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Green turtles (Chelonia mydas) are highly dependent on neritic foraging areas
throughout much of their life. Still, knowledge of recruitment dynamics,
foraging habits, and habitat use in these areas is limited. Here, we evaluated
how the distribution and food preferences of green sea turtles from different
life stages varied within a foraging aggregation. We focused on two islands in
Guinea-Bissau, Unhocomo and Unhocomozinho, using water captures and
survey dives to record habitat use and characteristics, and stable isotopes to
infer diet. Additionally, we used stable isotopes to infer their diet. Two habitat
types were sampled: deeper (2.26 + 0.4 m) rocky sites fringed by mangrove
with macroalgae, and sandy shallows (1.37 + 0.12 m) surrounded by rocky reefs
with macroalgae and seagrass. The two benthic communities were similar
isotopically and in terms of species composition, except for the presence or
absence of seagrass, which had unique signatures. We captured 89 turtles
ranging from 35 cm to 97 cm in curved carapace length (i.e., juvenile to adult
stages). Size distribution was habitat-dependent, with most smaller turtles
present in sandy shallows and larger turtles favoring slightly deeper rocky
sites. Turtle isotopic signatures differed between the habitat of capture,
regardless of size, revealing a marked dichotomy in foraging preference. All
turtles fed primarily on macroalgae, mostly rhodophytes. However, individuals
captured in sandy habitats had evident seagrass skewed isotopic signatures.
Larger turtles may be unable to use the more diverse shallower foraging sites
due to increased vulnerability to predation. Despite the proximity of the
sampled foraging sites (2.7 km apart), the two foraging subgroups seem to
maintain consistently different feeding habits. Our study highlights how
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heterogeneous green turtle foraging habits can be within populations, even at
small geographic scales.
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Chelonia mydas (green turtle), foraging segregation, stable isotopes, dietary studies,
Bijagos archipelago, macrophytes

Introduction

Intraspecific differentiation of foraging behavior is a
common phenomenon (Mattingly et al., 2004). Differences in
nutritional needs and habitat use may be associated with sex,
life stage, or the individual, and present unique ways to explore
available resources (Agrawal, 2001; Vander Zanden et al,
2013). Juvenile animals, for example, can feed on sources not
explored by adults or use habitats inaccessible to them, and vice
versa (Werner and Gilliam, 1984; Ferreira et al., 2018).
Intraspecific niche segregation is quite frequent among
marine megafauna, and has been observed in most groups
such as fish, birds, mammals, and reptiles (Breed et al., 2006;
McClellan et al., 2010; Benjamins et al., 2015; Ferreira et al,,
2018; de Lima et al., 2019; Louzao et al., 2019; Welsh and
Mansfield, 2022).

SIA has been widely applied in trophic and dietary studies of
marine megafauna (Boecklen, 2011; Haywood et al,, 2019). In
this group, observation of feeding events and assessment of
foraging areas is often difficult or impossible and so, by
analyzing the isotopic composition of tissue samples, it is
possible to assess their trophic dynamics and cryptic lifestyles
(Hatase et al., 2006; Vander Zanden et al., 2013; Burgett et al.,
2018). The most common isotopes used in trophic studies are
those of carbon and nitrogen (Lepoint et al., 2004; Boecklen,
2011)
baseline sources of trophic webs, being useful to trace back the

: stable carbon isotope ratios (813C) are linked to the

origins of consumed resources (Layman et al., 2007), while stable
nitrogen isotope ratios (815N) accumulate gradually along the
food chain, being good indicators of the trophic level of a
consumer (Deniro and Epstein, 1981). As the assimilation of
these two isotopes follows somewhat predictable rules, it is
possible to combine them to ascertain the place of an
organism within its trophic web (Shimada et al., 2014;
D’Ambra et al, 2015). Some of the drawbacks of SIA result
from the complexity of trophic systems, which limit its
resolution, especially when several resources have similar
signatures or the trophic pathways are intertwined (Phillips
and Gregg, 2003; Schmidt et al., 2003). However, when some
of the consumed organisms have distinct isotopic signatures, it is
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possible to use them as tracers to establish the connections
within the trophic web (Lepoint et al., 2004; Suzuki et al., 2008).
For instance, seagrasses tend to have more depleted 815N values
and more enriched 813C values than algae, which are
functionally distinct (Welsh, 2000; Lepoint et al., 2004;
Campbell and Fourqurean, 2009). This isotopic difference
frequently makes them easily traceable along the trophic
chains (Winning et al., 1999).

