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Abstract
Loggerhead sea turtles (Caretta caretta) occupy an array of marine habitats throughout their lives and understanding how 
this threatened species utilizes these habitats can help guide conservation efforts. This study used a combination of isotopic 
analysis (δ13C; δ15N) of turtle epidermis and epibiotic community composition to examine habitat-use patterns of nesting 
loggerheads from the South West Indian Ocean and related these to turtle body condition. First, we identified two foraging 
groups using relative changes in the turtle’s epidermis δ13C isotope values (of 170 individuals). Second, we show that epibiont 
communities (of 80 turtles) differed significantly between the two foraging groups, with oceanic/pelagic and neritic/benthic 
species occurring in higher abundances on turtles with depleted and enriched δ13C values, respectively. The complementary 
evidence from isotope and epibiont data thus indicates that nesting loggerheads of this population exhibit a bimodal foraging 
strategy. The relatively high variability in δ13C and δ15N values of the turtles’ tissue showed that they have a broad isotopic 
niche. While isotopic niches overlapped among turtles with different body conditions, very healthy individuals had a sig-
nificantly narrower isotopic niche width than those in poorer condition. This suggests that turtles in very good condition are 
food specialists, and individuals with suboptimal body conditions utilise a wider range of food items and are more generalist 
foragers. These results show the value of using a combination of stable isotopes and epibiont communities as cost-effective 
tools that can be applied effectively to derive information on habitat-use patterns of migratory species.

Introduction

Migration is a key feature in the life histories of many 
marine species (Dingle and Drake 2007). Sea turtles, like 
many marine megafauna, conduct long-distance migrations 
that traverse a variety of marine habitats at different stages 
of their lives. As adults, their foraging areas can occur thou-
sands of kilometres from their nesting grounds (Mansfield 
and Putman 2013; Saba 2013). Furthermore, individuals 
within the same population can occupy different foraging 
habitats during their adult life (Hatase et al. 2002; Reich 
et al. 2010; Seminoff et al. 2012). Different feeding strategies 
within a habitat, e.g. in the form of specialised versus gener-
alist foraging behaviours, further add to the complex habitat-
use patterns exhibited by turtles. These patterns generate 
important research, conservation, and management chal-
lenges (Godley et al. 2008). Determining such patterns for 
threatened populations is thus important for effective con-
servation of migratory species (Schwenk et al. 2009; Bowlin 
et al. 2010). The habitats used by loggerheads are diverse 
and are often a reflection of the different stage in their life-
cycle. These habitats range from coastal (neritic) to offshore 
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(oceanic), and the upper most water column (pelagic) to the 
ocean bottom (benthic). Because loggerheads spend most of 
their time in the euphotic zone (Polovina et al. 2003; Freitas 
et al. 2018), these marine habitats are often complementary 
as neritic/benthic and oceanic/pelagic. This wide range in 
foraging areas can cause differences in the morphology and 
physiology of loggerhead turtles (Price et al. 2017), since 
oceanic environments are generally oligotrophic (Lugendo 
et al. 2006) in comparison to neritic environments. Moreo-
ver, the quality and quantity of the diet of turtles that occupy 
different marine environments can contribute to differences 
in their growth rate (Kubis et al. 2009) and body condi-
tion. Size differences between turtles have been attributed 
to foraging in pelagic versus neritic environments (Hatase 
et al. 2002; Reich et al. 2010), and coastal areas with differ-
ent latitudes (Patel et al. 2015). Body condition reflects the 
health of an individual and this has been shown to correlate 
with reproductive success (Perrault et al. 2012). Therefore, 
understanding habitat use in relation to body condition is 
important for focusing conservation efforts on areas where 
turtles are in suboptimal condition.

There are many ways in which the movement patterns 
of marine migratory species have been determined. One 
such way is satellite telemetry, which to date has been very 
informative in identifying the habitat-use patterns of indi-
vidual sea turtles, but it is considerably expensive and is 
generally only feasible for a small proportion of a population 
(Hebblewhite and Haydon 2010). Although not as precise 
as satellite telemetry, another such method is stable isotope 
analysis, these have become a popular alternate method for 
determining habitat use and movement patterns of animals, 
as the results are relatively cheap and fast to obtain (Hob-
son 1999, 2008). The isotopic values of primary producers 
are variable along environmental gradients, and these are 
incorporated into higher species up the food-web (Hobson 
1999; Magozzi et al. 2017). Studies have shown that indi-
viduals feeding at the same trophic level will have relatively 
depleted δ13C (ratio of 13C–12C) signatures if they utilize 
habitats at higher latitudes (Hobson 1999; Takai et al. 2000). 
Similarly, δ13C signatures of conspecifics that forage in off-
shore (oceanic) regions are also depleted in comparison to 
their coastal (neritic) counterparts (Burton and Koch 1999). 
In the marine environment, primary producers have distin-
guishable δ15N (ratio of 15N–14N) signatures depending on 
different biological processes and the source of the nitrogen 
utilized through fixation and denitrification (Montoya 2007). 
Nitrogen fixation and denitrification cause relative depletion 
and enrichment on the nitrogen isotope signature of primary 
producers, respectively (Montoya 2007). This trend has been 
useful to determine foraging areas for different turtle popu-
lations (Seminoff et al. 2012; Ramirez et al. 2015; Turner 
Tomaszewicz et al. 2018). Additionally, stable isotopes can 
evaluate trophic dynamics through a quantitative measure 

