontids and percent live coral cover. The slope of
the regression line is highly significant when compared with
zero (p< 0.01).
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determ ine w hen Chaetodon trifasciatus begins
to show signs of change in its feeding b eh av io r.
If Chaetodon trifasciatus can show signs of
change in its feeding behavior due to stress on
the reef before any visible signs of stress could
be seen on the reef itself, Chaetodon
trifasciatus m ay be used as an indicator species.
The significant changes in the feeding
behavior of Chaetodon citrinellus make it a
promising candidate for a bioindicator species
as well. Chaetodon citrinellus ex h ib ited a
significant difference in the amount of coral
bites taken as well as noncoral bites taken at an
area of high coral cover versus an area of low
coral cover. This difference in feeding b eh av io r
indicates that Chaetodon citrinellus as well as
Chaetodon trifasciatus serve as promising
candidates for bioindicator species. In fact as
Chaetodon citrinellus moves from an area of
high coral cover to an area of low coral cover,
the total number of coral bites decrease as th e
total number of noncoral bites increase. T his
may suggest th at Chaetodon citrinellus is not
only changing the number of bites it takes on
coral and noncoral, it may actually be changing
its food preference as well. Up until now most
of the past studies c h i using butterfly fishes as
bioindicators of coral reef health
have
concentrated on the use of obligate corallivores
(Reese 1977, 1981, 1994; Hourigan et al. 1988;
Crosby and Reese 1996; Jones and Kaly 1996).
Perhaps
facultative
corallivores
lik e
Chaetodon citrinellus can also be used to d etect
stress on a reef.
Chaetodon
citrinellus
exhibited a significant change in feeding
behavior between sites in this study. If a
change in the feeding behavior of Chaetodon
citrinellus can be detected early due to stress on
a reef, Chaetodon citrinellus may possibly be
used as a
bioindicator species as w ell.
However like Chaetodon trifasciatus, more
work needs to be done to determ ine when these
changes in feeding behavior occur.
A lthough
butterflyfishes
serve
as
promising candidates for bioindicator species,
there are still some problems w ith using th is
protocol.
In some areas of the w orld
butterflyfishes are being directly exploited by
humans. This is particularly im portant in
areas like the W estern Pacific w here
butterflyfishes are exploited by humans for th e
aquarium trade as well as for food (Erdmann
1997). Clearly the protocol for using b u tterfly -

However past studies cm the subject h a v e
conflicted on how strong the correlation re a lly
is. Some studies have shown th at there is a
significantly
strong
positive
correlation
between obligate corallivore C haetodontids
and percent live coral cover (Bell and G alzin
1984; Bouchon-Navaro et al. 1985; H ourigan et
al. 1988; W hite 1989), w hereas others h a v e
shown that
there
the
correlation
is
significantly w eak or nonexistent (Bell et a l.
1985; Roberts et al. 1988; Cox 1994). This study
shows that the number of total obligate
corallivore C haetodontids is only w eak ly
correlated w ith live coral cover (figure 3).
W hen regression analysis was run on to ta l
number of C haetodontids, it showed a s lig h tly
greater correlation than solely the obligate
corallivores (figure 4). This suggests th at being
an obligate corallivore did not have a
significant influence on the correlation w ith
percent live coral cover. In fact the correlation
w ith percent live coral cover was better if one
took into account all species of C haetodontids.
The low R evalues of 0.42 and 0.43 respectively
indicate that there must be some other factors
than purely live coral cover w hich contribute to
the distribution of C haetodontids in Moorea.
Analysis of Variance and Tukey-K ram er
analyses also support this assertion. Both th e
total number of obligate corallivores and th e
total number of C haetodontids differed
significantly between each site, w hile percent
live coral cover only differed only between
Temae and Gump Station and between S lim 's
Reef and Gump Station.
The fact th a t a
significant difference in the number of both
total
obligate corallivores
and
to ta l
Chaetodontids was seen between Temae and
Slim's Reef, w hile no significant difference w as
observed in the percent live coral cover suggest
th a t there must be other factors involved in th e
distribution of both obligate corallivores and
all Chaetodontids than just live coral cover.
The significant difference in the feeding
behavior of Chaetodon trifasciatus between
areas of high coral cover and low coral cover
indicates that the
obligate corallivore
Chaetodon
trifasciatus is
a
promising
candidate for a bioindicator species. This is
due to the fact th a t Chaetodon trifasciatus
changes its feeding behavior as it goes from an
area of high coral cover to an area of low coral
cover. H owever more work must be done to
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the coral, butterflyfishes may hold an answer
for monitoring coral reef health in the future.

fishes as bioindicators of coral reef health w ill
be severely ham pered w hen assessing these
areas. H owever the real question w ith using
this m ethod 1ies in the tim ing of the early
warning signal. Remember a good indicator
species will signal an early warning of stress on
a reef before it is too late to stop th e
deterioration of a reef. Also a good indicator
species will signal stress on a reef when no
other signs are visible. If one can get a better
assessment of the level of stress by v isu ally
looking at the coral, there would be no need for
bioindicator species. Indicator species must
signal an alarm w hen chronic sublethal stress is
being applied to the reef and when the only
other m ethod of assessing the stress on the reef
is often expensive and high tech. More work
needs to be done to determ ine when exactly th e
changes in butterflyfish behavior begin. If
butterflyfishes show changes in their beh av io r
due to stress on the reef before the reef is
visibly deteriorating, they can be used as
bioindicator species to m onitor the health of
the reef.
The best w ay to use this m ethod is to look
at long term changes in individual pairs of
butterflyfish
over
tim e
(Reese
1997).
U nfortunately this study w as limited to a
spatial study due to time constraints. More
work needs to be done working w ith in d iv id u al
pairs of butterflyfish in order to determ ine
w hen butterflyfish begin to show signs of
change in their behavior due to stress on th e
reef. These changes in behavior include 1)
expansion of a territory or home range, 2) as
increase in agonistic encounters as m ated p airs
try to expand their territory into the territo ries
of neighboring fish, 3) the eventual em igration
to a "healthier" site as the levels of stress on
the reef increase, 4) an increase in feeding rates
at first as m ated pairs try to m aintain th e ir
nutrient uptake, and 5) the eventual decrease in
feeding rates as more time is spent by the fish
foraging for food and defending its territo ry
(Reese 1981, 1994; H ourigan et al. 1988; Crosby
and Reese 1996). If it can be shown that these
changes in behavior occur before the stress on
the reef could be visually assessed looking a t

Conclusion
This study shows that obligate corallivores
as well as all C haetodontids are w eak ly
correlated w ith live coral cover. But more
im portantly this study shows that two species
of Chaetodontids, Chaetodon trifasciatus and
Chaetodon citrinellus, show a significant
differences in their feeding behavior as they go
from an area of high coral cover to an area of
low coral cover. More work needs to be done to
determine exactly when these fishes show a
change in their behavior before this protocol
could be used to monitor the health of the coral
reef ecosystems of the world. If b u tterfly fish
show early signals of stress on a reef, p erh ap s
they can be used w orldw ide in the conservation
and management of coral reefs.
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Effect of the introduced mangrove, R h iz o p h o r a s t y l o s a , on the
diversity and abundance of intertidal gastropods on Moorea, French
Polynesia
Lauren Gershman
D epartm ent of Integrative Biology
U niversity of California
Berkeley, California 94720

ABSTRACT. Abundance and diversity of gastropods living in stands of the introduced mangrove
Rhizophora stylosa w ere studied, and compared to rocky intertidal sites and salt marsh sites inhabited
by the grass Paspalum vaginatum. There was a significant difference in diversity between all three
habitat types, w ith five species of gastropod found exclusively in areas dominated by mangroves.
Abundance of the gastropod Littoraria intermedia, a species commonly found in mangroves throughout
the Indo-Pacific, was considerably higher in the mangroves than in the other two sites, while densities
of Clithon chlorostoma in the mangroves have severely declined. This suggests that the introduction of
a habitat that is dram atically different from the original has both limited as well as aided in the
expansion of gastropod populations on Moorea.
Key w ords. Rhizophora stylosa, Littoraria intermedia, Paspalum vaginatum, Clithon chlorostoma,
mangroves, intertidal, gastropods, Moorea, French Polynesia, introduced species