Over the last two decades, the use of SIA in marine turtle
studies has been invaluable to elucidate their spatial, foraging,
and trophic ecology (Reich et al., 2007; Pearson et al., 2017;
Haywood et al, 2019) . For green turtles (Chelonia mydas,
Linnaeus, 1758), regarding foraging ecology alone, SIA has
helped us uncover just how heterogenous their feeding habits
can be (Esteban et al,, 2020). Within populations, heterogeneity
of foraging habits can range from ontogenetic differences in diet
(Burgett et al., 2018), to unexpected pelagic feeding of previously
thought obligate herbivore adults (Hatase et al., 2006), to sex-
specific trophic variation (Roche et al., 2021). These differences
can sometimes be significant within relatively small geographic
scales, such as on the opposite shores of a single island (Hancock
et al, 2018) or even within a single foraging area, diverging
between individuals or age groups (Vander Zanden et al., 2013).
This complexity hinders the generalization of what is an
adequate habitat across world regions for this species and
reinforces the need for in-loco assessments.

Previous surveys identified a green turtle foraging
aggregation around the islands of Unhocomo and
Unhocomozinho, Guinea Bissau (Catry et al., 2009; Patricio
et al,, 2022), but their foraging habits remain for the most part
unknown. We conducted in-water surveys in four foraging sites
around these islands aiming to (1) characterize available
foraging habitats (2) describe the size structure of foraging
green turtles and (3) use SIA to assess the isotopic niches,
potential diet of turtles, and potential ontogenetic and habitat-
related differences. This study provides the first integrative
insight into the influence of local habitat characteristics and
benthic communities on the trophic habits of a foraging
aggregation of green turtles in the Bijagos archipelago, a
globally key area for this species.
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Materials and methods
Study area

The Bijagos Archipelago, Guinea-Bissau, West Africa, is
recognized as an important nesting area for green turtles and
hosts one of the largest green turtle rookeries in the Atlantic and
worldwide, at Poilao island (Barbosa et al.,, 1998; Catry et al,
2002; Catry et al., 2009). We conducted sea turtle captures in the
shallow waters surrounding Unhocomo and Unhocomozinho
(N11°31’, W16°40’), the two westernmost islands of the Bijagos
Archipelago in Guinea-Bissau (Figures 1A, B) and a known
foraging aggregation for this species (Monteiro et al., 2021;
Patricio et al., 2022). The combined area of both islands is
approximately 20.79 km’, with a 47 km coastline fringed by a
mix of mangroves, rock, mud flats, and sandy beaches.

Turtle capture and sampling

We conducted four capture sessions, spanning between 4 to 5
days each, on 18-22 March and 21-25 October of 2018 and 25-28
March and 27-30 October of 2019. March and October
correspond to the end of the dry and wet seasons, respectively.
With the help of local fishers, we identified four locations with
features appropriate for siege fishing and where the presence of
immature turtles was known (Figure 1C). Being relatively shallow,
these sites are mainly used by turtles during high tide, such as in
other foraging grounds (Brand-Gardner et al., 1999; Pillans et al,,
2021). We enclosed each site with a net (800 m long, 4 m height,
20 cm mesh size), deployed from a pirogue. A Garmin MAP64

10.3389/fmars.2022.984219

was used to take GPS points at regular intervals along with the net.
We recorded depth by using a weighted knotted rope at 3 random
points inside the netted area at the beginning of each capture
session. As the tide receded, the fishing net remained deployed for
approximately 1 hour, being constantly monitored for turtles.
Whenever one was found, it was captured using the “rodeo”
method (Limpus et al., 1994) and brought to a logistic vessel for
processing. We measured turtle curved carapace length (CCL,
from the nuchal scute to the edge of the posterior marginal scutes)
using a flexible tape to the nearest 0.1 cm. We applied metal
flipper tags and PIT tags as in Balazs, 1999, and photographed the
carapace and head for posterior visual photo-ID. We opted to only
place flipper tags in turtles longer than 40 cm CCL since it is not
advised to tag smaller turtles (Eckert and Beggs, 2006). Finally, we
collected an epidermis sample from the right shoulder of each
turtle using a sterile scalpel blade.