of the isotopic niche space (Layman et al. 2007; Jackson 
et al. 2011). One can conceptualise ecological niche using 
the variability of δ13C and δ15N values for the consumer in 
question (Layman et al. 2007; Jackson et al. 2011), where 
individuals that have broad diets will have large variability in 
their isotopic signatures and a broad isotopic niche (Bearhop 
et al. 2004). Both the size and overlap of isotopic niches 
for different groupings within a community can be statisti-
cally compared, therefore allowing interpretations relating 
to dietary overlap and resource use without sampling the 
isotopic ratios of potential prey items (Jackson et al. 2011).

Another relevant method of inferring habitat-use pat-
terns and behaviour in sea turtles is by examining their epi-
biont communities. Epibionts that settle from areas outside 
the current position of a turtle reflect previous locations 
the host has spent time in (Casale et al. 2004; Frick and 
Pfaller 2013). During movement into oceanic environments, 
sea turtles may be colonised by communities of oceanic/
pelagic organisms typically associated with drifting flotsam 
and jetsam (Pfaller et al 2014). Likewise, an indication of 
neritic/benthic epibionts shows occupation of this environ-
ment. The presence of such epibiont species on nesting sea 
turtles provides a snapshot of habitats recently occupied 
by the host turtle prior to their migration to coastal nesting 
grounds. Because of the relatively low costs associated with 
epibiont sampling and processing, this method is an attrac-
tive alternative when large sample sizes or repeat sampling 
are required, such as for quantitative estimates of relative 
habitat use within populations or in long-term monitoring 
programmes (Ten et al. 2019). A complementary analysis 
of different methods is, therefore, useful to validate habitat 
use patterns inferred from different methods, before the most 
suitable method can be chosen for a given application.

In this study, we use a combination of stable isotope anal-
ysis of turtle epidermis samples and epibiont community 
composition to infer foraging habitats of nesting loggerhead 
turtles in the South West Indian Ocean (SWIO) and to vali-
date the different methods through congruent results. Tag 
recoveries and satellite tracking have revealed that females 
of this population tend to migrate long distances from their 
breeding to feeding grounds, travelling as far north as the 
Seychelles and as far south as the Agulhas Bank at the tip of 
South Africa, occupying oceanic and neritic habitats (Luschi 
et al. 2003; 2006; Harris et al. 2018; Robinson et al. 2018). 
A previous isotope study by Robinson et al. (2016a, b) on 
leatherbacks (Dermochelys coriacea) and loggerheads of the 
same population as the current study, supplemented with sat-
ellite tracking data, found that loggerheads were foraging in 
either neritic or oceanic waters. We will build on this previ-
ous work, incorporating epibiont communities of the nesting 
turtles as well as an examination of the relationship between 
body condition and foraging habitat. We hypothesise that 
differences in the foraging habitats of nesting turtles, as 
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reflected in the stable isotope signatures of turtle epider-
mis, are mirrored in patterns of their associated epibiont 
assemblages. We further hypothesise that dietary differences 
associated with differences in foraging habitats and isotopic 
niche space affect turtle body condition and that individuals 
foraging in distinct habitats have different body conditions. 
Through the complementary use of stable isotope analyses, 
epibiont community composition and body condition of 
nesting loggerhead turtles, we provide an assessment of the 
habitat-use patterns for this species in the SWIO and novel 
insights into differences in feeding behaviour exhibited by 
turtles of different body condition. The addition of epibionts 
to test the effectiveness of this method is particularly useful 
in regions where satellite tracking or stable isotope analysis 
to determine habitat use is not feasible.

Methods and materials

Sample collection

This study was conducted in the iSimangaliso Wetland Park 
on the northeast coast of South Africa. We collected samples 
from nesting loggerhead turtles between November and Feb-
ruary in 2016/17 and 2017/18 (Appendix 1). Nesting occurs 
along the 230-km coastline of the Park, with approximately 
1000 individuals nesting each summer (Nel et al. 2013). We 
collected samples opportunistically during nightly patrols 
in the northernmost section of the park, where the highest 
loggerhead nesting densities have been recorded.

Turtle epidermis samples for stable isotope analysis were 
collected from 170 nesting loggerhead turtles, 51 and 119 
individuals in the 2016/17 and 2017/18 nesting seasons, 
respectively. We collected the samples from the front flip-
per using a sterile 6 mm biopsy punch (Thomson et al. 2012) 
and stored in a cryovial with 95% ethanol at room tempera-
ture for 4 to 6 months before processing. Ethanol was used 
for isotope sample preservation because it has been shown 
to not significantly alter the isotopic signature of sea turtle 
epidermis (Barrow et al. 2008).