Introduction
Introduced species can have drastic
effects on a h ab itat, ranging from changes in
the topography and substrate, to increased
sedim entation, w hich can alter the bio ta
(Simberloff
1995).
The
mangrove
Rhizophora
stylosa was introduced to
Moorea in the 1930s for oyster cultivation,
and since then has spread to other sites along
the shore th a t
are conducive to its
establishm ent.
This species offers a new
resource that changes the shoreline enough to
greatly alter the original h ab itat (Ross and
U nderw ood 1997), hence potentially changing
the composition of fauna in the im m ediate
area.
Mangroves are rich habitats
w ith
im portant commercial value. They provide
forest resources such as wood and tannins, and
through a detritus chain, provide nutrition to
the
surrounding
m arine
environment
(Tomlinson 1994). This creates a favorable
h ab itat th a t can serve as spawning and
settling ground for many com mercially
exploited m arine animals such as fish ,
oysters, and other shellfish.
R. stylosa can grow in a wide variety of
habitats, ranging from salt m arsh areas to
coral/rock sand and rock substrates (Duke and

Bunt 1979). The two types of habitats that R.
stylosa has invaded are: 1) wide, flat sa lt
m arsh areas dom inated by the grass
Paspalum vaginatum and bordered by a fringe
of Hibiscus tiliaceus cn the inland edge, and
2) narrow, rocky in tertid al habitats sh ad ed
by a canopy of H. tiliaceus.
The most obvious effect of the mangroves
is a change in the physical environm ent. The
firm substratum of R. stylosa is quite different
than that of a sandy sedim ent surface w ith
grass, or that of a rocky shoreline in that i t
has stilt roots, which branch out from th e
trunk and other established roots (Tomlinson
1994) and w hich grow in an intertw ined
netw ork (personal observation).
The purpose of this study was to
investigate w hether or not the presence of R.
stylosa has affected the abundance and
diversity of gastropods in the intertidal zone.
This may provide the basis for fu rth er
analyses of ecological changes th a t h a v e
occurred as a result of this introduction.
M aterials and M ethods
Study areas
Field data were collected during October
and November, 1997 on Moorea, French
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Figure 1. Map of sampling sites.

Polynesia (17 30' S, 149 50’ W). Mangrove
sites (Figure 1) are located at PK 35, 24, 22
and 21 near H aapiti cm the South-west side
of the island, which has extensive stands of
Rhizophora stylosa.
Site 1 is a newly establishing stand of
mangroves that
consists of seedlings,
saplings, juvenile, and m ature trees that line
the shore and do not extend any further th a n
five meters into the water. One area of th e
site is very dense w ith trees, and the oth er
area has many young trees w ith 1-5 m eter
separation between individuals. Site 2 is an
older site, that consists of very dense m ature
trees w ith seedlings growing among the roots
of the m ature individuals. The trees at th is
site extend up to 45 meters away from shore.
Site three consists of four nuclear trees w ith
10-15 m eter separation between in d iv id u als.
They are 1-7 meters aw ay from shore. Site 4
consists of a dense stand of mature trees w ith
seedlings growing among the roots. The stand
extends up to 25 meters into the water. At th e
northern side of the stand, trees line th e
shore of a stream mouth, and are in b rackish
w ater.
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Various rocky in tertid al sites were
chosen around the island from PK 14 to PK 35
(Opunohu to H aap iti) according to th e
following criteria: the presence of b a s a lt
rocks and boulders w ith a canopy of Hibiscus.
Paspalum sites w ere chosen near PK 35 w here
it grew more than 10 meters continuously
along the shore, and w as undisturbed by
m angroves or other flora.
Sam pling
Densities of gastropods were counted
w ithin transects that w ere 10 m eters p a r a lle l
to the shore. Only the first three meters into
the stand were surveyed for gastropods
because cm prelim inary observations th e y
were not observed any deeper. Snails of th e
genus Lit tor aria occur only cm the outer edge
of m angrove stands (D Reid, pers. comm.), and
sam pling of other species of gastropods w as
lim ited to the outer edge of the stand due to
the inability to reach deeper into the stand.
In transects w here the stand w as less th a n
three meters thick, the w id th of the stand
was also measured, in order to calculate th e
entire area sam pled. Snails w ere m arked

w ith nail polish or w hite correction fluid or
were removed from roots w hen some form of
m arking
was
unavailable, so
th a t
individuals would not be counted more th a n
once.
Sampling w ithin 10 m eter transects w as
also performed in habitats w ith th e
following zonation: Paspalum growing along
the shore, and rocky in tertid al h a b ita ts
w hich had Hibiscus growing beyond th e
rocks, hanging over the w ater.
These
hab itats were used as a control because th e y
are the two types of h ab itat th at have been
invaded by mangroves.

Data Analysis
A t-test and analysis of variance were
used to look at the differences in absolute
densities between mangrove and non
m angrove sites. A Shannon-W einer div ersity
index was calculated to compare div ersity
between
mangrove
and
non-mangrove
habitats, and the results were com pared using
analysis of variance.
Results
D iversity
A total of 15 species were sampled in all

Table 1. List of all species of gastropods collected and the habitats in which they were found.

Species

Mangroves

Rocky
In te rtid a l

Paspalum

Clithon chlorostoma

X

X

X

Ceritheum alveolus

X

Neritina zigzag

X

Puperita reticulata

X

Nerita sp.

X

Cypraea serrulifera

X

Littoraria intermedia

X

X

Littorina coccinea

X

X

Erosaria obvelata

X

X

Nerita plicata

X

Morula uva

X

Mitra cf. paupercula

X

Thais aculeata

X

Oliva sp.

X

Nerita argus

X

Ill

568

Total num ber of snails

600 -r

Habitat
Figure 2. A bsolute population size of L intermedia, based on an equal number o f 10 m transects in each habitat.
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three hab itats (mangrove, rocky in te rtid a l,
and Paspalum) (Table 1).
Analysis of
variance show ed th a t the species d iv e rsity
between the three h ab itat types w as
significantly different (F[3171) = 10.836, P <
0.001). N ine gastropod species were found in
mangroves, five of w hich were exclusive to
the mangroves. N ine species were found in
the rocky intertidal habitat, w ith six species
found exclusively in this habitat.
Three
species of snails were found in both th e
m angroves and rocky intertidal habitats, and
one gastropod species was found in all th ree
habitat types. O nly one gastropod species,
Clithon chlorostoma, was found in Paspalum
(Table 1).

chlorostoma,
w hich
is
very
sm all.
Furtherm ore, these substrates would not
support a gastropod such as a litto rin id ,
whose form of locomotion is adapted to
movement cn a firm substratum like that of
m angrove prop roots (Miller 1974).
The change from a som ew hat s p h e ric a l
shaped basalt
rock h ab itat
to th e
intertw ined prop roots of mangroves is also
quite dramatic. First of all, movement along
the surface of mangroves is lim ited to a
vertical,
rather
than
m ultid irectio n al
migration. The shape of the surface also
discriminates against some gastropod species,
like Nerita plicata, which seem to prefer a
rock surface w ith grooves and indentations
that they can embed themselves in (personal
observation).
The question of w hether or not th e
gastropod species found in the mangroves are
introduced is difficult to answer due to th e
lack of sufficient information. Of all th e
species, Neritina zigzag is not native to
Moorea, but does occur in mangroves in its
natural h ab itat (S Boyer, pers. comm.). It is
unknown however, w hether or not it was
introduced w ith R. stylosa. It was found in
very low numbers which suggests th at it m ay
not have been introduced w ith
th e
mangroves. It is yet undetertim ed w h e th e r
Nerita sp. was introduced to Moorea. A ll
other
gastropods
recorded
from
th e
mangroves have been identified as occurring
in French Polynesia, b u t it is not stated if th e
occurrence is a result of an introduction
(Salvat and Rives 1983).