Benthic macrophytes and
local community

To characterize the benthic vegetation, we placed a quadrat
(50 x 50 c¢m, subdivided with a 10 x 10 cm grid) at 30 random
locations at each sampling site. Through snorkeling, we noted all
visually identifiable algae and seagrass taxa in the large quadrat,
as well as the percent cover by algae/seagrass, rock, or sand,
estimated by counting the number of grid cells. Whenever there
was evidence of turtle grazing - short, cropped stalks, pulled root
systems, or bite marks in the sand - we noted the species grazed.
At each capture site, we gathered up to five samples of each main
macroalgae species, as well as seagrass and mangrove leaves

FIGURE 1

(A, B) Relative location of Unhocomo and Unhocomozinho islands in the Bijagos, Guinea-Bissau. (C) Sampled green turtle foraging sites, with
respective area name, color labeled by habitat type: black — rocky-bottom; orange — sandy-bottom.

Frontiers in Marine Science

03

frontiersin.org


https://doi.org/10.3389/fmars.2022.984219
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Madeira et al.

(Rhizophora sp.), when present. We repeated this in all sampling
missions. We selected for stable isotope analysis all vegetation
species with apparent turtle grazing marks and/or known to be
fed upon by green turtles at this location (Diaz-Abad et al,
2022). We also included mangrove to discard its potential
presence in the diet of the turtles. To better encompass the
isotopic range of the local community and to estimate the
position of the green turtles within it, we collected additional
samples from other animals (up to five per species) at each site
during both 2019 missions: epibenthic microalgae feeding
gastropods (Cerithium sp.), mangrove snails (Littoraria sp.),
the benthic invertebrate specialist West African spadefish
(Chaetodipterus lippei) (Longhurst, 1957) and two active
predatory fish species (family Carangidae, genera Trachinotus,
and Alectis).

Sample preparation

We dried both vegetation and animal tissue samples in situ
for immediate conservation. In the lab, we rinsed the samples
with distilled water, dried them at 60°C for 24h, and stored them
at -20°C. We dusted off algae and seagrass samples and removed
all visible epiphytes before grinding the samples in a ball mill.
For animal tissue (turtle, snails, and fish), we removed the outer
skin/shell and selected the muscle tissue which we finely diced
with a scalpel blade. Animal tissue samples with a high lipidic
content tend to have depleted >C values (Post et al., 2007),
which may bias analysis. To confirm if lipid extraction was
required, or if correction factors were necessary, we performed
validation experiments and adjusted the data accordingly (see
Supplementary materials, S1).

We weighed 0.75 to 1 mg of material for animal samples, and
4 to 5 mg for algae/seagrass samples into tin capsules with a
microbalance, sealed and analyzed them for carbon and
nitrogen. We determined the isotopic composition of the
samples through mass spectrometry by continuous flow mode
(CE-IRMS) (Preston and Owens 1983) on a Sercon Hydra 20-22
(Sercon, UK) stable isotope ratio mass spectrometer, coupled to
a EuroEA (EuroVector, Italy) elemental analyzer for online
sample preparation by Dumas combustion. We calculated the
ratios according to Michener and Lajtha (2007) as & = [(Rsample
e Rstandard)/Rstandard], where R is the 15N/14N or 13C/12C
ratio. 8"°N values were referred to atmospheric N, while §"*C
were referred to PeeDee Belemnite (PDB). We determined the
precision of the isotope ratio analysis using values from six to
nine replicates of laboratory standard material randomly spread
between samples in every batch analysis. We used Casein OAS
(Elemental Microanalysis, UK) and IAEA Casein (IAEA,
Vienna, Austria) for the animal samples and Wheat Flour
OAS (Elemental Microanalysis, UK) for the algae/seagrass
samples. Accuracy between runs was 0.06 = 0.04%o for 815N
and 0.05 * 0.02%o for 13C in animal samples; 0.04 * 0.02%o for
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815N and 0.06 + 0.05%o for 813C in algae/seagrass samples. We
performed these analyses on the CRIE (Center for Resources in
Stable Isotopes) of the Center for Ecology, Evolution, and
Environmental Change (cE3c) of the Faculty of Sciences of the
University of Lisbon (FCUL).

