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Abstract:

We investigated the habitat use in green turtles exploiting a 13-ha multispecific seagrass meadow at
Mayotte Island, south-western Indian Ocean. A phyto-ecological survey shows the occurrence of eight
seagrass species, dominated by Halodule uninervis and Syringodium isoetifolium, distributed
according to four distinct seagrass communities along the depth gradient. Direct underwater censuses
show that green turtles occurred all over the meadow. Yet when community relative surface area was
taken into account green turtles preferentially frequented the most seaward, biomass-richer S.
isoetifolium-dominated community, suggesting that green turtles compensate for their intrinsically
nutrient-poor herbivorous diet. Additionally, smaller (<80 cm standard curved carapace length, SCCL)
individuals also preferentially occurred in the most shoreward H. univervis-dominated community
where no larger (>80 cm SCCL) individuals were sighted, suggesting habitat use is indicative of diet
selection and may reflect size-specific food requirements and physiology.
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1. Introduction

Living organisms are thought to behave optimally while facing trade-offs between the
energetic costs and benefits of survival, growth, and reproduction (Stephens and Krebs
1986; Krebs and Davies 1997). The rules governing foraging strategies are commonly
predicted by Optimal Foraging Theory (MacArthur and Pianka 1966), which assumes that
organisms optimize their feeding activities by maximizing energy intake, while limiting
foraging costs. This process is mainly expressed by the way organisms exploit their feeding
habitat in space and time, while coping with abiotic and biotic constraints (Cézilly and
Benhamou 1996). For example, mammals, birds, and reptiles have been shown to adjust
their foraging behaviour and time-budget in relation to ambient temperature, prey availability,
predation, and intraspecific competition (e.g. Georges et al. 2000; Le6n and Bjorndal 2002;
Pinaud et al. 2005; Fossette et al. 2008; Blanchard et al. 2008).

Foraging strategies are also driven by individual metabolic requirements which depend on
age, size, physiological and reproductive status. In vertebrates, young individuals of a given
species have been shown to compensate for the greater physiological demands associated
with growth by selecting different habitats and diets than adults (Benavides et al. 1994;
Mobley and Fleeger 1999 for fish; Durtsche 2004; Bouchard and Bjorndal 2006 for reptiles;
Herpol 1967 for birds; Pellew 1984 for mammals). Similarly, reproductive costs may differ
between males and females and cause inter-sexual segregation in terms of habitat use,
foraging behaviour and diet (see Mobley and Fleeger 1999 for fish; Barclay 1991; Ruckstuhl
1998; Le Boeuf et al. 2000; Wolf et al. 2005 for mammals).

Among consumers, herbivores and carnivores differ in that they consume food that varies
greatly in nutritional and energetic values (Mattson 1980; Stephens and Krebs 1986; White
1993). Herbivores commonly compensate for the low nutritional and energetic quality of their
food by increasing foraging time and being specialist feeders (Krebs and Davies 1997). To
date, most studies concerning herbivores have focused on terrestrial ecosystems and show
that plant-herbivore interactions mainly depend on the spatio-temporal heterogeneity of plant
distribution, availability and quality (Wallis de Vries 1996; Drescher et al. 2006). In most
terrestrial systems this leads to extended migrations of herbivores (Frank et al.1998) and to
food selection according to plant energy and nutritional content (van Wieren 1996; Krebs and
Davies 1997), palatability (including chemical and physical properties; Baumont 1996;
Vourc'h et al. 2002), and toxicity (Bergvall and Lemar 2005).