Epibiont samples were additionally collected from the 
right side of the loggerhead’s carapace (with complementary 
isotope samples) as described in Nolte et al. (2020). On 80 
of the 170 turtles sampled for stable isotope analyses we 
also collected epibiont samples from 48 and 32 individuals 
in the 2016/17 and 2017/18 nesting seasons, respectively. 
The samples were stored in 70% ethanol until counted and 
identified to lowest possible taxonomic level.

Body condition was determined using a composite index 
that incorporated weighted scores reflecting the shape of 
the plastron, injuries, and visible skin conditions (see Nolte 
et al. 2020). The 46 turtles that were sampled for body con-
dition (37 in 2016/17, and 9 in 2017/18) were a subset for 

which we had also collected stable isotope and epibiont data. 
These external features served as proxy for the more com-
monly used condition index based on mass–length ratios, 
since it was not logistically feasible to weigh turtles in the 
field. Plastron shape was considered as the main determi-
nant of body condition because it is a known proxy for the 
mass–length relationship (Thompson et al. 2009). The clas-
sification of body condition (Poor; Average; Good; and Very 
Good) in this study was relevant to nesting females only, 
because these individuals will need to be in good health to 
migrate (Nolte et al. 2020).

Stable isotope analysis

For each tissue sample the upper layer of the skin (stratum 
corneum) was removed from the dermis using a scalpel 
blade. The remaining tissue was rinsed in distilled water 
and dried at 60 °C for at least 48 h. The dried samples were 
ground into a homogeneous powder using a mortar and pes-
tle, and 0.45–0.55 mg was weighed and packaged into tin 
capsules. Lipid extraction on skin samples has been shown 
not to be required when the skin layers are separated (Turner 
Tomaszewicz et al. 2017, 2018); therefore, δ13C and δ15N 
are reported here as raw values.

Samples were analysed at the Stable Isotope Analysis 
Laboratory of the Mammal Research Institute (University 
of Pretoria, South Africa). The stable isotopes of δ13C and 
δ15N were determined using a mass spectrometer Flash EA 
1112 Series elemental analyser coupled through an interface 
(Conflo III) to a Thermo Fisher Scientific Delta V Plus (all 
equipment supplied by ThermoFischer, Bremen, Germany). 
Results are expressed in delta notation using a per mill scale 
using the standard equation (Coplen 2011):

 where x is 13C or 15N and  Rsample and  Rstandard is the ratio of 
heavy to light isotope of the relative element in the sample 
and standard, respectively. A laboratory running standard 
(Merck gel: δ13C =  − 20.57‰, δ15N = 6.8‰, C% = 43.83, 
N% = 14.64) and blank sample were run after every 12 sam-
ples. All results are referenced to Vienna Pee-Dee Belemnite 
for carbon isotope values, and to air for nitrogen isotope 
values. The precision of the analyses was 0.13‰ for δ13C 
and 0.14‰ for δ15N. To measure isotopic variation, each 
sample was run in duplicate.

Statistical analyses

To evaluate potential differences in both δ13C and δ15N 
signatures of turtle epidermis between sampling years, we 
used a one-way permutational Multivariate Analysis of 

�x =

([

Rsample

Rstandard

]

− 1

)

× 1000
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Variance (PERMANOVA, Anderson 2001). Since isotopic 
values did not differ between the years (PERMANOVA; Pil-
lai’s trace = 0.014, F1,2 = 0.013, p = 0.10), the samples were 
pooled for subsequent analyses. We identified distinct tur-
tle foraging grounds based on the number of clusters that 
best represent the distribution of isotope signatures, using 
a k-means clustering analysis (Hartigan and Wong 1979). 
Euclidean distance was used to calculate dissimilarity and 
mean silhouette widths were used to determine the optimal 
fit for the number of clusters. The k-means cluster analysis 
and silhouette widths were calculated first using the data for 
each isotope signature separately (δ13C and δ15N), and then 
again with the entire dataset for up to six clusters.

To examine the relationship between patterns in isotopic 
signatures of turtle epidermis samples and patterns in their 
associated epibiotic communities, we visualised multivariate 
taxon-abundance data using Non-metric Multi-Dimensional 
Scaling (MDS), based on square-root transformed data and 
a Bray–Curtis dissimilarity matrix. To test for significant 
differences in epibiont community composition between 
the isotope clusters, a one-way PERMANOVA with isotope 
cluster as a fixed factor was used employing the Bray–Cur-
tis index and using 999 permutations. A SIMPER analysis 
was used to examine the contribution of individual epibiont 
taxa to dissimilarities between isotopic clusters, and the five 
top-ranking taxa identified that characterise the clusters. To 
further examine if habitat-specific epibionts were matched 
with the isotopic clustering of turtle tissue samples, we 
examined region-specific literature and general identification 
keys (Day 1974; Griffiths 1976; Barnard and Karaman 1991; 
Frick et al. 2003; 2006; Pfaller et al. 2014; Branch et al. 
2017) to assign individual species to either oceanic/pelagic 
habitats, neritic/benthic habitats, or occurring in both (Reich 
et al. 2010). Chi-square tests were used to assess if the iso-
topic clusters differed according to different proportions of 
epibionts assigned to these categories. Furthermore, a two-
sample t-test (or non-parametric variety) was used to com-
pare δ13C signatures between turtles with oceanic/pelagic 
and neritic/benthic epibionts, respectively. Only δ13C was 
used here as it is better at delineating oceanic versus neritic 
environments. Generalist epibionts were not useful for habi-
tat identification and thus were disregarded in this analysis.