Data analysis

We tested for differences in green turtle sizes between
habitats using a Mann- Whitney U-test. Given the differences
in sample size between the two habitats, we used a 2500-iteration
bootstrap with replacement (simpleboot, Peng, 2019), to
evaluate if mean size differences remain with adjusted sample
size (see Supplementary materials, Figure S2). We considered
turtles measuring between 35-40 cm CCL as recruits (range of
green turtle sizes at recruitment, Reisser et al., 2013; Musick and
Limpus, 2017), and classified all juveniles longer than 65 cm
CCL as subadults (Limpus and Chaloupka, 1997; Monteiro et al.,
2021). To better infer diet throughout juvenile growth, we
divided juveniles (between recruits and subadults) into three
size classes (40-50, 50-60, and 60-65 cm in CCL) and the
remaining into subadults (65-80 cm CCL) and adults (> 80 cm
CCL). To classify large turtles as potential reproducing adults,
we used the sizes of breeding adults recorded at the island of
Poildo, the most important green turtle nesting site in the
archipelago, as a reference. We assumed turtles to be potential
breeding adult females if CCL was longer than 81 cm (smallest
observed CCL for nesting females at Poildo, F.M. Madeira
personal observation) and no male characteristics were present
(i.e. elongated tail) or males if larger than 83 cm CCL (minimum
male size observed on mating aggregations at Poildo; IBAP,
unpublished data) with obvious male phenotype.

Using Welch ANOV As, we tested the variation in 613C and
815N signatures between the different size classes. We also tested
for differences in the isotopic signatures of turtles from each
habitat using a Mann-Whitney U-test for each size class,
excluding recruits and individuals above 65cm CCL which
were practically absent from sandy-bottom sites.

Using the Stable Isotope Bayesian Ellipses Package V.2.1.5
(SIBER, Jackson et al,, 2011) available in R V.4.0.3 (R Core
Team, 2020) we estimated recruit isotopic niche and compared
the variation and overlap of isotopic niches from juvenile turtles
captured in different habitats. This approach fits, through
Bayesian inference, bivariate ellipses to isotopic data to
calculate and compare isotopic niches (Jackson et al, 2011).
Due to the low sample size in all groups (n < 50), standard
ellipse areas (SEA) were corrected (SEAc) using the formula
SEAc = SEA (n - 1)(n — 2)-1 (Jackson et al., 2011, Syviranta
et al., 2013). Based on grazing evidence in the field and previous
data (Diaz-Abad et al., 2022), the taxa Laurencia sp.
(rhodophyte), tribe Dictyoteae (ochrophyte, including
Canistrocarpus cervicornis, Dictyota ciliolata, Dictyota cf.
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rigida), Caulerpa serturalioides (chlorophyte) and Halodule
wrightii (the single seagrass species in this area) were selected
as representative dietary items for SIA.

We assessed the dietary importance of these food sources
using the R package ‘MixSIAR’ V3.1.12 (Stock and Semmens
2018). This Bayesian-mixing model uses source isotopic
signatures from food to calculate their potential diet
contribution while accounting for the trophic enrichment
factor due to assimilation by the consumer. We calculated
tissue-specific trophic enrichment factor for turtle epidermis
using the values published by Seminoff et al., 2006 (juveniles:
+0.17 + 0.03%o for 813C, +2.80 * 0.11%o for d15N) and Vander
Zanden et al.,, 2012 (Juveniles: +1.87 * 0.56%o for 813C and
+3.77 £ 0.40%0 for 815N; Adults: +1.62 + 0.61%o for 813C and
+4.04 + 0.44 %o for 815N). We used a concentration-dependent
mixing model given that the dietary items sampled belonged to
distinct functional groups, such as different macroalgae groups
and a vascular plant (Phillips et al., 2014). Given that the isotopic
turnover for skin of rapidly growing juvenile marine turtles is
three to four months (Reich et al., 2008; Seminoff et al., 2021),
corresponding to around 3 cm of growth (Bjorndal and Bolten,
1988), we assumed that turtles within the recruit size class would
not have had time to assimilate local isotopic signatures, thus, we
excluded them from MixSIAR analyses.

Data are presented as mean + standard deviation unless
otherwise stated.

Results
Foraging habitat

The four sampling sites consisted of two main habitat
categories: two coastal sites, adjacent to mangroves
(Rhizophora sp.), with rocky sea floors dominated by
macroalgae including occasional large and dense patches of
Caulerpa sertularioides (Table 1); two more offshore mostly
sandy shoals surrounded by reefs exposed in the low tide, with
extensive but low-density seagrass patches, and sparse rocks
covered in macroalgae (Table 1). Rocky-bottom sites were
deeper (Table 1), with the minimum depth at these sites