Herbivory has been less extensively investigated in aquatic ecosystems and this is
particularly true for low latitudes. In marine ecosystems, plants are represented by a high
number of plankton and algal species, and a limited number of seagrass species. Yet,
seagrass meadows significantly contribute to marine primary production and biomass
(Duarte and Chiscano 1999). Seagrass meadows also play a key role in marine ecosystems
by serving as refuges for the juvenile stages of many animal species and also providing a
foraging habitat for numerous invertebrate and vertebrate species (Nagelkerken et al. 2000).
In addition, seagrass meadows occur in shallow coastal waters and are therefore relatively
easy to access and monitor in comparison to most other marine ecosystems. Their
distribution and dynamics are predominantly affected by light levels (Peralta et al. 2002),
temperature (McMillan 1984), water turbidity (Newell and Koch 2004), nutrient attenuation
(Short 1987), substrate (Bandeira 2002a), and grazing pressure from herbivores (Jupp et al.
1996). Among herbivores, larger species such as manatees Trichechus sp., dugongs
Dugong sp., and green turtles Chelonia mydas contribute significantly to the consumption of
tropical seagrass biomass (Aragones 1996). The green turtle is the only sea turtle species
that feeds on seagrass and algae (Bjorndal 1997) and it is therefore of great importance to
investigate the trophic ecology of this species, which is of conservation concern in its natural
environment

To date, most studies investigating the feeding ecology of green turtles have focused on
juvenile individuals feeding on monospecific seagrass meadows and multispecific algal
patches. These studies report that green turtles use various foraging strategies, which



depend on the trophic conditions and the inter-specific interactions. On monospecific
seagrass meadows of Thalassia testudinum, green turtles have been reported to
continuously re-crop the same seagrass plots (Zieman et al. 1984; Moran and Bjorndal
2007): such re-cropping results in persistent patches of young, epiphytic free algae, nitrogen
rich, and easily digestible leaves that can be exploited continuously over 16 months. In
multispecific algae assemblages, green turtles reportedly either fed in proportion to the
relative abundance of algal species (e.g. Lépez-Mendilaharsu et al. 2008) or targeted only
selected species (e.g. Coyne 1994; Forbes 1996). Finally, in areas where seagrass and
algae co-exist, immature green turtles have been reported to select the most digestible, yet
least abundant species (Brand-Gardner et al. 1999). In addition to trophic considerations, it
has been suggested that green turtles should adjust their habitat use and food selection in
relation to water temperature, interspecific competition with other large herbivores and threat
of predation. Green turtles have been reported to avoid waters where temperature potentially
becomes too warm (>36°C), to prevent over fermentation of ingested food (Hasbun et al.
2000). Considering inter-specific interactions with other large herbivores, such as dugongs
that exclusively feed on seagrass, green turtles have been shown to select a mixed diet of
algae and seagrass (André et al. 2005). Green turtles can also modify their spatiotemporal
pattern of grazing to avoid predators such as sharks and make a trade-off between nutritious
profitability and predation risk (Heithaus et al.

2007).

To date, few studies have investigated the ecology of green turtles within multispecific
seagrass meadows. Furthermore, they have rarely focused on adult individuals and did not
consider the determinants driving their distribution and behaviour (Coyne 1994). Here, we
investigate the habitat use of a population of green turtles when feeding on a multispecific
seagrass meadow, at Mayotte Island, Southwestern Indian Ocean (SWIO). The SWIO hosts
some highly productive, biodiversity rich, multispecific seagrass meadows (Wakibya 1995;
Bandeira 2002b; Gullstrom 2002). At Mayotte, seagrass meadows are exploited year-round
mainly by juvenile and adult green turtles while inter-specific competition and predation are
limited (Roos et al. 2005; Taquet et al. 2006). This provides the opportunity to test for the first
time the hypothesis that in a multispecific seagrass meadow, green turtles of different size
may adjust their distribution and habitat use differently in relation to food resource quality and
abundance. We first investigated the structure of the seagrass meadow in terms of species
composition and distribution. For the second step, we assessed the structure and distribution
of the local green turtle population and studied their habitat use and food selection. Our study
is novel in that we assessed the links between a structure of a multispecific seagrass
meadow and the distribution of green turtles of different size in their natural environment.

2. Materials and methods

This study was conducted between October 2004 and July 2005 in the bay of N'Gouja,
southern coasts of Mayotte Island (12°58’ S, 45°05’ E), Comoros Archipelago, Mozambique
Channel, SWIO (Fig. 1). This bay hosts a multispecific seagrass meadow and has been
reported to be an important feeding ground for green turtles (Roos et al. 2005). At N'Gouja,
the seagrass bottom slopes progressively seawards, never exceeding 4 m depth even at the
highest tide level, until a coral reef on the inner reef slope shore (1.00 + 0.04 m of depth
difference from the shore to the coral reef). Within a 24 h period, the seagrass meadow is
often partially or completely emerged, but is always accessible for direct observations.