Abundance
There was a significant difference (t =
2.048, df = 28, P < 0.005) in abundance of th e
gastropod Littoraria interm edia, w hich was
almost 14 times more abundant in th e
mangroves than in the rocky in te rtid a l
habitat, and w hich does not occur at all in
Paspalum (Figure 2). The other two species
that occurred in both the mangroves and
rocky in tertid al, Littorina coccinea and
Erosaria obvelata, were not significantly
abundant to allow for statistical comparison.
Clithon chlorostoma, was the only
gastropod species to occur in all three h a b ita t
types, but had the highest population
density in Paspalum (Figure 3). It was found
in significantly low er numbers in th e
mangroves than in Paspalum (t = 1.796, df =
11, P < .05).

Abundance
Two species' abundances have been
affected significantly by the introduction of
the mangroves: C. chlorostoma, w hich h a s
suffered a decrease in population, and
Littoraria intermedia, which has shown an
increase in population size. C. chlorostoma is
found along the shoreline in an area th a t
experiences very shallow inundation at h ig h
tide, and even at this time is not continually
covered by water. R. stylosa grows out into
the w ater and eliminates the Paspalum in
the im m ediate vicinity.
This effectively
forms a barrier to h abitat suitable for C.
chlorostoma.
L. intermedia, o r the other hand, h a s
become very well established in the presence

Discussion
D iversity
Rhizophora stylosa has severely alte re d
the habitats th a t it has invaded. This tree
provides a large am ount of introduced surface
area, as well as a substratum that is different
from both Paspalum habitats and rocky
intertidal h abitats.
In areas th at are
dom inated by Paspalum, gastropods are not
diverse due to lim itation of substrate. For
example, the sandy sedim ent and small size
of the blade and the base of the tuft of grass
are not large enough or strong enough to
support gastropods much larger than a few
m illim eters in length. Hence the only
gastropod found in Paspalum was C lithon
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of Rhizophora
stylosa.
L ittoraria
intermedia has a w idespread distribution
throughout the Indo-Pacific region, including
Moorea (Reid 1986). It has been extensively
studied in m angrove forests, w here it is often
the most abundant gastropod species.
Furtherm ore, it prefers forests dom inated by
Rhizophora (Reid 1985). Thus it is not
surprising th a t it has proliferated so
successfully in the mangroves cm Moorea.
A lthough this success indicates that L.
intermedia m ay have been introduced w ith
R. stylosa, there are records of the presence of
this species in the Society Islands prior to the
introduction of R. stylosa (Reid 1986).
The fact that five gastropod species were
found only in mangroves suggests th at th e
introduction of R. stylosa has created th e
opportunity for the expansion of those
species’ natural distribution cm Moorea. For
example, Puperita reticulata, which was not
found in rocky in tertid al habitats w ith
Hibiscus, has been observed in large numbers
cm coral conglomerate platform s (personal
observation), the diversity of which was not
the focus of this study. Furthermore, th e
data indicate that an ecological expansion as

well as an expansion of local distribution h a s
occurred w ith respect to L. intermedia.
In conclusion, the presence of R. stylosa
has changed the h ab itats th a t it h a s
invaded, w hich has h ad a dram atic effect cn
m icrohabitats as well.
M icrohabitat can
have a strong influence cm the s p a tia l
distribution of organisms (Crowe 1996). As a
result, the compositions of organisms are
likely to change, m aking the h a b i ta t
inhospitable to organisms th a t w ould h a v e
lived in th a t environm ent prior to th e
introduction, while at the same tim e creating
a new environment to be colonized by o th er
species.
A lthough
the
analysis
of
m icrohabitat preference was not w ith in th e
scope of this paper, it would be interesting to
characterize the original m icrohabitats and
how they have been affected as a result of
the m angrove introduction.
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Burrowing Ecology and Behavior of the Land Crab
Cardisoma camifex in Moorea, French Polynesia
Sarah A nn Bickel
Bioresource Science
D epartm ent of Environmental Science, Policy and M anagem ent
U niversity of California at Berkeley, 94720

ABSTRACT. Investigations of burrowing density and the burrow-entrance-clearing behavior of the land crab
Cardisoma camifex were conducted on the island of Moorea, French Polynesia. A strong correlation (r=.729) was
found between crab carapace width and burrow diameter measured at the narrow-point cross section of the entrance;
this correlation enabled using burrow diameter as an indication of crab size for density studies. Burrow density per
unit area is strongly inversely correlated with average burrow size, using Spearman's rank correlation test and a
significance level of 1 per cent. Burrow density per unit area was not correlated with distance from water. Three
separate tests were conducted to investigate a striking behavior of this species in which it clears the ground
surrounding its burrow entrances of debris; the crabs consume any edible material surrounding their burrows and
they also move most inedible material away from the burrow entrances.
Keywords: Cardisoma camifex, land crabs, burrowing ecology, burrowing behavior

Introduction
Land crabs, m em bers of the crustacean order
D ecapoda, are a fascinating group of organism s
that have ad ap ted to varying degrees of life on
land. Because they occupy the top of the energy
p y ra m id in m a n y tro p ic a l isla n d s w h ere
v e rte b ra te s are a b sen t, th e y offer u n iq u e
opportunities for ecological research (Burggren
and M cM ahon 1988). These crabs are also studied
by physiologists for their com plex adaptations
for gas exchange, and by biologists for w hom
these crabs present a rem arkable exam ple of the
evolutionary transition from w ater to land.
B urrow ing crabs play im portant roles in the
system s they inhabit. Through their burrow ing
behavior, these crabs contribute to the turnover
and aeration of soil, leaf litter breakdow n, and
the rate of energy flow (A lexander 1979). In
addition, land crabs are often a significant hum an
food source on m any tropical islands (Burggren
and M cM ahon 1988).
On the island of M oorea, Cardisoma camifex
is a com mon burrow ing land crab that is observed
very frequently in com munities of burrow s located
near the shore, ro ad sid e, or fu rth er inland in
coconut groves (B attersby and D enhoy 1992).
M angroves, w hich w ere introduced in 1937 and
have since established them selves on the island
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(Stoddart, pers. com.; 1997), m ay be providing
ad d itio n al food an d h ab itat resources for the
species. Very few studies have been conducted of
this species on Moorea.
In fact, little h as been stu d ie d ab o u t the
population and burrow ing ecology of this species
w orldw ide. Virtually nothing is published about
the behavior in w hich these crabs clear debris
from the area im m ed iately su rro u n d in g their
burrow entrances. This study exam ines several
aspects of b urrow ing behavior and ecology in C.
camifex. First, the hypothesis that b u rro w size
is correlated w ith crab size is tested. Next,
factors influencing th e d en sity of C. cam ifex
burrow s are investigated; specifically, the study
tests the po ssib ilities th a t b u rro w d en sity is
correlated w ith crab size an d distance of the
burrow s from the shore. Finally, the behavior in
w hich the crabs clear d eb ris from the area
surro u n d in g their b u rro w s is ad d ressed by the
in v estigation of w h a t ty p es of m aterials the
crabs preferentially clear.
M aterials and M ethods
Study Organism
Cardisoma ca m ifex (H erbst, 1794), in the
fam ily G ecarcinidae, is a large terrestrial crab

common in the tropical Indo-W est Pacific from
East Africa to the Pacific islands (H artn o ll
1988). In the Society Islands, these crabs are
known as tupas and are enjoyed as food by th e
locals. Individual tupas construct and live in
burrows in a variety of h ab itats, including
coastal m udflats, coconut groves, and th e
terrestrial fringes of m angroves (M acintosh 1984).
Burrows are alw ays located near fresh or saline
w ater or w et mud and generally reach the w ater
table, often ending in an enlarged cham ber
(Hogue and Bright 1971). The crab prefers to
construct burrows in a h ard, dry mud substratum
under plant cover; burrow entrances collapse
approxim ately every three weeks and are rebuilt
w hile the deeper parts of the burrow, w h ich
probably do not frequently collapse, rem ain
inhabited (Micheli, G herardi and V annini 1991).
C. carnifex scavenges cm a variety of organic
m aterials, including fresh or fallen leaves, other
plant parts, detritus, and mud (Grubb 1971;
Alexander 1979). C. carnifex is also believed to
regulate the distribution and abundance of p lants
through fruit and seed dispersal of certain plant