To examine the relationship between foraging environ-
ment and body condition, δ13C and δ15N isotopic values 
were compared among individuals with different body 
conditions (Poor, Average, Good and Very Good) using a 
one-way PERMANOVA with body condition as fixed fac-
tor, and based on normalized data, Euclidean distances and 
999 permutations. Differences in the feeding niche among 
different body condition categories of nesting loggerhead 
turtles were tested using Stable Isotope Bayesian Ellipses 
in R (SIBER, Jackson et al. 2011). The R package “mvnor-
mtest” (Jarek 2015) was used to test the SIBER assumption 

of a multivariate normal distribution for each group. The 
standard ellipse area (SEA) for a set of bivariate data was 
calculated using a Markov Chain Monte Carlo (MCMC) 
algorithm for sampling from a probability distribution to 
generate a distribution of covariance matrices that desig-
nate data in terms of likelihood. The standard ellipse area 
for small sample sizes  (SEAC) was used to compare niche 
widths between groups. A Bayesian estimate of the stand-
ard ellipse area  (SEAB) was used to test if the probability 
a group ellipse is smaller or larger than the others. Ellipse 
areas were subsequently compared using pair-wise tests to 
calculate probability that the posterior distribution of one 
group is larger, or smaller than another. This allows differ-
ences in niche size among the body conditions to be inferred. 
Additionally, convex hull area (TA)—although more sen-
sitive to sample size—was also used to compare among 
groups and their overlap (Layman et al. 2007).

All results with p < 0.05 were considered statistically 
significant. The PERMANOVA + add-on (Anderson et al. 
2008) to PRIMER v6 software (Clarke and Gorley 2006) 
was used to carry out multivariate analyses. Univariate 
statistical tests were performed in R version 3.5.1 (R Core 
Team 2020).

Results

Stable isotope clusters from turtle epidermis

T h e  av e r a g e  δ 1 3 C  w a s   −  1 4 . 2 0  ±  1 . 2 ‰ 
(range  − 16.18– − 10.11‰, and δ15N value was 
11.21 ± 1.38‰ (range 7.96–14.72‰). Two δ13C clusters, 
based on silhouette width with k-means clustering, were 
identified for the 170 loggerhead isotope samples (Fig. 1). 
A silhouette width of 0.684 for two clusters based on δ13C 
was the best fit clustering structure, compared to δ15N 
(four clusters, silhouette width = 0.565), and δ13C and δ15N 
combined (two clusters, silhouette width = 0.489) (Appen-
dix 2). A relatively more depleted δ13C cluster (n = 127; 
δ13C mean =  − 14.80‰, SD = 0.52; δ15N mean = 11.53‰, 
SD = 1.30) was separated at δ13C =  − 13.61‰, from a rela-
tively more enriched cluster (n = 43; δ13C mean =  − 12.44‰, 
SD = 0.85; δ15N mean = 10.28‰, SD = 1.21).

Epibiont community composition and habitat 
association

We identified a total of 24 macrofaunal taxa from the 80 
sampled turtles (Nolte et al. 2020, Table 1). Four sea tur-
tles had no epibionts and were, therefore, excluded from 
the analyses. Multivariate analysis of taxon-abundance data 
showed that there were significant differences in epibiont 
community composition between the two isotope clusters 
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(PERMANOVA: df = 1, 75, F = 6.9083, p < 0.001, Fig. 2). 
Of the 80 turtles sampled for epidermal isotopes and epi-
bionts, 64% (51 turtles) utilised oceanic/pelagic and 36% 
(29 turtles) neritic/benthic habitats prior to nesting (Fig. 2). 
SIMPER analysis indicated that five taxa (Chelonibia tes-
tudinaria, Podocerus africanus, Apohyale grandicornis, 
Hyachelia tortugae and Lepas spp.) contributed to 75% 
dissimilarity between the isotopic clusters (Table 2). Che-
lonibia testudinaria is the only non-habitat-specific epibiont 
among them, whereas Lepas is a pelagic specialist, and the 
other three are found in the neritic environment.