Seagrass monitoring

To measure seagrass biomass and density, the study area was divided into 54 sectors



(50 x 50 m each) among which 24 quadrats (20 cm x 20 cm each) were randomly distributed
in February-March 2005 (Fig. 1). The position of each quadrat was recorded using a hand-
held global positioning system (GPS GeoXT™ handheld Trimble GeoExplorer, ED
Electronique, Sainte Savine, France; precision £ 2 m). Substrate and associated vegetation
were collected using a spade. For each quadrat we identified the dominant substrate type
(mud, sand, and detrital matter) using a manual granulometry assessment (McKenzie et al.
2007). Seagrass collected from a quadrat was washed under fresh water to remove
sediment remains, before being separated according to species (based on McMillan 1983;
Waycott et al. 2004; Jacobs et al. 2006). Leaf-blades sampled were dried between two
sheets of linen before the fresh biomass was weighed (fresh weight, FW) with an electronic
spring scale (DL-501 Denver Instruments, Colorado, USA; precision + 0.1 g). In addition, we
estimated the leaf density of quadrats by counting leaves on underwater still-pictures. Due to
camera failure, the leaf density of only 10 of the 24 quadrats was counted. Leaf biomass was
expressed both in fresh weight and in dry weight (DW) using the following conversion
equation established after freeze-drying 50.4 gFW and 63.9 gFW of the two most abundant
species, Halodule uninervis and Syringodium isoetifolium, respectively: DW = 13.3 (+ 5.6)%
FW (Eqgn 1).

In April 2005, seagrass distribution was assessed by the same observer (KB) using the
phyto-ecological method developed by Braun-Blanquet (1964). A series of four snorkel
transects (4 m wide each) was conducted along the depth gradient, i.e. perpendicular to
shore (Fig. 1). Along each transect, the vegetation was continuously scanned to identify
changes in at least one of the following parameters: seagrass species composition (based on
McMillan 1983; Waycott et al. 2004; Jacobs et al. 2006), relative cover abundance of each
seagrass species (based on Braun-Blanquet 1964), seagrass coverage, and nature of
substrate. Seagrass coverage was visually defined by the proportion of substrate covered by
vegetation. Relative cover abundance of each seagrass species and seagrass coverage
were estimated using a visual index, la (abundance index) and Ic (coverage index),
respectively. Indices la and Ic were scaled from 1 to 5, corresponding to
abundance/coverage classes of [0%; 5%], [5%; 25%], [25%; 50%], [50%; 75%], [75%;
100%]. Transect stations were defined as transect sections where all these parameters were
constant. A total of 23 transect stations were identified accordingly: For each transect station
a substrate sample was analysed by manual granulometry assessment (McKenzie et al.
2007) and seagrass communities were identified as areas of similar seagrass-specific
composition and abundance before being geopositionned using the GPS.

Green turtle monitoring

The seagrass meadow of N'Gouja is frequented by a population of both immature and
mature green turtles during daytime and sometimes during full moon nights (Taquet et al.
2006). Between October 2004 and March 2005, 29 turtles of this population have been
individually tagged with numbered Monel metal tags on the front flippers (National Band and
Tag Company, Newport, Kentucky, USA) as part of a monitoring program of the Department
of Agriculture and Forestry of Mayotte and General Council of Mayotte. Since neither the
actual status (immature versus adult), nor the sex of turtles occurring n the study site could
be assessed using external morphology. Accordingly, individuals were classified depending
on their carapace length: For each individual, the standard curve carapace length (SCCL,
from the nuchal scute to the caudal scute, on the midline of the shell) was measured using a
flexible measuring tape (x 0.5 cm). This permitted to distinguish two classes of individuals:
individuals with SCCL < 80 cm (48.9 £ 2.4 cm, ranging from 39 to 58.5 cm, n = 7 individuals)
and individuals with SCCL > 80 cm (94.5 £ 2.5 cm, from 83 to 105 cm, n = 22), hereafter
referred as small and large individuals. The bay of N'Gouja is also frequented by swimming
and snorkelling tourists. Even if turtle-human interactions occur, preliminary internal studies
indicate that turtles do not change their behaviour when feeding on the seagrass meadow



when swimmers are close. Yet, to prevent any bias, analyses did not consider observations
performed during tourist-attracting days such as week-ends and holidays.