10.3389/fmars.2022.984219

(range: 1.7 m - 3 m) being higher than the maximum depth
recorded at sandy-bottom sites (range: 1.3 m - 1.5 m). Despite
having mostly the same assemblage of algae/seagrass (Figure 2),
we found a higher species richness per sampling point at the
sandy-bottom habitat (3.22 + 1.75 species compared to 1.96 +
1.23 at the rocky-bottom). There, 10 out of the 16 species
occurred more frequently, growing on the sparce rocks, being
the most frequent groups seagrass (Halodule wrightii in 60%)
and brown algae (two species of the family Dictyotaceae present
in 65% and 58% of the points). The rocky habitat in its turn was
dominated by red and green algae (Spyridia sp. in 48% of the
points, C. sertularioides in 42%, and Acanthophora spicifera in
36%). There were evident signs of grazing in the dense patches of
C. sertularioides and the patches of H. wrightii.

Green turtles

We captured 89 green turtles with sizes ranging from 35 cm
to 97 cm curved carapace length (CCL), being 40-50 cm the most
common size class (Figure 3). More turtles were captured at the
sandy shoals (57), with different mean sizes between habitat
types (Mann- Whitney U= 520.5, P = 0.01). We found no effect
of different sample sizes in this comparison (see Supplementary
Materials S2, Figure 1). Smaller turtles were more frequent on
the sandy shoals (47.94 + 8.28 cm CCL, min. 35 cm, max.
67 cm), while larger turtles were more frequent on the deeper
rocky locations (59.93 + 17.01 cm CCL, min. 35 c¢cm, max.
97 cm). Adult-sized turtles (2 males and 2 females) were
captured exclusively in the deeper, rocky sites. Despite the
sample size, and the considerable sampling effort, there was a
single recapture of one juvenile (56.8 cm CCL on the recapture
occasion), first captured in March 2019 and then in October of
the same year, having grown 1.3 c¢m in seven months (mean
growth rate of ~0.19 cm per month).

Stable Isotope Analysis (SIA)

Concerning size, the carbon isotopic ratios (813C) of
turtles between 50-60 cm CCL were significantly higher than

TABLE 1 Characteristics of two green turtle foraging habitat types surveyed at Unhocomo and Unhocomozinho islands, Guinea-Bissau.

Habitat/Site Area(ha) Depth Benthic cover
Mean(m) Min(m) Max(m) Sand Rock Algae/seagrass
Rocky-bottom Etimbato 3.53 2.05 +0.33 1.7 2.5 36.5% 42.1% 21.0%
Akassesse 4.19 2.67 £0.29 2.5 3
Sandy-bottom Ancante 11.84 1.37 £ 0.12 1.3 1.5 61.5% 3.4% 35.0%
Ancante2 3.17 1.40 £ 0.1 1.3 1.5
Data presented as mean + standard deviation.
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FIGURE 2

Frequency of occurrence of the benthic algae/seagrass taxa identified at Unhocomo and Unhocomozinho green turtle foraging grounds. Taxa
are ordered from top to bottom from most common at the rocky-bottom habitat (black) to most common at sandy-bottom habitat (orange).
Color coding on the left represents taxonomic groups — red, rhodophyta; green, chlorophyta; brown, ochrophyta; blue, tracheophyta (seagrass).

those of the recruits (Welch ANOVA F: 3.63, dfl = 5, df2 =
18.90 P = 0.018; Figure 4; Table 2). Between habitats and
considering only sizes between 40 and 65 cm CCL, there were
differences in both isotopes (Figure 4), with all sandy site
turtles having enriched 813C values, and only the 60-65 cm
CCL class having lower nitrogen isotopic ratios (815N).
Overall green turtle isotopic signatures were closer to those
of the herbivorous/detritivore gastropod Cerithium sp., and just
below the trophic level of both carnivorous fish groups

30
25

20

# captured turtles

35-40 40-50

(Figure 5). SIBER results indicated that recruit isotopic
signatures were similar, regardless of capture location (not
shown), while the remaining turtles were isotopically
segregated by habitat of capture, with a niche overlap of only
0.01%, and turtles from rocky sites having lower 813C and
higher 815N values (Figure 5).