Of the identified epibiont species, 16 were habitat spe-
cialists (Table 1), including three species associated with 
oceanic/pelagic and 13 with neritic/benthic habitats, based 
on literature describing their distribution and habitat. Neritic 
epibionts occurred more frequently on nesting females in the 
enriched δ13C cluster compared to those in the depleted δ13C 
(Table 1, Fig. 1). Of the 80 loggerhead sea turtles sampled, 
46 had only neritic epibionts and 30 had both oceanic and 
neritic epibionts. The proportion of oceanic/pelagic epibi-
onts was significantly higher (chi-square, df = 1, χ2 = 13.075, 
p < 0.001) on turtles in the depleted δ13C cluster, whereas 
the proportion of neritic/benthic epibionts was significantly 

higher (chi-square, df = 1, χ2 = 14.922, p < 0.001) on turtles 
in the enriched δ13C cluster. There was also a significant dif-
ference (Mann–Whitney U = 293, p < 0.05) between the δ13C 
of sea turtles which only had neritic/benthic epibionts (δ13C 
mean =  − 13.20 ± 1.51‰ compared to those with oceanic/
pelagic epibionts (δ13C mean =  − 14.83 ± 0.79‰ present 
(Fig. 1).

Body condition

The δ13C and δ15N isotope composition of loggerheads 
did not vary significantly with body condition (Pillai’s 
trace = 0.121, F3,6 = 1.856, p = 0.09, Table  3), with the 
SIBER analysis indicating that there was significant over-
lap among body conditions (Fig. 3). This indicates that sea 
turtles with different body conditions do not occupy differ-
ent isotopic niches. However, there were significant differ-
ences in the size of the isotopic niche of sea turtles of differ-
ent body condition (Fig. 3, Table 3 and Table 4). The area 
metrics reveal that TA, SEA and  SEAC of sea turtles with 
Very Good body conditions were significantly smaller than 
those of the other body condition categories (Table 3). When 
overlaying the foraging habitats inferred from epibiont and 

Fig. 1  a Distribution of δ13C 
and δ15N stable isotope values 
(n = 170) from nesting log-
gerhead sea turtles (Caretta 
caretta). The enriched isotopic 
cluster (black squares) is 
separated at δ13C =  − 13.61‰ 
from the depleted cluster (grey 
circles) as determined using 
k-means cluster analysis of 
silhouette width. b Distribution 
of δ13C and δ15N stable isotope 
values for a subset of turtles 
for which epibiont communi-
ties were sampled (n = 80), 
showing the presence of neritic/
benthic epibionts (green circles) 
no epibionts (asterisks); or 
oceanic/pelagic epibionts (blue 
triangles)
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isotope data, no clear association emerged between a turtle’s 
body condition and a certain foraging habitat; turtles of all 

body condition categories occupied both neritic/benthic and 
oceanic/pelagic foraging habitats.

Discussion

The primary aim of this study was to identify broad marine 
foraging habitats of loggerhead sea turtles in the South 
West Indian Ocean (SWIO) based on samples from females 
nesting in the iSimangaliso Wetland Park, South Africa. 
To do this, we used complementary analyses of δ13C and 
δ15N ratios from the turtle’s tissue and epibiont community’ 
composition. Stable isotope analysis revealed two foraging 
groups for this population, as reflected in δ13C enriched and 
δ13C depleted value clusters. These clusters were associated 
with distinct epibiont assemblages that reflect neritic and 
oceanic foraging habitats, as indicated by epibiont species 
and a known depletion of δ13C values from neritic to oceanic 
habitats (Cherel and Hobson 2007; Newsome et al. 2007). 
The results from this study support the hypothesis that dif-
ferences in foraging habitats of loggerheads are reflected 
both in the isotope signature of turtle epidermis and their 
epibiont assemblages. Additionally, this further validates 
the study by Robinson et al. (2016a, b) showing a bimodal 
feeding strategy for the same loggerhead population. Similar 
results have also been shown in comparable studies else-
where in the world, e.g. Cape Verde (Hawkes et al. 2006), 
USA (Hawkes et al. 2011), and Japan (Hatase et al. 2002). 
Alternatively, this population’s foraging grounds could be 
distributed across different latitudes, which has been shown 
to affect δ13C values (Pajuelo et al. 2012; Ceriani et al. 2014; 
Vander Zanden et al. 2015). Additionally, isotopic niches 
for sea turtles with different body conditions overlapped 
significantly. Our hypothesis that sea turtles that forage in 
different habitats will have different body conditions was 
thus not supported. However, turtles in Very Good body 

Table 1  Species occurrence of epibionts found on the carapace of 
nesting loggerhead sea turtles (Caretta caretta)

The epibionts were classified into two distinct habitats: oceanic/
pelagic (highlighted in grey) and neritic/benthic; the occurrence of 
these are presented relative to the isotopic cluster of the sea turtle

Taxon Species Occurrence of epibiont

Depleted 
cluster 
(n = 46)

Enriched 
cluster 
(n = 30)

Cirripedia Conchoderma virgatum 8 1
Lepas spp. 24 2

Brachyura Planes major 2 0
Amphipoda Ampithoe falsa 2 3

Apohyale grandicornis 12 21
Caprella equilibra 1 4
Ericthonius ledoyeri 1 3
Stenothoe adhaerens 0 2
Hyachelia tortugae 6 18
Podocerus africanus 9 20
Podocerus pyurae 2 5
Protohyale maroubrae 1 7