From March to June 2005, 28 snorkelling censuses were conducted by KB to monitor the
green turtle population of the study site. Censuses were distributed throughout the day on a
two-hour basis, i.e. at 06:00 - 08:00 (n = 4 censuses), 08:00 - 10:00 (n = 5 censuses), 10:00 -
12:00 (n = 5 censuses), 12:00 - 14:00 (n = 4 censuses), 14:00 - 16:00 (n = 5 censuses) and
16:00 - 18:00 (n = 5 censuses). This corresponded to four different tide regimes associated
with following depth-classes: 0.7 - 1 m (n = 4 censuses), 1 - 2 m (n = 12 censuses), 2-3 m
(n

= 10 censuses) and 3 - 4 m (n = 2 censuses). During each census, the snorkeler was
following a standardised route across the seagrass meadow (Fig. 1). Every time a turtle was
encountered, its identity (when tagged) and its class size (small or large) were noted. At the
beginning and end of each 1-h census, minimum water depth (close to the beach) and
maximum water depth (close to the coral reef) of the seagrass meadow were assessed using
a loaded tape measure. To establish turtle encounter rate during a census (number of turtles
encountered per m2 and per hour), the total area scanned for a given census, which was
dependant of the water visibility, was estimated at the beginning and at end of each census
using a horizontal tape measure, held perpendicular to the route taken over the seagrass
meadow. To investigate the spatial distribution of green turtles according to size classes and
to food distribution, we recorded the GPS position of each turtle encountered during five
previously described censuses. All visual observations showed with no exception that turtles
were actively feeding when on the seagrass meadow, consistent with unpublished data
showing that at N'Gouja, all dives performed by green turtles on the seagrass meadow are
feeding dives (Ballorain et al. in prep). Accordingly, we considered that the observed pattern
of habitat use of the seagrass meadow communities by green turtles was indicative of
foraging.

Data analyses

Spatial analyses were performed using Mapinfo Professional 8.0 (Mapinfo Corporation, USA,
2005). Statistical analyses were conducted using Systat 9.0 (SPSS Inc., USA, 1998). Values
are expressed as mean = standard deviation (+ SD). Before conducting parametric analysis,
all data were tested for normality and homogeneity of variances. Significance was accepted
when p-value < 0.05.

The most frequent seagrass associations within the seagrass meadow were assessed using
Factorial Correspondence Analysis (FCA) ordination technique using transect stations data.
A General Linear Model (GLM) was used to test for the association between turtle
distribution, time of the day and tidal state, with turtle encounter rate as the dependent
variable, while time of the day (06:00 — 18:00) and tide (mean depth: 0.7 — 3.3 m) were taken
as independent variables. Chi-Square 2 test and Neu post-hoc test (Neu et al. 1974) were
performed to test for habitat preferences of green turtles in relation to their size-classes.

3. Results

Seagrass distribution

The study site consisted of a 133500 m2 meadow area (Fig. 1). We found four major
substrate types that occurring along the depth gradient seawards, from (1) muddy to (2)
sandy- muddy, (3) sandy, and (4) sandy-detrital matter. The site was dominated by sandy
sediment, which occurred in 46% of the 24 random quadrats (X33 = 45.8, p < 0.001) and in
74% of the four transects (x23 = 76.2, p < 0.001) (Appendices 1 and 2).