There were no significant differences in the isotopic
signatures of macroalgae between sites thus all samples were
pooled by species (Table 2). Algae signatures were similar

28
11
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10 9
76 7
1
om N il N |

50-60

60-65 65-80 >80

Curved carapace length - CCL (cm)

FIGURE 3

Size distribution of green turtles captured at foraging areas around Unhocomo and Unhocomozinho islands, Guinea-Bissau. Color indicates

habitat of capture, black — rocky-bottom, orange - sandy-bottom.
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FIGURE 4
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Carbon and nitrogen isotopic signatures (mean + standard deviation) of green turtles from Unhocomo and Unhocomozinho foraging areas by
curved carapace length (CCL, cm) size class. Color represents habitat of capture — black: rocky-bottom; orange: sandy-bottom. Statistically

significance differences are represented as: *P < 0.05; ***P < 0.00.

regardless of Division, ranging between (Figure 5, Table 2). The
signatures of H. wrightii were strikingly different from those of
other potential dietary items, having consistently higher values
of 613C and lower of 815N (Table 2).

According to the MixSIAR Bayesian model results, the
dietary item with the overall highest contribution for all turtles
was, by far, the rhodophyte Laurencia sp. (~60 + 12% of average

estimated contribution, Figure 6). In fact, this species was
estimated to be the single major consumed species for all
individuals captured in the rocky-bottom sites (average
contribution increasing from 66 + 17% for turtles with 40 -
50cm CCL to 73 + 20% for individuals >65cm CCL), followed by
macroalgae from the tribe Dictyoteae and C. sertularioides
(Figure 6). The estimated contribution of seagrass for the

TABLE 2 Sample size and overall isotopic signatures of all species sampled at the Unhocomo and Unhocomozinho green turtle foraging areas.

Species N
Mangrove:

Rhizophora sp. 14
Seagrass:

Halodule wrightii 19
Macroalgae:

Ochrophyta: Tribe: Dictyoteae 18

Rhodophyta: Laurencia sp. 23

Chlorophyta: Caulerpa sertularioides 33
Gastropods:

Cerithium sp. 24

Littoraria sp. 4
Fish:

Chaetodipterus lippei 2

Carangidae (genera Trachinotus and Alectis) 5
Green turtles (Chelonia mydas):

35-40 cm CCL 14

40-50 cm CCL 37

50-60 cm CCL 13

60-65 cm CCL 13

Subadults (65 — 80 cm CCL) 8

Adult Females (> 81 cm CCL) 2

Adult Males (> 83 cm CCL) 2

d13C O015N

-27.66 £ 2.1 3.67 £2.13
-10.88 £ 1.41 -1.65 £+ 3.03
-16.04 + 2.04 7.09 £ 0.83
-16.58 + 1.53 7.14 £ 0.94
-17.91 £ 1.95 6.78 £ 1.05
-13.03 £ 1.29 8.88 £ 0.95
-20.85 + 0.62 5.34 + 0.44
-13.52 £ 0.9 16.9 + 0.34
-11.91 £ 0.93 15.18 £ 0.51
-14.75 £ 0.77 127 £ 1.1

-13.99 £ 1.13 12.57 £ 1.62
-12.79 £ 1.7 10.81 + 2.31
-13.52 + 1.66 11.34 £2.13
-14.33 £ 0.8 11.94 + 1.82
-14.76 + 2.03 11.71 £ 34
-15.03 £ 0.07 13.88 + 0.41

Turtle sizes: curved carapace length (CCL). Data presented as mean + standard deviation.
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Isospace plot of green turtle isotopic signatures (points), macrophytes (red algae: Laurencia sp.; brown algae, Tribe Dictyoteae; green algae,
Caulerpa sertularioides; seagrass, Halodule wrightii), and additional animal samples (benthic gastropod: Cerithiidae sp.; invertebrate specialist
fish, Chaetodipterus lippei, active predatory fish, Carangidae) from Unhocomo and Unhocomozinho foraging grounds. Turtle symbols indicate
life-stage — triangles, recruits; circles, established turtles — and colors indicate habitat of capture - black — rocky-bottom, orange — sandy-
bottom. Ellipses represent the standard ellipse area corrected (SEAc) produced by SIBER, also color-coded by habitat.

turtles captured in the rocky-bottom sites was virtually null for
all sizes, including the smaller turtles. In contrast, regarding
turtles from the sandy-bottom habitat, the seagrass is suggested
as a considerable part of their diet for all size classes, up to 65 cm
CCL. Its estimated contribution increases and then stabilizes
along the successive size classes (averages starting from 5.5 +
2.5% for turtles with 40 - 50cm CCL, to 19.4 + 8% for individuals
with 50-60 cm and 19.5 + 8.7% for turtles with 60 - 65cm CCL),
suggesting a continuous and consistent consumption
throughout the period of post-recruitment juvenile growth.