Isopoda Exosphaeroma sp. 0 4
Polychaeta Nereididae 1 4

Phyllodocidae 0 2
Syllidae 1 0

Fig. 2  Multidimensional scaling (MDS) using epibiont species-
abundance data of nesting loggerhead sea turtles (Caretta caretta). 
Sea turtles were grouped by feeding habitat as determined by stable 
isotope signatures: squares represent the δ13C-enriched cluster and 
circles the δ13C-depleted cluster. The vectors indicate those epibi-
ont taxa that most influenced the grouping based on Spearman Rank 
correlation, with longer lines corresponding with higher R2 and the 
vectors pointing in the direction towards which a taxon increases in 
abundance

Table 2  Results of the SIMPER analysis used to identify the rela-
tive contribution of the top five epibiont species driving dissimilari-
ties between epibiont communities between different feeding habitats 
based on relative the enriched and depleted δ13C clusters

Taxa Average abundance Dissimilarity

Depleted Enriched Average Contribution (%)

Chelonibia  
testudinaria

15.03 12.94 19.73 25.22

Podocerus  
africanus

13.97 7.78 15.61 19.96

Apohyale  
grandicornis

13.07 7.06 14.56 18.62

Hyachelia  
tortugae

4.03 0.98 5.59 7.14

Lepas spp. 0.17 2.53 5.13 6.56
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condition had significantly smaller niches than the rest of 
the categories (Poor, Average and Good), which suggest that 
turtles in Very Good body condition are forage specialists. 

This study is the first to provide complementary analyses of 
stable isotopes, epibionts and body condition of turtles in 
the SWIO, and it adds to the understanding of loggerhead 
movement patterns in the region.

Habitat use inferred from stable isotopes 
and epibiont assemblages

The SWIO loggerhead population in South Africa exhib-
ited distinct habitat-use patterns according to the δ13C 
values. While we identified two δ13C clusters supporting 
a dichotomy of neritic/benthic vs. oceanic/pelagic, this 
does not exclude the possibility that more than two foraging 
areas exist. Reich et al. (2010) found a similar dichotomy 
for loggerheads in the Northwest Atlantic using δ13C val-
ues and epibionts that was subsequently attributed to three 
neritic foraging areas following the use of satellite telem-
etry (Pajuelo et al. 2012). In fact, the marine environment 
has four identified δ13C gradients ranging from enriched to 
depleted (Cherel and Hobson 2007; Magozzi et al. 2017): 
(1) from neritic to oceanic environments; (2) from benthic 
to pelagic marine zones; (3) from low latitudes to high lati-
tudes; and (4) from higher trophic positions to lower ones. 
Since interactions between these gradients can confound iso-
tope results, it is difficult to determine exact foraging areas 
from the two clusters. The use of complementary datasets 
to provide additional evidence related to movement patterns 
and foraging habitats is therefore necessary. In our study, we 
present complementary evidence from patterns in epibiont 
community composition, which mirrored the two isotopic 
clusters, suggesting that the clusters are likely a reflection 
of geographical foraging areas (gradients 1, 2 or 3), and 
not trophic level of prey (gradient 4) since this would not 
affect epibiont assemblages. Furthermore, satellite track-
ing data from SWIO loggerheads have shown that the feed-
ing grounds and migration corridors of this population are 
bimodal, with some individuals foraging in coastal (neritic) 
and others in oceanic regions (e.g. Luschi et al. 2003; Har-
ris et al. 2018; Robinson et al. 2018) which likely feed in 
benthic and pelagic habitats, respectively. It is probable that 

Table 3  Mean (± SD) δ13C, δ15N, convex hull area (TA), standard ellipse area (SEA), and standard ellipse area for small sample size  (SEAC, 
40% credible interval) of nesting loggerhead sea turtles (Caretta caretta) in different body condition categories

SEA Standard ellipse area, and standard ellipse area for small sample size  (SEAC, 40% credible interval) of nesting loggerhead sea turtles 
(Caretta caretta) in different body condition categories

Body condition Poor (n = 11) Average (n = 16 Good (n = 13) Very good (n = 6)

δ13C (‰)  − 13.96 ± 1.29  − 14.39 ± 1.35  − 14.32 ± 1.42  − 14.70 ± 0.46
δ15N (‰) 11.24 ± 1.03 11.27 ± 1.80 11.05 ± 1.43 10.59 ± 0.66
TA 9.04 12.51 13.12 1.85
SEA 4.44 5.14 5.15 1.30
SEAC 4.88 5.57 5.58 1.63

Fig. 3  Isotopic niche space shown as ellipses (based on δ13C and 
δ15N) of nesting loggerhead sea turtles (Caretta caretta) for different 
body condition categories (different marker and ellipse colours). No 
association existed between body condition and foraging habitats as 
derived from epibiont indicators (different marker symbols). Standard 
ellipses were based on maximum likelihood estimates and were cor-
rected for small sample sizes