Eight seagrass species were observed at N'Gouja: Halophila ovalis (R.Br.) Hook. f., Halodule
uninervis (Forsk.) Aschers., Zostera muelleri subsp. capricorni (Aschers.) Jacobs (basionym:
Zostera capricorni Aschers.), Syringodium isoetifolium (Aschers.) Dandy, Cymodocea
serrulata (R. Brown) Aschers. and Magnus, Cymodocea rotundata (Hemprich and Ehrenb.)
Aschers. and Schweinf, Thalassia hemprichii (Ehrenberg) Aschers., and Thalassodendron
ciliatum (Forsk.) den Hartog (Appendix 1). Of these eight species, however, two were rarely
observed: Thalassodendron ciliatum was recorded neither in the random quadrats nor during
transects and Zostera capricorni was only recorded in one single quadrat (# 8) and not
during transects. Halodule uninervis is a polymorphic-leafed species with an environmentally
modifiable leaf width and leaf tip ranging from bicuspidate to tridentate (McMillan 1983):
These two morphs were observed at N'Gouja and are referred hereafter as H. uninervis Type
1 (T1) and H. uninervis Type 2 (T2), respectively. These two morphs T1l and T2 were
considered separately in the analyses since their respective distribution differed (see also
Lanyon and Sanson 2006).

When considering the 23 transect stations, H. uninervis (both types) and S. isoetifolium were
the most frequently (co-) dominant species with an occurrence of 51.5% and 33.3%,
respectively (x%s = 139.6, p < 0.001, Appendix 2). Consistently, in the 24 random quadrats,
55% of the total seagrass biomass was composed by the same two species H. uninervis and
S. isoetifolium, with H. uninervis T2 being the most abundant (28%, x27 = 57.59, p < 0.001,
Appendix 1). Overall seagrass leaf density was 5781 + 1691 leaves m?2, which corresponds
to an above ground seagrass biomass of 145.4 + 108.0 gFW m?2, resulting in an average of
19.4 tons FW for the entire 133500 m? meadow.

Transect surveys showed that the six major seagrass species were distributed along a depth
gradient perpendicular to shore (Appendix 2). We investigated the potential species
association within the meadow by performing a FCA using transect stations (n = 23) and
seagrass species/morphs (n = 7) as continuous variables (Appendix 1 and Fig. 2). The first
two axes of the FCA extracted 92.5% of the total inertia of the dataset. Variables appear with
a parabolic projection, generated by a quadratic correlation between the first two axes,
illustrative of a Guttman-effect. This shows a structure of unidimensional ordinal data along
the first axis, while the second axis opposes intermediates and extreme variables (Benzecri
1973). A clear gradient is drawn along the first axis: from left to right, the variables are
arranged from the closest to the furthest point from shore. Accordingly, the FCA identified
four seagrass communities that differed by their respective distance from shore (Figs 2 and
3, Appendix 2). Moving seaward from shore (i.e. towards greater depths), we identified four
successive communities (C1 to C4, successively). These communities were typically
dominated by one or two species/morphs and were named accordingly (Appendix 2): H.
uninervis T1 (C1, 9420 m?, i.e. 7% of the total study area), H. uninervis T2 (C2, 47302 m2,
i.e. 35%), H. uninervis T2 and S. isoetifolium (C3, 58444 m2, i.e. 44%), and S. isoetifolium
(C4, 18333 m?, i.e. 14%). Overall, the meadow was dominated by C3, which accounted for
44% of the total meadow surface area (23 = 36.4, p < 0.001). Seagrass coverage increased
with distance from shore (mean Ic: 2 to 3 for C1; 3 to 4 for C2; 4 to 5 for C3 and C4). Each
seagrass community was also associated with a specific type of substrate: muddy-sandy
(C1, x22 = 53.1, p < 0.001), sandy (C2, x22 = 89.2, p < 0.001), sandy (C3, x22 = 200, p <
0.001), and sandy/sandy-detrital substrate (C4, x22=50.2, p < 0.001).