species and through consumption of seeds and
seedlings of other species (Lee 1988).
Study Site
All research was conducted on the island of
Moorea, in the Society Archipelago of French
Polynesia, during October and November of 1997.
The prim ary sites used for determining th e
relationship between burrow size and crab size
were located cm or near the property of th e
U niversity of C alifornia's Gump B iological
Research Station.
The site used for burrow
clearing experiments was located cm Gump
Station property adjacent to the bay and just
south of the dock, w hile m ultiple sites
representative of Cardisoma carnifex h a b ita t
were used for density sam pling (Figure 1).
Crab Size versus Burrow Size
Crabs of the species C. carnifex were caught
at night using nets as they scampered tow ard
their burrows. It was necessary to know w h ich
burrow each crab lived in, so when a crab was
found out of its burrow, the net was placed over

Figuie 1. Map of Moorea, French Polynesia showing the location
of study sites on the island.
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of its b u rro w entrance. For all experim ents, the
test area s u rro u n d in g each b u rro w w as first
cleared of organic and inorganic m aterials dow n
to th e m in e ra l so il, w ith a r a d iu s of
approxim ately 30 cm. In the first tests, edible
and in ed ib le m a teria ls w ere p la ced a ro u n d
different burrow s. Edible m aterial consisted of
H ibiscus tilaceus leaves, an d ined ib le m aterial
consisted of m arked coral rubble. T w enty five
gram s of w hole Hibiscus leaves, equaling betw een
4 and 9 leaves, w ere placed aro u n d each of 15
burrow s, w hile 270 gram s of m arked coral rubble
of different sizes w as placed aro u n d each of 15
different burrow s. All burrow s w ere 5 cm w ide or
greater. The volum e of m aterial placed at each
b u rro w w as ap p ro x im ately the sam e for b o th
treatm ents and m easured about 500 mL. Leaves
and rubble w ere placed w ithin a 15-cm rad iu s of
the burrow opening. Leaves w ere w eighted dow n
w ith m inim al am ounts of d irt and sm all pebbles
to prevent them from blow ing aw ay. A fter 17
hours, all rem ain in g m aterial w ith th e 15-cm
radius w as rem oved an d w eighed. D ata w ere
expressed as percentage of m aterial left around
the burrow s and w ere analyzed using a Students'
t-test.
The second burrow -clearing test w as designed
to determ ine w h eth er C. carnifex p referen tially
clear larger m aterial over sm aller m aterial from
the space around their burrow s. C oral rubble of
three different w eight classes w as placed around
10 burrow s each, for a total of 30 burrow s. All
burrow s w ere m ore than 5 cm in diam eter, and
rubble was placed w ithin a 10-cm rad iu s of the
burrow opening. Small rubble m easured 1-lOg,
m edium m easured 10-25g, and large m easured 2540g; 155-160g of m arked coral rubble w as placed
at each b u rro w . The exact m ass of m aterial
placed at each burrow w as recorded.
After 24 hours, rubble rem aining w ithin a 15cm rad iu s of each b u rro w w as collected and
w eighed. A lthough rubble w as placed w ithin a
10-cm rad iu s, a 15-cm ra d iu s w as chosen for
collectin g re m a in in g m a te ria l in o rd e r to
d iffere n tiate b etw ee n ru b b le th a t h a d b een
m oved slig h tly an d rubble th a t h a d actually
been cleared from the area s u rro u n d in g the
burrow s. The w eight of rubble rem aining w ithin
the 15-cm radius at each burrow w as determ ined
and expressed as a percentage u sin g the exact
w eight reco rd ed for m aterial p laced at each
burrow. Data w ere analyzed using ANOVA.
The th ird burrow -clearing experim ent tested
w h eth er crabs clear d ifferen t ty p es of p la n t

the burrow that appeared to belong to that crab.
If the correct burrow w as netted, the crab w ould
ru n into the n et as it attem p ted to enter its
burrow . Crab size w as expressed as carapace
w idth and was m easured at the w idest point of
the carapace. C rabs w ere m arked to prevent
recaptures. B urrow diam eter w as m easured
twice, once over the w idest cross section and again
over the narrow est cross section of the burrow .
These m easurem en ts w ere taken at th e point
w here the burrow opening constricted the most, up
to a few inches deep, since this is the point which
w ould limit crab size. Prelim inary m easurem ents
sh o w ed th a t carapace w id th co rrelated best
w ith burrow diam eter m easured at the narrow est
point, so narro w -p o in t diam eter m easurem ents
w ere used to establish the correlation. Data were
analyzed using regression.
Crab Size versus Burrow Density
The relationship betw een burrow size and
b u rro w density w as investigated by m easuring
and com paring these two traits w ithin 4m2 plots.
Burrow size was used as an indication of crab size
because it was m uch easier to m easure than crab
size for m u ltip le b u rro w s.
S am pling was
conducted at 6 sites, w ith betw een 2 and 10 plots
p e r site. The b o u n d arie s of each site were
d elin e a te d v isu a lly by the existence of C.
carnifex burrow s. The first plot at each site was
located at the edge of the site nearest the water.
A quadrat m easuring 2 m eters by 2 m eters was
then laid, w ith the edge parallel to the shore.
Subsequent plots w ere chosen by w alking five
paces from the p rev io u s p lot in a direction
p arallel to the coast. If the site w as large
enough, plots w ere also taken further inland by
w alking five paces in from the first row of plots
and doing another row in the same m anner as the
first, as space allow ed. For each plot, the
distance to the w ater was m easured from the edge
of the quadrat closest to the w ater, the num ber of
burrow s was counted, and the diam eter of each
burrow at the narrow est accessible cross section
w as m easured. Burrow diam eters were averaged
over each plot. D ata w ere an aly zed using
Spearm an's ran k correlation test (Pollard 1977);
b u rro w density w as com pared both to distance
from w ater and to average burrow diameter.
Burrow-Entrance Clearing
Three tests w ere carried o u t to determ ine
w h a t ty p e s of m a te r ia ls C.
ca rn ifex
preferentially clears from the ground just outside
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m a te ria l p re fe re n tia lly o v er o th e r ty p es.
M aterial was collected from three genera in three
d iffe re n t fam ilies:
1. leav es of
the tree
Terminalia catappa (C om bretaceae), 2. leaflets
from the fronds of the coconut Cocos nucifera
(A recaceae), and 3. stem s and leaves of the
g ro u n d -c o v e rin g h erb Wollastonia trilobata
(Asteraceae). These genera w ere chosen because
they are very com m on com ponents of the coastal
stra n d h ab itat of C. carnifex. M aterial w as
placed around the burrow s w ithin a 10-cm radius
of the hole and w as w eig h ted d ow n w ith a
m inim al am ount of d irt and small rocks. Each
treatm en t w as com prised of 10 burrow s; each
burrow in the treatm ent received 30 g of plant
m aterial from the sam e genus. After 24 hours,
rem ain in g m aterial w ith in 15 cm w as to be
collected and weighed.

Crab Size versus Burrow Density
U sing S pearm an's ranking correlation test,
burrow size w as correlated w ith b u rrow density
per unit area at the 1 per cent level of significance
(rs=.950 w ith n=30) (Figure 3). N o relationship
was found betw een burrow density and distance
from water.
Burrow S ize versu s D e n sity

Results

Burrow Diameter (cm)

Crab Size versus Burrow Size
Burrow size, m easured as the narrow -point
diam eter, correlated strongly (r"=.729) w ith crab
carapace w id th (Figure 2). W hile collecting
d ata to su b stan tiate this relationship, I often
observed that individual crabs became confused
a n d d iso rie n te d w h en th rea ten ed by field
biologists trying to capture them w ith nets.