Table 4  Pairwise comparisons of the Bayesian estimate of the stand-
ard ellipse area (SEA) for isotopic composition (δ13C and δ15N) of 
nesting loggerhead sea turtles (Caretta carettta) in different body 
condition categories

Values represent the probability that the  SEAB for one body condition 
group is smaller than another

Pair-wise comparison Poor Average Good Very good

Poor < 0 0.914 0.797 0.043
Average < 0.086 0 0.274 0.004
Good < 0.203 0.726 0 0.14
Very good < 0.957 0.996 0.760 0
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the neritic-oceanic gradient (1) may coincide with the ben-
thic-pelagic gradient (2), since turtles in shallower neritic 
regions may feed on, or are colonised by, benthic organisms, 
while those in oceanic regions are confined to pelagic prey, 
or epibionts. Our finding that epibiont communities in the 
depleted δ13C isotopic cluster primarily carried pelagic epi-
bionts, while those in enriched cluster were dominated by 
benthic epibionts, supports the existence of neritic/benthic 
versus oceanic/pelagic foraging habitats in this population. 
By contrast, distribution data of epibiont species did not 
support the existence of a latitudinal gradient.

Results by Robinson et al. (2016a) for the same log-
gerhead population collected from 2011–2013 reported 
δ13C values that were both more depleted and enriched 
(range  − 19.0– − 9.4‰) than the values obtained in the 
current study (range  − 16.18– − 10.11‰). A depletion in 
δ13C values for loggerhead sea turtles was then attributed 
to feeding in an oceanic environment, as the signatures were 
similar to those of open ocean leatherbacks occupying this 
region. We propose that the depleted δ13C values can also 
be attributed to a southerly migration towards the Agul-
has Bank region, based on tag recovery and satellite track-
ing data (Luschi et al. 2003; Robinson et al. 2018). Other 
studies have also found that δ13C values vary with nest-
ing beach location, as higher latitudes are correlated with 
more depleted values (Reich et al. 2010; Ceriani et al. 2014; 
Vander Zanden et al. 2015). Additional epibiont data could 
be used to elucidate this gradient. Southern Africa has six 
coastal biogeographic provinces (Lombard 2004; Skowno 
et al. 2019), of which sea turtle foraging areas occur in four 
(Agulhas, Natal, Delagoa, and Indo-West Pacific). These 
biogeographic regions are well defined by fauna and flora 
and occur along a latitudinal gradient representing distinct 
sea surface temperature (Griffiths et al. 2010). Although not 
described in the current study, future research could vali-
date this gradient through examination of region-specific 
epibionts. In addition to macro-epibionts, diatom commu-
nities, which are present on all sea turtles (Robinson et al. 
2016b; Majewska et al. 2017), and meiofauna communities 
(Corrêa et al. 2014) could be investigated to supplement 
current analyses. Likewise, the size distribution of epibi-
otic barnacles have been used to infer the time of arrival 
to nesting beaches from temperate latitudes (Eckert and 
Eckert 1988), or determine the habitat where a turtle died 
(Ten et al. 2019). The isotopic turnover rate of different 
tissue sources from a turtle (Reich et al. 2008), coupled 
with known growth rates of epibiotic barnacles (Sloan et al. 
2014; Doell et al. 2017), can further inform temporal shifts 
in habitat use.

The source of carbon in the food-web can be used to 
explain why there were turtles with no apparent oceanic/
pelagic epibionts and relatively depleted δ13C values. 
Inshore seagrass beds, for example, have enriched δ13C 

signals compared to more depleted phytoplankton-based 
food-webs in the pelagic zone (Michener and Kaufman 
2007). Foraging grounds that occur along the wave-domi-
nated eastern coastline of South Africa (Harris et al. 2018; 
Robinson et al. 2018), do not support vast seagrass beds 
(Green et al. 2003). In these foraging locations the source 
of δ13C at the base of the food-web is relatively depleted.

Unlike δ13C values, δ15N values on their own turned out 
not to be a suitable result to distinguish foraging areas in this 
study; however, they were still informative on other aspects 
of sea turtle ecology. Loggerhead sea turtles have a broad 
diet, consuming a wide variety of prey including jellyfish, 
cephalopods, and fish (Bjorndal 1997). The wide range in 
δ15N values we observed in this study supports this, indicat-
ing this population forages across a range of trophic levels 
and on a variety of prey items.

The methods we employed to determine habitat use in 
adults can be used to examine habitat shifts, as well as feed-
ing ecology at various life stages within this population. 
Although we found overlap in the feeding niche of adults in 
different body condition categories, we predict segregation 
of the isotopic niche between juveniles and adults within 
this population. Isotopic niche differences have been shown 
between cohorts in other sea turtle species (Ferreira et al. 
2018) and we should expect to find similar trends in this 
population. Hughes (1974) reported feeding changes of log-
gerheads within this population, where stomach analysis of 
juvenile, sub-adult, and adults showed a shift in gut content 
from pelagic to benthic organisms. Ontogentic habitat shift 
has been shown for other sea turtle populations using iso-
tope signatures of bone (Ramirez et al. 2015, Turner et al. 
2017) and scute (Reich et al. 2007). Stable isotope analysis 
of food sources can further aid in understanding habitat shift 
and foraging ecology (Wallace et al. 2009; McClellan et al. 
2010).