Green turtle distribution

During the 28 snorkelling censuses an average of 11242 + 4362 m2 were covered within 55.8
+ 1.0 min (n = 28 censuses). The mean turtle encounter rate on the seagrass meadow was
23.9 x 10* + 10* turtles m?2, with significantly more large turtles (67.1%) being sighted than
small individuals (32.9%, x21=11.7, p < 0.001). Encounter rate did not differ neither with time
of day nor with water depth during daytime (Fs = 0.853, p = 0.619, Table 1). Turtle
distribution, however, was not random within the four seagrass communities and differed
between small and large individuals (x23 = 20.19, p < 0.001). Large turtles occurred mainly in



community C4 and not at all in C1 (x23 = 44.77, p < 0.001), whereas small turtles were found
equally in all four seagrass communities (x23 = 4.46, p = 0.215). Yet when the relative surface
area of each seagrass community was taken into account, large turtles preferentially
occurred in C4 (x23 = 92.75, p < 0.001), while small individuals preferentially occurred in C1
and C4 (xz = 38.21, p < 0.001) (Fig. 3). Whatever the seagrass community, green turtles
were observed to crop dominant local seagrass species.

4. Discussion

The seagrass meadow of N'Gouja consists in a 13 ha shallow area representing about 19
tons FW of seagrass. This is six-fold greater than biomass reported for tropical seagrass
meadows in U.S. Virgin Islands exploited by green turtles (Williams 1988), but only 10% of
what has been reported in tropical seagrass meadows not exploited by green turtles (Duarte
and Chiscano 1999). The seagrass meadow of N'Gouja hosts eight out of the eleven
seagrass species recently reported around the entire island of Mayotte (B.K., C.S., B.J,,
E.M., G.H., G.J-Y. unpublished data), with Halodule uninervis and Syringodium isoetifolium
being the most abundant, and Zostera capricorni being reported for the first time in this area.
Accordingly, as far as seagrass are concerned, N'Gouja is representative of Mayotte’'s
marine biodiversity, and its production may contribute to the permanent presence of green
turtles feeding there year-round (Roos et al. 2005, Taquet et al. 2006).

At N'Gouja, the seagrass species are distributed along the depth gradient, concurrent with
the seaward distance from shore. Such distribution is consistent with the classical distribution
pattern of aquatic plants where light, temperature, turbulence, and immersion regimes
determine vertical distribution and occurrence of seagrass (Koch and Beer 1996, Bandeira
2002b). Importantly, the observed seagrass distribution results in four major seagrass
communities occurring in successive strips parallel to the shore (Fig. 3). These four seagrass
communities can be identified by the presence or absence of differential seagrass species:
Close to shore, C1 community was the less extended community characterized by H.
uninervis and H. ovalis, two pioneer seagrass species tolerant to abiotic conditions (den
Hartog 1970; Kuo et al. 2001). The low seagrass density observed in this first community
may result from the combined effects of high turbidity due to sand movement, elevated
temperature and salinity due to the long emersion times (Abal et al. 1994; Grice et al. 1996),
and disturbance by swimmers. Of the two morphs of H. uninervis found in this study, T1
(narrow leaves with bicuspidate leaf tips) dominated in areas that are regularly emerged,
which is consistent with the finding that this morph has a greater resistance to high
temperatures than the wider-leafed T2 morph (Philips and Lewis 1983; McMillan 1984).
When heading seawards, seagrass diversity and density increased with increasing depth and
water transparency, indicating that conditions were more stable for the communities furt her
from shore. Consistent with this, C4 community situated close to the slope 319 was
characterised by S. isoetifolium, an eurythermic species (Phillips 1960), previously reported
to preferentially occur in relatively clear waters (Terrados et al. 1998). All other seagrass
species were less abundant than the former two species, with Thalassia hemprichii,
Cymodocea rotundata and Cymodocea serrulata occurring in a scattered way all over the
seagrass meadow.