Figure 3. Relationship betw een burrow size, expressed as the
narrow-point diameter, and burrow density. Spearman's rank
correlation coefficient rs=.950. The 1 per cent critical region is
rs>.425, so result is significant at the 1 per cent level.

Burrow-Entrance Clearing
In the first burrow -clearing test, no p lan t
m aterial rem ained w ithin the test area of any
burrow in the treatm ent after 17 hours. M any
tu p a crabs w ere observed eating the H ibiscus
leaves and taking them into their burrow s within
the first half-h o u r of the ex p erim en t, so all
m aterial w as likely eaten w ithin a few hours.
However, some coral rubble did rem ain at all of
the burrow s in the rubble treatm ent. In several
instances, rubble w as also fo u n d w ith in the
burrow entrance. In these cases, the rubble was
not collected, since it was im possible to collect all
of it. The am ount of rubble rem aining in the test
area ranged from 14.4% to 87% and averaged
43.9%, w hile the am o u n t of p la n t m aterial
rem aining at all burrow s was 0%. A stu d en t's ttest show ed th at this re su lt w as significant
(P-3.04E-6).
In the second test, in w hich coral rubble of
three size classes w as placed in the test area
around different burrow s, some rubble rem ained
for all th ree w eig h t classes (see appendix).
ANOVA found no significant result in the am ount
rem aining for each w eight class. M arked rubble
was observed inside several treatm ent burrow s
after the d uration of the test. This rubble may

Crab S ize versu s Burrow Size
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Figure 2. The relationship betw een crab size, measured at the
w id est point on the carapace, and burrow size, measured as
the narrow-point diameter (r2=.729).
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have fallen in or m ay have been taken in by the
crabs dw elling in those burrow s for some reason.
It appeared in one b u rro w that the rubble was
placed in such a w ay as to m ake the opening
sm aller.
In the th ird test, in w hich different types of
p la n t m a teria l w ere placed in the treatm en t
areas, no m aterial rem ain ed after 18 hours.
A gain, tu p as w ere observed eating and taking
plant m aterial into th eir b u rro w s im m ediately,
so it is presum ed that all m aterial was rem oved
rapidly from the treatm ent areas. N o statistical
analysis w as necessary for this test since the
crabs rem oved all p la n t m aterial. D uring this
test, crabs from n o n -trea tm e n t b u rro w s w ere
observed "stealing" the plan t materials from the
treatm ent burrow s. In one instance, a crab from a
non-test b u rro w w as observed in an aggressive
conflict w ith a crab from a test burrow over the
leaves of Wollastonia trilobata.
Discussion
Burrow Size versus Crab Size
In d iv id u al crabs of the species C. carnifex
live in burrow s they excavate themselves, so the
b u rro w s are b u ilt to the in d iv id u a l's size
specifications. B urrow s th a t w ere too large
w ould be a w asteful expenditure of tim e and
energy (D unham an d G ilchrist 1988) and m ay
also m ake a sm all crab m ore v u ln erab le to
takeover by larger individuals. A crab could not
live in a burrow that w as too small. Furtherm ore,
B attersb y a n d D en h o y (1992) fo u n d th a t
individuals of C. carnifex d em o n strate b u rro w
fidelity; th at is, each individual burrow belongs
to a single crab, and u n d er norm al circumstances
crabs do not enter other burrows.
H ow ever, this relatio n sh ip m ay not be so
straig h tfo rw a rd in all circum stances: in this
study I observed that u n d er duress, confused or
threatened crabs often attem pted to escape into
the closest b urro w they could find, even if that
burrow w as too small, too large, or was already
occupied. In add itio n , takeover of a sm aller
crab's burrow by a larger m em ber of the species
has been observed in som e crabs such as the
w estern A tlan tic species Ocypode quadrata,
w hich w ould then enlarge the burrow (Wolcott
1988), and could also h ap p en w ith C. carnifex.
Burrows vacated by a dead or reproducing crab
could be taken over by a crab of a different size.
Because this stu d y investigated the relationship
betw een crab size and burrow density by using

b u rro w size as an in d icatio n of crab size, a
correlation betw een crab size and burrow size had
to be established conclusively. N ow docum ented,
this correlation m ay also be help fu l for future
research on C. carnifex ecology.
Crab Size versus Burrow Density
Large organism s need m ore food and space
than smaller organism s; hence, sm aller organism s
are in general m ore ab u n d an t p er u n it area than
larger organism s (Smith 1974). This study found
a strong correlation betw een burrow density and
av era g e b u rro w size.
This su g g e s ts th a t
com petition for resources such as food and space
m ay play a m ajor role in structuring C. carnifex
com m unities. For exam ple, d u rin g this study
m ultiple instances of direct com petition am ong
tu p as w ere observed in w hich in d iv id uals stole
leaves of the species Hibisicus tileaceus from one
another, often in aggressive interactions.
The co rrelatio n fo u n d b e tw e e n av erag e
burrow size and density of burrow s p er unit area
does n o t p ro v id e a com plete an sw er for how
density is determ ined in tu p a com munities. There
are probably m any m ore co n trib u tin g factors.
Battersby and Denhoy in 1992, found an inverse
correlation betw een burrow density an d depth of
the w ater table (r2=.57). O th er factors m ay
include territoriality, canopy cover, an d quality
of substrate for burrow excavation.
For exam ple, C. carnifex generally prefers to
burrow un d er the cover of trees and, in general,
few er burrow s are located in the open than under
trees (Micheli, G herardi and V annini 1991). This
m ay be because the trees p ro v id e food, shelter
from the sun, protection from p red ato rs, or a
com bination of these benefits. F u rth er research
into C. carnifex ecology m ay shed m ore light on
th e m any facto rs th a t re g u la te co m m u n ity
d ensity and stru ctu re in tu p a crabs and other
burrowing organisms.
Burrow-Entrance Clearing
This stu d y show s th a t tu p a s w ill likely
c o n s u m e a n y th in g e d ib le im m e d ia te ly
surrounding their burrow s, thus clearing the area
of p lan t m aterials. H ow ever, the resu lts also
show that this is not the only reason that an area
is cleared of debris around the burrow entrances of
C. carnifex.
The crabs q u ick ly an d often
th oroughly cleared the su rro u n d in g g ro u n d of
coral rubble, a com m on an d inedible m aterial
com parable to small rocks. If given m ore time, the
crabs m ay hav e rid the en tran ce ra d ii of all
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rubble placed there for these tests.
Strong com petition for food leads the closelyrelated species Cardisoma guanhumi to clear the
vegetation around its burrow s and to immediately
seize any freshly fallen leaves or berries, often
dragging them to their burrow s to feed (Herreid
an d F ull 1988).
This is co n siste n t w ith
observations of C. carnifex on M oorea. However,
this is the first study conducted on this aspect of
C. carnifex behavior, and m ore conclusive results
m ay follow from future studies.