Discussion

The coastal waters surrounding the islands of Unhocomo and
Unhocomozinho are used by growing green turtles, maintaining
animals of all sizes from recruits to subadults and adults.

In comparison with other populations, green turtles from
this area are mostly herbivorous and completely specialized in
marine food sources, given that their isotopic niche was lower on
the 815N axis than those of both groups of carnivorous fish, and
that the signatures of mangrove, consumed by other green turtle
populations (Arthur et al., 2008; Esteban et al., 2020), are too
distant to suggest any importance for the diet.

Green turtle size distribution

Recruits and smaller juveniles were mostly captured at
shallower sandy-bottom sites, being seemingly more frequent
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here. Shallower environments tend to be more productive and
macrophyte rich (Sand-Jensen and Borum, 1991; Duarte, 1995;
Borum and Sand-jensen, 1996), being considered better
foraging grounds for green turtles (Makowski et al., 2006;
Heithaus et al., 2007; Hazel et al., 2009). Indeed, despite the
relatively small difference in depth between sites, most
macrophyte taxa were more frequent in the shallower
habitat. It is not uncommon to find marked macrophyte
community structuring in small depth gradients, especially
for light-dependent rooted/soft-bottom species (Jensen and
Carstensen, 2018). As such, at the Bijagos archipelago, a big
estuarine system, with sediment turbid waters (Campredon
and Cugq, 2001; Brenninkmeijer et al., 2002), light availability
must play an important role in limiting the depth distribution
of local macrophytes. In fact, we only found seagrass (Halodule
wrightii) at the shallower sandy sites, since its optimal growing
depth tends to decrease from around 3m to < 1.5m in murky
conditions (Duarte, 1991; Dunton, 1994; Kenworthy and
Fonseca, 1996; Hale et al., 2004).

Despite this potential difference in foraging quality, larger
turtles were mostly absent from the sandy habitat. We are
confident that this difference is representative given that only
one subadult and no adult turtles were sighted at these habitats.
Additionally, the characteristics of the shallower sandy shoals,
such as very low depth and the physical barrier provided by the
surrounding reefs, make them ideal trapping locations,
especially for larger turtles. A similar size distribution has
been observed at other foraging aggregations, with larger
turtles being more frequent in deeper open areas and
juveniles in shallower more secluded sites (Heithaus et al,
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FIGURE 6

MixSIAR density distribution model results showing distributions of
the proportion of different benthic algae/seagrass types on the
diet of green turtles foraging at Unhocomo and Unhocomozinho,
Guinea-Bissau. Left column: turtles captured in a rocky-bottom
habitat. Right column: turtles captured in a sandy-bottom habitat.
Lines: size classes; the 65 - 80 cm size class of the right column
was omitted due to low sample size (n = 1).

2005; Lopez-Mendilaharsu et al., 2005; Welsh and Mansfield,
2022). Some authors suggested that size-specific vulnerability
to sharks may be the root of this pattern, as they are the main
natural predators of marine turtles and prefer to hunt them in
shallows (Heithaus et al., 2006). As turtles rely on speed and
maneuverability to escape (Heithaus et al., 2002), in shallower
more constrained areas, larger individuals are significantly
hindered (Heithaus et al., 2007) therefore avoiding them. We
do not have reliable information on the abundance of large
sharks in our study sites but, since tiger sharks also occur on
the West African coast (Domingo et al., 2016), we cannot
exclude the hypothesis that turtles are responding to their
predation effect.
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The habitats surveyed in this study are shallower than most
at other foraging aggregations, where, given the compared depth
ranges, both could be perceived as belonging to the same low
depth category (Makowski et al.,, 2006; Seminoft et al., 2006;
Ballorain et al., 2013). Still, the marked differences observed,
both in the benthic communities and turtle size distribution at
such a fine scale may also occur in other foraging areas and
should therefore be considered.

Isotopic niche segregation

We found that green turtle isotopic niches were noticeably
segregated according to the habitat where they were captured,
irrespective of body size. Since this pattern is so evidently area
dependent, we can assume that their isotopic signatures result from
the consumption of local resources. Turtles captured in the sandy-
bottom sites had signatures skewed towards those of seagrasses,
having consistently higher 613C values than those from rocky sites,
indicating that its consumption may be the driver of the observed
isotopic segregation. Nevertheless, even for turtles from sandy-
bottom sites, seagrasses are not the primary food source, with
rhodophytes being the most consumed by all size groups, followed
by ochrophytes as indicated by our results. A previous study that
assessed green turtle diet through eDNA of esophageal and cloacal
swabs from individuals captured at one of these sandy-bottom sites
found a similar result, with red algae accounting for ~50% of their
diet and pointing Laurencia sp. as a major food source (Diaz-Abad
et al., 2022).