We show that at N'Gouja, green turtles occur all over the seagrass meadow throughoutthe
day as long as the tidal cycle gives them access to it. This is consistent with Taquet et al.
(2006) who reported a tidal-driven occurrence of green turtles on N'Gouja meadow.
Importantly, all visual observations showed with no exception that turtles were actively
feeding when on the seagrass meadow, consistent with unpublished data showing that at
N'Gouja, all dives performed by green turtles on the seagrass meadow are feeding dives
(Ballorain et al. in prep). Accordingly, we considered that the observed pattern of habitat use
of the seagrass meadow communities by green turtles was indicative of foraging, and that
the differential use of seagrass communities reflected diet selection. When considering the



relative surface area of each seagrass community, both small and large green turtles
preferentially frequented the most seaward C4 community (14% of the total meadow surface
area) with respectively 29% and 45% of sightings occurring on C4. Additionally, only small
turtles occurred in the near to shore C1 community (7% of the total meadow surface area)
with 16% of sightings of small turtles occurring there. This differential habitat use by turtles of
different size suggests differential food selection at the scale of the seagrass meadow. It is
however also interesting to note that overall, both small and large turtles occur at similar level
(45% of sightings) in C1/C4, and in C4 communities, respectively. Accordingly, small and
large turtles similarly occur in the remaining C2 and C3 communities with no preference
when surface areas are taken into account, suggesting that these communities provide food
of similar interest for both types of turtles. The common preference for C4 for both small and
large turtles may result from the dominant presence and extensive coverage of S.
isoetifolium reported to by particularly rich in nitrogen compared to other tropical seagrass
species (Aragones 1996). Additionally S. isoetifolium has cylindrical, very brittle leaves (Aioi
and Pollard 1993), which make digestion easier by the relatively greater leaf surface area
produced after bolus processing (Bjorndal et al. 1990). Similarly, H. uninervis T1 and H.
ovalis dominating C1 community reportedly are of great nutritional, highly digestible, value
compared to most other tropical seagrass species, with a relatively strong regenerative
potential (Aragones 1996; Sheppard et al. 2007; de longh et al. 2007). As such, H. uninervis
and H. ovalis have been reported to be frequently exploited by grazers such as green turtles
(Bjorndal 1997; Hasbun et al. 2000) and dugongs (de longh et al. 2007). By preferentially
exploiting seagrass species that occur in great density, that are rich in nitrogen, and that are
easily digestible, green turtles may compensate for their intrinsically nutrient-poor
herbivorous diet, as reported in other herbivores (Fenchel and Jorgensen 1977; Mattson
1980; White 1985).

The fact that large turtles were never sighted in C1 community suggests that seagrass
composition and abundance are not the only drivers of habitat use in green turtles. This is
supported by the observation of both small and large turtles exploiting the two remaining C2
and C3 communities at a similar level, regardless their relative surface area within the
meadow. In our study, differential habitat use in green turtles of different size implies large
individuals diving to deeper depths. Previous studies report lung-regulated buoyancy control
in sea turtles (Hays et al. 2004), with larger individuals having higher diving capabilities
thanks to larger lung capacities (Hochscheid et al. 2003). Yet, since depth on the study site
only ranges from 1 to 4 m, diving physiology may not be a prime determinant of the observed
differential habitat use in our case. Thermal conditions may more likely contribute to
differential habitat use between small and large turtles. Temperature plays a major role in
ectotherms such as sea turtles, since it drives physiological processes (Mrosovsky 1980;
Spotila et al. 1997; Seebacher and Franklin 2005), including digestion with high temperature
increasing digestion rate (Parmenter 1980; Wikelski and Hau 1995). Behavioural
thermoregulation is reported in many reptiles (Brattstrom 1965) and several studies
demonstrated the role of thermal environment in habitat use by reptiles. For example, lizards
adjust their body temperature through altitudinal location or shuttling between sun and shade
(Adolph 1990; Belliure et al. 1996) and marine iguanas thermoregulate using wind protected
sites (Buttemer and Dawson 1993). In sea turtles, loggerhead and green turtles bask on land
and at sea surface to increase their body temperature (Sapsford and Van der Riet 1979;
Whittow and Balazs 1982). In sea turtles, digestion capacities are greater in large than
smaller, i.e. younger, individuals due to incomplete intestinal flora of the latter (Bjorndal
1997). Accordingly, we suggest that small turtles increase their digestion rate by spending a
significant amount of their time in relatively shallower and warmer waters close to shore. By
preferentially selecting nearshore, relatively shallow and warm C1 community, small (i.e.
young) turtles may also compensate for their relatively high energy requirements associated
with growth (Bouchard and Bjorndal 2006), suggesting the pivotal ecological role of shallow
and nearshore habitats for growing green turtles. Size-related difference in behavioural
exploitation of the thermal environment has been previously reported in ectotherms as such
western toads, insular lizard and marine iguana (Lillywhite et al. 1973; Castilla and Bauwens