com petitive, territorial, or if it serves another
purpose such as allowing faster access to burrow s
or easier b u rro w identification. O bservations
m ade during this study also raise the question of
w h at types of m aterials, if any, tu p a crabs
harbor in their burrow s, and w hat purposes these
m aterials m ay serve.
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Conclusion
D espite m any possible confounding factors,
there is a strong correlation betw een crab size and
b u rrow diam eter. In addition, a strong inverse
correlation w as fo und b etw een crab size and
b u rro w density. O ther factors such as food
availability and habitat quality m ay also play
an im p o rtan t role in d eterm ining po p u latio n
densities of the crab and m ay be studied in the
future.
The ground-clearing behavior of C. carnifex
b eh av io r rem ains largely u n stu d ie d . F uture
studies m ay exam ine w hether this behavior is
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Shell Preference of Calcinus sp. (Crustacea, Decapoda) Based on A perture
Geometry
Emily H atley
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ABSTRACT. Forty-one specimens of Calcinus sp were collected in the mangroves near Haapiti, pk 24, on Moorea,
French Polynesia, and introduced to containers with shells of five aperture shapes to determine a ranking of preference
for each type. The shells' aperture lengths were kept constant while the widths were increased. My hypothesis was
that the crabs would prefer the widest aperture. From thinnest to widest the gastropod families tested were
Cypraeidae (cowry), Conidae (cone), Strombidae (strombus), [Muricidae, Cymatiidae, and Colubrariidae, which had
similar aperture shapes and made up one group] and Neritidae (neritid). I found that the group with three families,
which I called the oval-shaped aperture group was the most popular choice for hermit crabs. Strombus was second,
neritids were third, cones were fourth and cowries were the last choice. Further sampling was done in the mangroves
to see if the crabs' choices were limited by the availability of shell types.
key words: hermit crabs, French Polynesia, Calcinus, aperture, shell selection, Crustacea, Decapoda

and others inhabit lighter shells w ith w ider
apertures for easier m obility (Scully 1979).
Male and female size differences play a role as
well in shell selection differences in some
species (Imazu & A sakura 1994; G herardi et a l.
1994) yet sex differences were not a significant
factor for shell selection in others (Brown et a l.
1993). Shell preferences vary for differen t
crabs based on different conditions of h a b ita t
(Scully 1979; Orians & King, 1964).
Also
learning behaviors effect shell selection
(H azlett 1995). A dult crabs spend much less
time and energy inspecting and trying out new
shells than younger crabs due to their ability to
learn (Goldsmith 1918). Possibly preferences
found in a particular age group of a species of
herm it crabs in one h ab itat may differ from
those in a different age group of the same
species.
A lthough a lot of research has been
conducted cn herm it crabs, the shape of
aperture as an im portant factor in s h e ll
selection has not been given a lot of atten tio n .
This experim ent involved studying th e
im portance of shell aperture geometry to s h e ll
selection in Calcinus sp. The hypothesis w as
that Calcinus sp. would prefer shells w ith th e
w idest apertures w ith respect to the len g th ,
w hich was kept constant between d ifferen t
types of shells. Initial observation in d icated
th a t shells inhabited by crabs were of poor
quality, (i.e. broken, with holes, and covered in

Introduction
H erm it
crabs
are
soft-bodied
crustaceans th a t inhabit em pty gastropod
shells for protection from predation, extremes
of salinity and desiccation (Elwood & N e il
1992) Many studies have shown th at shells are
lim iting resources for most herm it crab species
(G herardi et al. 1994; Provenzano 1960;
Bertness 1980). The poor availability of em pty
shells affects herm it crab growth, survival,
an d reproduction rates (Hazlett 1981; G h erard i
et al. 1994, Imazu & A sakura 1994). Crabs are
constantly searching for better homes because
even if they live in optim al shells, grow th
forces them to search for more appropriate ones
(Elwood 1995).
H erm it crabs' selection processes for
shells have been studied in great detail. To
find shells, crabs use their sense of touch
(G oldsm ith 1918) and chem ical detection of
dying crabs and gastropods (McLean 1974;
H azle tt & H erm kind 1980; Rittschof et a l.
1992). W eight, volume, type, and quality of
shell as well as center of gravity and angle of
shell axis are im portant factors in sh e ll
selection (Orians & King 1964; G herardi et al.
1994; Conover 1978; Scully 1979). D ifferent
species of herm it crabs in different h a b ita ts
h av e different preferences of shells. Some
populations likely choose heavy shells w ith
th in apertures for protection from predation
(Imazu & A sakura 1994; G herardi et al. 1994)
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algae), and there was a
lack of em pty
gastropod shells in the m angrove area in which
the crabs were collected, thus I h y p o th e sized
that the crabs are lim ited by shell resources.
This lack of shell supply may lim it the crabs'
shell aperture preferences in their n atu ra l
h a b ita t.

w ater on the sea floor. They were kept in a
tank w ith running w ater and fed dead
gastropods and bananas until they were
introduced to em pty shells on N ovem ber 3,1997.
Table 1. Mean w idths of aperture for each of
the five shell groups.

M aterials and M ethods
Empty gastropod shells were found in
the Gump station and Gump house drivew ays,
w hich are located near PK 12 in Cook's bay in
Moorea, French Polynesia (Figure 1). S h ells
w ere also found at Temae beach, located off th e
road near PK 0 at the north-east comer of
Moorea. Live neritids were collected at th e
Temae coral conglomerate at the north-eastern
point of Moorea near PK 2. The shells were
cleared of neritids and used for introduction for
herm it crabs. Shells were collected from th e
following fam ilies for introduction to h e rm it
crabs: N eritid ae,
Conidae,
C y p raeid ae,
Strom bidae, C ym atiidae,
M uricidae, and
C olubrariidae. The last three fam ilies stated
have sim ilar aperture shape and are grouped
together as a choice for herm it
crab
in h ab itan cy .
Forty-one sets of five em pty shells were
placed in separate containers. All shells were
unbroken w ithout holes so as to control aperture
shape w ithin each of the five groups. The
aperture length of the five shells was kept as
constant as possible, w hereas w idth was varied
(Table 1). The first shell type w ith the
thinnest aperture was the cowry. Tire second
type of shell introduced was the cone shell.
The cone shell's w idth is a little w ider than
the cowry. The third type of shell, the
strombus, was wider than cowry and cone
shells. The shells from the families:
nruricidiform s, colubrariidiform s, and
cym atiidiform s have an oval-shape aperture
and will be referred to as the oval-shape
aperture group throughout this paper. Lastly
the neritid has the w idest aperture w ith
respect the length; its aperture is almost round.
W ith a sufficient number of em pty
shells, herm it crabs were collected at th e
mangroves between pk35 and pk24
near
H aap iti on the western side of Moorea an
November 1, 1997 (Figure 2). They were found
mostly an rocks, Paspalum, and mangrove tree
roots just above the w ater level. Some crabs
were also found under no more than 30 cm of

Shell group
Cowry
Cone
Strombus
Oval-shaped
Neritid

Mean w idth
.121 cm
.174 cm
.370 cm
.450 cm
.520cm
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Figure 1. Sites of shell collection in
M oorea, French Polynesia a) Gump S tatio n
D rivew ay, b) Temae Coral Conglom erate, c)
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collected shells w ith herm it crabs on N ovem ber
1, 1997 was calculated for each choice.

Before the crabs were introduced to th e
five em pty shells, each crab was removed from
its original shell by placing its shell apex in
hot w ater. The naked crab was then introduced
to a container w ith five shells. The crab was
m atched to the shells by comparing the length
of aperture of the shell in w hich it was found to
the aperture lengths of the shells in each
container. A perture lengths were kept constant.
M any of the crabs inhabited a s h e ll
alm ost im m ediately, but they were given
approxim ately tw enty-four hours from when
they w ere introduced to choose their first s h e ll
preference. Each day, after approxim ately
tw enty-four hours, for five days, an observation
w as m ade as to the preference of shell chosen
by the crab. Then the crab was removed from
its new shell and introduced back into th e
container w ith the rem aining choices. The
shell it chose w as also removed. Thus, each
day the crabs h a d one fewer shell from w h ich
to choose until the fifth day when they h a d
only one shell to select.
The shell preferences for each of th e
crabs were ranked and rank agreement between
sam ples was tested using the K endall
Coefficient of Concordance, W (Siegel and
C astellan 1988). The significance of W was
tested using Chi Square.
After finding the crabs' preferred
shells in the lab, the mangroves were sam pled
between PK 35 and PK 24, (in the same a re a
w here the Calcinus sp were collected), for a l l
em pty shells and shells inhabited by crabs to
see if the crabs' preferences found in the lab are
lim ited in the field. This was done by laying
six 30 m transects along the w ater line w here
crabs are found. Shells were counted w ithin .5
m cm either side of the transect tape along th e
30 m and the types of shells th at were found
were recorded. The sam pling took place cn
N ovem ber 20, 1997. I also noted the type of
shells in w hich the herm it crabs th at were
collected N ovem ber 1,1997 were found.
To find the av ailab ility
in th e
mangroves of the five groups of shells used in
the lab, a percentage of the total sampled cn
N ovem ber 20, 1997 and a percentage of the total