Turtle body condition

When grouping loggerhead turtles by body condition, there 
was no clear division of the isotopic niches occupied by turtles 
of different condition, and turtles with variable body condi-
tions occupied both neritic/benthic and oceanic/pelagic forag-
ing habitats. However, turtles in a very good body condition 
had a significantly smaller isotopic niche space, with a nar-
rower range for both δ13C and δ15N. It has been suggested that 
groups within a population that forage over a larger geographic 
scale exhibit greater variation in isotope ratios than groups 
with a limited distribution (Bearhop et al. 2004; Ceia et al. 
2014). Results from this study thus suggest that individuals 
in better body condition tend to be specialised foragers that 
utilize a smaller trophic range, while animals in sub-optimal 
body condition are more generalist and opportunistic foragers 
that exploit a greater range of prey species or foraging areas. 
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Similar results were reported by Blasi et al. (2018) for log-
gerheads in the Mediterranean Sea. They found that injured 
turtles had more enriched δ15N, compared to healthy individu-
als, and the range in both isotope values was higher for turtles 
in the injured group. However, it is important to note that the 
calculation of isotopic niche sizes in the current study might be 
influenced by the sample size; we found unequal and relatively 
low numbers of individuals in some body condition classes, 
possibly confounding these results by underestimating niche 
widths (Jackson et al. 2011; Syväranta et al. 2013). We, there-
fore, suggest that more turtles need to be classified and equal 
numbers generated for all the body condition categories to 
make more robust claims about the effect on isotopic niche 
on body condition.

During migration, from foraging to nesting grounds, sea 
turtles can lose body condition (Hays and Scott 2013). Turtles 
have been shown to weigh 25% less at their breeding grounds 
after migration (James et al. 2005) and the assimilation of fat 
during this time can alter the isotope signature (Reich et al. 
2008). Similarly, Vander Zanden et al. (2012) found a sig-
nificant correlation between body condition and δ13C values 
in green turtles (Chelonia mydas). The effect of migration 
distance could have further reduced body condition and tur-
tles in poorer body condition may have assimilated different 
sources of energy in preparation for the migration. An addi-
tional explanation for the range in isotopic signatures could be 
how late in the nesting season the females were sampled. In 
a study on starvation in reptiles, McCue and Pollock (2008) 
showed that there is enrichment and depletion of δ15N and 
δ13C, respectively, over time. Although not investigated, it is 
possible that turtles sampled later in the nesting season would 
be using the last of their fat reserves, possibly causing a change 
in isotopic signatures.

Foraging area, prey items and the niche of individual tur-
tles, can affect their body size. For some populations of adult 
loggerhead sea turtles, foraging dichotomy is linked to body 
size with smaller females occupying predominantly oceanic 
habitats and large individuals utilizing mainly neritic habitats 
(Hatase et al. 2002, 2010). The same loggerhead population 
that was assessed in this study also showed that different size 
groupings had a strong isotopic niche overlap (le Gouvello 
2020). There was a decrease in the isotopic niche width with 
an increase in the size of individuals, suggesting that larger 
individuals have a smaller trophic niche and a more special-
ized diet. This might indicate that, as turtles become more 
experienced with age, they also become more selective in their 
foraging behaviour. However, no clear relationship was found 
between the size of a female and body condition.

Conclusion

The complementary use of stable isotope analysis of a sea 
turtle’s epidermal tissue and its epibiont community com-
position to infer its habitat utilization has been shown to 
be valuable in this study. While isotope data raised various 
hypotheses regarding the possible foraging habitats of SWIO 
loggerhead turtles, it was possible to eliminate some of them 
and corroborate others through the interpretation of epibiont 
data. This study has thus been able to confidently identify 
a bimodal feeding pattern for this loggerhead population. 
Additional community analyses of cryptic epibionts such as 
meiofauna and diatoms may reveal regional use not currently 
elucidated in this study. Incorporation of other isotopes 
could prove invaluable in delineating habitat use further. 
Sulphur and lead stable isotopes, for example, can differenti-
ate anthropogenic inputs into the environment (Krouse and 
Grinenko 1991; Komárek et al. 2008), which could be useful 
for managing endangered marine species like sea turtles with 
a strong spatial overlap with humans. The use of these tech-
niques is non-invasive and cost-effective and can, therefore, 
be employed on many individuals within a population. The 
complementary use of stable isotopes, epibiont composition, 
and body condition data is, therefore, ideal for conservation 
programmes trying to understand the habitat use of large-
scale, migratory marine species and for maximising popu-
lation health through targeted spatial conservation efforts.
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