1991; Buttemer and Dawson 1993). Similar temperature-driven physiological processes may
contribute to the observed differential habitat use in green turtles of different size at N'Gouja.
Additional studies are required to investigate the thermal preferences in green turtles and
their implications in terms of physiology and behaviour. Understanding the factors driving
spatial distribution and habitat use in green turtles contributes to identify critical habitats and
to provide scientific bases for the management and the conservation of endangered green
turtles and related habitats.
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Tables

Table 1. Results for the General Linear Model relating green turtle encounters during 28

snorkelling censuses with time of day and depth (n = 700 encountered turtles).

Green turtle

) Large turtles Small turtles
population
df F p df F p df F p
Time 5 1359 0275 5 1069 0402 5 0.950 0.467
Depth 3 0560 0646 3 (431 0732 3 0732 0543

Time x Depth 15 0.853 0.619 15 1.111 0.424 15 0.347 0.975

Electronic Supplementary material published as Appendices:

Appendix 1 Substrate type, leaf density, and leaf biomass for 24 randomly selected quadrats

of 20 cm x 20 cm (see Fig. 1) of the seagrass meadow at N'Gouja, Mayotte, 2005.

Appendix 2 Phytoecological table of the seagrass meadow at N'Gouja (Mayotte, 2005) based

on four transects and 23 transect stations (see Fig. 1).
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Figures

Fig. 1 Map of the study site of N'Gouja Bay Mayotte Island, South Western Indian Ocean
(SWIO). The seagrass meadow associated to shallow waters area is delimited by the white
line, corresponding to a total surface area of ~40 ha. The present study occurred in a 13 ha
area highlighted in white. Within the study site, (a) 24 random quadrats (identified by
associated numbers) were sampled to investigate substrate and seagrass distribution,
including 10 quadrats that were photographed (underlined numbers, see methods); (b) Four
transects represented by the solid arrows (A, B, C, D) were used for the phytosociological
surveys (the 23 transect stations along these transects are not indicated); (c) 23 snorkelling
turtle censuses were performed following the same track (indicated by the dotted black line).
Insert: (a) Geographic position of Mayotte in the SWIO; (b) Geographic position of N'Gouja in
the south of Mayotte as indicated by the circle.

Fig. 2 Graphic representation of the Factorial Correspondence Analysis (FCA) conducted for
23 transect stations (filled triangles; Appendix 2) and 7 seagrass species/morphs* at N'Gouja
Bay, Mayotte Island, in 2005. FCA reveals a Guttman effect (parabolic curve) indicating that
most of the data inertia was associated with the first axis, being associated with distance to
shore. FCA reveals the existence of four groups, referred as seagrass communities (C1, C2,
C3 and C4) characterised by one or two seagrass species/morphs and distributed along the
depth gradient (see Fig. 3). * H. ovalis, H. uninervis T1, H. uninervis T2, S. isoetifolium, C.
rotundata, C. serrulata, T. hemprichii.

Fig. 3 Top: Distribution of seagrass communities and green turtles at N'Gouja Bay, Mayotte
Island, in 2005. Seagrass communities (C1, C2, C3 and C4, see Fig. 2) were distributed
along the depth gradient with C1 being closest to shore and C4 being the most seaward.
Each community was dominated by one or two seagrass species/656 morphs, namely
Halodule uninervis T1 (C1), Halodule uninervis T2 (C2), Halodule uninervis T2 and
Syringodium isoetifolium (C3), and Syringodium isoetifolium (C4). Bottom: Proportion of each
community surface area relative to the meadow total surface area (13 ha), and associated
proportions of small and large green turtles encountered during five snorkelling censuses:
Signs (=) and (+) indicate if green turtles occurred significantly (Neu et al. test) less or more
respectively on a given seagrass communities once community surface area was taken into
account.
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