Results
Of the forty-one crabs observed in th e
lab, tw enty-three selected all five shells over
a period of five days. Ten of the crabs m ade
three selections, but did not choose either of the
last two shells. Eight of the crabs died before
the five days were finished. Four crabs d ied
after m aking their first choice, three crabs died
after their second choice and one crab died after
its third choice. Table 2 shows the number of
crabs that chose each type of shell for th e ir
first preference, second preference, etc. It also
shows the number of each type of shell t h a t
was not chosen by crabs th at rem ained a liv e .
Lastly it shows the number of shells that were
not chosen due to death of herm it crabs. Figure
3 (a-g) shows bar graph representation of th is
d a ta .
Using the preferences of tw en ty -th ree
crabs th at m ade five shell selections, ranking
was charted using number one for the first
choice, num ber two for the second choice and so
on. Then I found the sum of the ranks, Ri, and
the average of the ranks, R i/k (k= number of
crabs) for each type of shell. The average
ranks show that the oval-shaped aperture
group had the lowest rank, 1.96, w hich was
very close to the strombus group w hich had an
average rank of 2.09. These were the top
choices. N eritid aperture h ad a rank of 2.96.
The cone shells' average rank was 3.78 and
cowries were the least preferred w ith an
average rank of 4.22.
The Kendall coefficient of concordance,
W, showing concordance between rankings of
each sam ple was found to be .40 and C h i
Squared is 36.8.
Table 3 shows percentages of h erm it
crab shells sam pled cm Novem ber 1 and
N ovem ber 20 for each of the five types of shells
introduced to the crabs. N ote th at the o v al
aperture group makes up the h ig h e st
percentage of the five studied for b o th
samplings.
All shells sam pled at th e
mangroves were inhabited by herm it crabs.
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Table 2. The num ber of crabs that chose each type of shell are show n for each rank. Also the number of
crabs that did not choose each shell type are listed for the crabs that lived and for the crabs th a t died
during the experiment.
rank

oval-shape
aperture

first choice

strombus

cone
20
8

3
1

third choice
fourth choice

5
3

8

last choice

0
1

second choice

shell not chosen
and crab alive
shell not chosen
due to crab death

10
6

4

neritid

cowry
15

0

14

3

3
11

5
2

3
3

13
5

2

1
3
5

6

0

14
10

7

3

8

Table 3. Percentages of the five groups of shells sam pled at the mangroves between pk 24 and pk 35 cn
Moorea, French Polynesia on tw o different days.
November 1
Oval aperture group
Strombus
Neritid
Cone
Cowry
other

30%
175%
17.5%
7.5%
15%
12.5%

November 20
Oval aperture group
Strombus
Neritid
Cone
Cowry
o th e r

Figure 3. a) The num ber of crabs choosing
each type of shell as their first choice

19.7%
3.9%
13.1%
3.9%
6.6%
52.8%

Figure 3. b) The num ber of crabs choosing
each type of shell as their second choice
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Figure 3. c) The num ber of crabs choosing
each type of shell as their third choice

Figure 3. f) The num ber of each type of shell
not chosen by crabs which did not die

Figure 3. d) The num ber of crabs choosing
each type of shell as their second choice

Figure 3. g) The num ber shells not chosen
because the crabs died before the end of the
experiment

Figure 3. e) The num ber of crabs choosing
each type of shell as their fifth and final
choice

Discussion
The data for all of the forty-one
crabs used in this experim ent contribute to
the determ ination of w hat shape of s h e ll
aperture of the five types tested are most
preferred. Even though eight of the crabs
died, their first few choices h e lp
dem onstrate a preference for the oval
shaped aperture group, as does the rest of
the data seen in the other th irty -th re e
crabs.
My hypothesis was th at th e
greatest w idth w ould be picked most often,
meaning the neritid w ould be most popular,
but this did not prove to be the case. I
thought cones and cowries would be la st
choices and this proved to be correct.
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mangroves for this in d iv id u al species.
Because all the shells introduced in th is
experim ent were unbroken, these results
provide a sim plified m odel of preferences
for aperture shape. In the field apertures
were broken thus altering the shape of th e
aperture. Since aperture preferences are
likely, further studies m ight test ap ertu re
preferences of crabs using broken shells.
In this experim ent I only tried to
keep the length of the aperture constant
and vary the w idth. This data show ed
significant results, b u t other qualities of
the shells such as w eight, volum e, or shape
of the interior of the shells m ay have also
influenced shell preference.
N one the less the significant
ranking of five types of shell aperture
geometry in Moorea, French Polynesia
opens many doors for further study on
herm it crabs in the mangroves.

The neritid was not a prim ary
choice because it m ay not have provided
enough protection from predators due to its
w ide aperture. A lthough if predation were
a serious problem for these crabs, an even
m ore narrow aperture than the oval
shaped aperture m ay benefit the crabs and
thus a cowry w ould be the best choice. The
cowries and cones may be too heavy and
affect the m obility of the crabs. This study
did not m easure predation or w eight of
shells. The w eight vs. aperture w idth
trade-off is an interesting concept that
deserves further study in the mangroves.
From the percentages of the
available shells found in the m angroves, I
noted that both trials show ed the oval
shaped aperture group was m ost abundant
of the five shells tested. Also, cone shells
and cowries w ere rarely found. The crabs
m ay choose shells in the lab w hich were
m ost abundant in the field because they are
fam iliar w ith those types of shells.
Because I did not find a shortage of
the most preferred shells, the o v al
aperture group, in the mangroves I cannot
conclude th a t the crabs were lim ited in
their habitat by the shells th at they chose
in the lab. Because all shells found in th e
mangroves, w ere inhabited, it is lik e ly
th a t crabs are generally lim ited by s h e ll
av ailab ility . Also the poor condition of
most shells (broken and w ith holes) m ay
im ply the lim itation of shells in th e
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Fauna associated with floating vegetation rafts in the lagoon of Paopao
Bay, Moorea, French Polynesia
Rachel Shapland
Department of Integrative Biology
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ABSTRACT. Floating vegetation rafts found in the lagoon of Moorea, French Polynesia consist of two or more pieces of brown algae that has
been tom fromthe algal ridge due to wave action. These rafts create a unique mobile habitat for invertebrates. Fauna in vegetation rafts may
differ from fauna of the same species of algae at the algal ridge. Vegetation rafts and attached algae were sampled to test for differences in
fauna. Significant differences were found in three species of invertebrate, and many more were observed, showing that differences between
floating and attached algal habitats do exist.
keywods: vegetation raft, T u rb in aria o m a ta , S argassu m s o c ia le , microinvertebrates, nudibranch, copepod, ostracod.