According to the global review on green turtle diet by Esteban
et al. (2020), all turtles, despite being isotopically segregated by
foraging habitat, fit the category of turtles with macroalgae
dominated diet (in this case rhodophytes and ochrophytes),
where seagrass is relatively sparse or absent. Only the presence of
a tracer species, the seagrass H. wrightii, allowed us to further
discriminate the seemingly constant foraging segregation of this
population. Given the current worldwide seagrass decline (Jorda
et al, 2012; Tang and Hadibarata, 2022), the long-term detectability
of this pattern may be at risk. Still, it is compelling to learn that
green turtles in the Bijagos can thrive mostly on macroalgae. If the
rich seagrass meadows present in other West African foraging areas
collapse (Cardona et al., 2009; Chefaoui et al, 2021), and are
substituted by adequate macroalgae, local green turtle populations
may be able to adopt a similar diet and persist. Alternatively, if they
are too specialized to adapt, they may migrate to other more suitable
foraging locations as in other populations (Kale et al., 2022).

The notorious absence of seagrass in the diet of all turtles found
at rocky-bottom sites, reveals a striking finding of this work - that
despite the overlaps in sizes between habitats and overall similar
diets, same-sized turtles have distinct long-term feeding habits.
Foraging specialization has been documented within green turtle
populations, whether related to ontogenetic differences in feeding
strategy (Vander Zanden et al,, 2013) or to spatial segregation with
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opportunistic use of local resources (Gillis et al.,, 2018; Hancock
et al, 2018). Remarkably, (Thomson et al. 2018) reported that
individual preferences also have a role in foraging specialization,
and the authors propose that different gut microbiota, more efficient
in digesting specific food sources, may be influencing
individual selection.

Our results add to the increasing number of studies
reporting the role of individual selection on population sub-
structuring in sea turtles. Here we found that even same-sized
individuals, captured on adjacent sites separated by only ~
0.7 km to ~ 2.7 km of unimpeded water, and which probably
take refuge on the same deeper channels during the low tide,
may segregate spatially during the high tide. Furthermore, they
do not only seem to forage separately but are also feeding on
habitat-specific food sources for long enough for them to be
detected isotopically. This hints at a subtler pattern of foraging
segregation, where the two groups have small-scale consistent
habitat preferences, but not, as in (Thomson et al. 2018) strict
dietary specialization. Instead, these turtles seem rather to have
an overall similar diet, mostly feeding on rhodophytes, which
they opportunistically complement with locally available
resources, such as seagrass.

To our knowledge, this is one of the smaller spatial scales over
which consistent differences in the diet of sea turtle individuals of
the same size has been found (see a similar result for C. caretta by
Raposo et al,, 2019, concerning pelagic juveniles). In the future it
will be important to verify if these differences are deliberate and
long-lasting as if driven by specific gut microbiota or nutritional
needs, or simply opportunistic, being secondary to individual
habitat selection motivated by factors other than a diet.

Along with immature turtles, adults of both sexes also use
this area, with origin on the large rookery of Poildo Island, in the
southeast of the Bijagos, as recently revealed by satellite tracking
(Patricio et al., 2022) and further observed here, as one adult
female (97 cm curved carapace length - CCL) captured on 22/10/
2018 was found 6 days later nesting at Poildo. However, so far,
we have found no evidence of seagrass signal on the isotopic
signatures of these adults, raising the question of where the
immature seagrass-eating green turtles go when they reach
subadult size. Given our limited sampling resolution,
constrained by the availability of suitable locations for net
deployment, there is a high chance that these turtles may
transition to unsampled foraging sites and habitats.

Granted our low recapture rate there is a strong indication that,
despite seemingly consistent foraging habits throughout juvenile
growth, there is low foraging site fidelity for this population and that
they may be foraging fluidly throughout the Bijagos archipelago.
Nonetheless, the obvious size class and isotopic segregations found
here, likely resulting from a combination of habitat characteristics along
with individual preferences, reinforces the notion that the trophic
ecology of green turtles is much more complex and nuanced than
previously thought. Our results support that fine-scale studies are
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fundamental to assessing green turtle ecological heterogeneity, which
needs to be considered in regional conservation efforts.
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