Introduction
Communities of unattached algae are a
common phenomenon world wide (Norton and
Mathieson 1983). Drifting communities of floating
algae are an intricate part of ocean ecosystems,
providing habitats for many fish and invertebrates
(Kilar and Norris 1988). Vegetation rafts consist
mostly of unattached macroalgae and can vary
considerably in what they are made of, from
multiple species of macroalgae to debris from land
plants and human pollutants.
Vegetation rafts can be viewed as islands
because they are individual and isolated
communities of various sizes surrounded by ocean,
making them a possible test of MacArthur and
Wilson's Theory of Island Biogeography. This
theory states that as the area of an island increases,
the diversity of species colonizing the island
increases, and the further the island is from a
mainland, the lower its rate of immigration due to
the distance (MacArthur and Wilson 1967). The
communities formed by vegetation rafts are unique
island communities because of their ability to move
within the lagoon, so that there is no fixed distance
from a mainland. The rafts are driven by wind and
accumulate in current eddies (Norton and Mathieson
1983).
Vegetation rafts on the island of Moorea,
French Polynesia consist of two or more pieces of
macroalgae floating together on the surface of the
ocean. Rafts are made up primarily of two species
of brown algae, both of the family Sargassaceae,
Turbinaria omata and Sargassum sociale, and
often collect seeds and driftwood while moving with
the current and winds. T. omata and S. sociale
primarily colonize the algal ridge, the ridge that
forms the most elevated part of the reef top due to a

pavement of encrusting corraline algae over the
main coral fauna, upon which wave energy is high
(Maxwell 1968; Nunn 1994). T. omata and S.
sociale can also be found on the fringing reef, and
tend to colonize dead corals. On the island of
Moorea, T. omata and S. sociale that are unattached
from the colonized corals tend to drift together in the
lagoon inside of the barrier reef, forming vegetation
rafts of various sizes. Both species of algae are
furnished with gas bladders that keep them afloat.
Many families of microinvertebrates live in the T.
omata and S. sociale attached at the algal ridge
(Kingsford and Choat 1985). These invertebrates
may remain attached to the algae when waves pull it
from the algal ridge. The T. omata and S. sociale
found floating in vegetation raft communities may
support the same microinvertebrates, or there may
be differences in the epifauna of the attached and
free floating algae.
Invertebrates are commonly found in the
brown algae T. omata and S. sociale, including
nudibranchs, shelled gastropods, crustaceans,
including amphipods. isopods, copepods, ostracods
and crabs, as well as flat worms and annelids
(Zyaginstev 1992). Mam7marine invertebrates have
a biphasic life cycle, which includes a planktic larva
that floats free in the ocean. Many marine
gastropods have a larva known as a veliger that is
free swimming, with cilia for feeding and
locomotion (Barnes 1974). Floating juvenile
invertebrates may use rafts to disperse, many
amphipods and isopods that do not have a swimming
larval stage attach to vegetation rafts, using them for
protection and movement (Highsmith 1985).
It is possible that differences may exist
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between the species and numbers of invertebrates
found in vegetation rafts and in the same species of
algae still attached at the algal ridge. The raft
communities may attract different invertebrates due
to their ability to move and pick up floating animals
in the lagoon, or they may be carrying only the
animals that were inhabiting them when they were
attached. It is possible that invertebrates have been
lost due to the change in their environment. The
primary objective of this research was to test the
hypothesis that vegetation rafts accumulate a fauna
that is distinct from that of attached algae. A
secondary objective was to explain differences that
occurred because of the vegetation rafts unique
habitat.

omata and S. sociale in equal proportions from the
algal ridge. Vegetation rafts found in the lagoon
were sampled in two areas, at the edge of the raft
and at the approximate center, also in equal
proportions of the two algae and in gallon size bags.
Fifteen samples were taken of attached algae from
the algal ridge, and fifteen were taken of floating
vegetation rafts found in the lagoon. Vegetation
rafts sampled were measured and their distance from
shore recorded.
Sorting o f Samples
Samples taken were rinsed and agitated in
fresh water to strip invertebrates from the algae.
Both species of algae were combined. Invertebrates
stripped from the algae were then sorted at a
magnification of 20X using a dissecting microscope.
Microinvertebrates were sampled by order and
family whenever possible. Voucher specimens of
invertebrates collected are located at the University
of California at Berkeley Museum of Paleontology.

Materials and Methods
Study site
Paopao Bay is located on the northern coast
of the island of Moorea, French Polynesia, found at
latitude 17"32' and longitude 149"50'm the SocietyArchipelago (Figure 1). Moorea is a volcanic island
surrounded by a barrier reef with multiple passes.
Samples of attached T. omata and S. sociale were
taken at the algal ridge on the barrier reef of Paopao
Bay, west of Avaroa Pass. Samples of vegetation
rafts were taken from rafts floating within the barrier
reef, in Moorea's lagoon, north and northwest of
Paopao Bay.

Statistical Analysis
A students T-test was run on results to find
if observed differences between raft invertebrates
and attached invertebrates were significant.
Results
13 orders of invertebrates were identified
and compared between the algal rafts and attached
algal samples. Invertebrate populations in rafts and
attached algae were different, although most
invertebrates were found at least once in both
habitats (Table 1). Among these, microgastropods
were the most abundant invertebrate found, with an
average of 121.3 found per raft sample and 132
found per attached algae sample. Seven different
species of microgastropod were identified, including
Sytyliferina goniochila, Pusillina marmorata,
Rissoina multizona, Schwartziella triticea, Itibittium
parcum, and larval shells of Triphora sp. and
Cupraea sp. The larval shells found were in both
the vegetation rafts and the attached algae samples,
in slightly greater numbers in rafts.
Notable species differences between the
raft and attached algae communities were copepods,
ostracods, juvenile nudibranchs and anenomes
(Figure 1). The number of copepods and ostracods
found in floating vegetation rafts doubled the
number of those found in attached algal samples,
and 36 nudibranchs were found in rafts samples,
while zero were found in attached algae samples.
Anenomes on the other hand, were 9 times as
abundant in the attached algal samples than in

Figure 1. Map of Moorea, showing sample sites
Sample Methods
All samples were taken between October
1 and November 22, 1997. Samples of attached
algae were taken by filling a gallon size bag with T.
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accidental entanglement while swimming, or due to
a response to the chemicals of the algae. It is
possible that many of the invertebrates found in the
vegetation rafts are there as a result of being on that
particular piece of algae when it is broken off at the
algal ridge. This accounts for the similarities
between the fauna of the attached and raft algae seen
in Table 1. It is also seems that rafts are directly
colonized by invertebrates, especially nudibranchs
which are found only in vegetation rafts, leading to
differences in populations of the two habitats.
In total, microgastropods and anenomes
were more abundant in the algae attached at the algal
ridge than in vegetation rafts, suggesting that the
attached algal habitat is more suitable to their
survival needs. The anenome feed by catching
organisms with their tentacles, and the wave action
at the algal ridge provides a constant influx of new
w ater and food for them, which makes the algal
ridge a preferable habitat for anenome. Marine
gastropods tend to attach themselves to rocks and
graze as adults, perhaps explaining their greater
numbers in attached algae.
Statistical analysis showed that only the
differences between nudibranch, copepod and
anenome populations were significantly different.
Despite lack of statistical significance, other
differences mentioned between rafts and attached
algae were evident and with higher sample numbers
could have proven significant.
Invertebrates inhabiting S. sociale and T.
omata are able to survive in both the attached and
vegetation raft communities, but that different
invertebrates find the two different habitats
preferable. Species of invertebrates choose the most
suitable habitat depending on their individual needs.
Floating vegetation rafts have not been intensly
studied, and there is room for much more work to be
done. Further studies may use vegetation rafts for
more research of the colonization of islands, for use
in comparison with MacArthur and Wilson's Theory'
of Island Biogeography.

vegetation rafts.
inverte
brates

raft only

both

shelled
gastro
pods

X

amphipods

X

copepods

X

isopods

X

mysids

X

ostracods

X

p°iy-

X

attached
only

chaetes
platvhelminthes

X

crabs

X

nudi
branchs

X

anenome

X

acarina

X

megalops

X

Table 1. Distribution of Invertebrates in rafts and
attached algae.
Discussion
The vegetation raft habitat not only
provides food for invertebrates, it may also be used
as means for dispersal and for protection from
predators. Nudibranches, ostracods and copepods
were found to be more abundant in floating raft
communities than in T. omata and S. sociale
attached at the algal ridge. Nudibranch juveniles are
nearly invisible when surrounded by S. sociale of the
algal rafts, their morphology is very similar to the
blade of the algae. This suggests that the rafts may
serve primarily as protection from predators while
they are in the stage of their life cycle in which they
float in the open ocean.
The veligers of
microgastropods swim and feed on plankton before
settling and metamorphosing into juveniles, and
their appearance in vegetation rafts may be due to
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