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Abstract

Dietary studies provide key insights into threats and changes within ecosystems and subsequent impacts on focal species. Diet
is particularly challenging to study within marine environments and therefore is often poorly understood. Here, we examined
the diet of stranded and bycaught loggerhead (Caretta caretta) and green turtles (Chelonia mydas) in North Cyprus (35.33° N,
33.47° E) between 2011 and 2019. A total of 129 taxa were recorded in the diet of loggerhead turtles (n=45), which were
predominantly carnivorous (on average 72.1% of dietary biomass), foraging on a large variety of invertebrates, macroal-
gae, seagrasses and bony fish in low frequencies. Despite this opportunistic foraging strategy, one species was particularly
dominant, the sponge Chondrosia reniformis (21.5%). Consumption of this sponge decreased with increasing turtle size. A
greater degree of herbivory was found in green turtles (n =40) which predominantly consumed seagrasses and macroalgae
(88.8%) with a total of 101 taxa recorded. The most dominant species was a Lessepsian invasive seagrass, Halophila stipu-
lacea (31.1%). This is the highest percentage recorded for this species in green turtle diet in the Mediterranean thus far. With
increasing turtle size, the percentage of seagrass consumed increased with a concomitant decrease in macroalgae. Seagrass
was consumed year-round. Omnivory occurred in all green turtle size classes but reduced in larger turtles (>75 cm CCL)
suggesting a slow ontogenetic dietary shift. Macroplastic ingestion was more common in green (31.6% of individuals) than
loggerhead turtles (5.7%). This study provides the most complete dietary list for marine turtles in the eastern Mediterranean.
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Studies into the foraging ecology of marine organisms
are logistically difficult due to the challenges of sampling
animals in the marine environment (Newsome et al. 2010;
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Komoroske et al. 2017; Wildermann et al. 2018; Green et al.
2020). Recent technological advancements, such as satellite
tracking and stable isotope analysis, have allowed elusive life
stages to be studied over extended periods of time, provid-
ing valuable information, such as the location of foraging
grounds, trophic level, and timing of ontogenetic dietary
shifts (Cardona et al. 2010; Abascal et al. 2016; Haug et al.
2017; Andrews-Gof et al. 2018; Haywood et al. 2019, 2020a,
b). Direct methods, such as gut content analysis (Bowen
and Iverson 2013) or DNA meta-barcoding (Schwarz et al.
2018), enable a more detailed understanding of diet and
account for variation within and among species and different
demographics (Vander Zanden et al. 2010; Thomson et al.
2018), which can highlight differential threats among these
groups.
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Although long-term conservation efforts have seen
marine turtle populations begin to recover from historic
declines (Mazaris et al. 2017), the majority are still impacted
by numerous threats and their long-term persistence remains
conservation-dependent (Casale et al. 2018). Interaction
with fisheries is a leading cause of mortality of marine tur-
tles worldwide (Lewison et al. 2014), and differing habitat
use among demographic groups has been shown to influ-
ence susceptibility to some fishing techniques (Wallace et al.
2008; Casale 2011; Snape et al. 2013). Monitoring these
responses to environmental change along with others, such
as exposure to plastic ingestion (Duncan et al. 2019) and
arrival and monitoring of invasive species (Ozdilek et al.
2015), can be achieved through long-term dietary studies.
Indeed, marine turtles are now used as bio-indicators for
monitoring plastic pollution across the Mediterranean Sea
through gut contents analysis (INDICIT Consortium 2018).

The Mediterranean basin is a critical region for green
and loggerhead turtles, hosting one and two regional man-
agement units for each species, respectively (Wallace et al.
2011). Yet, it is one of the most understudied areas in rela-
tion to marine turtle diet, particularly for green turtles
(Casale et al. 2018). Typically, marine turtles first have an
obligate epipelagic-oceanic stage for 3 to 10 years (Reich
et al. 2007; Casale et al. 2008; Lazar et al. 2008a), followed
by a transitional stage where habitat shifts are facultative
before recruiting to neritic habitats (Casale et al. 2008). Log-
gerhead turtles are widely considered opportunistic forag-
ers (Bjorndal and Jackson 2003; Casale et al. 2008; Lazar
et al. 2008a) with increasing prevalence of benthic prey with
body size (Bjorndal 1997) due to improved diving capac-
ity and buoyancy control (Musick and Limpus 1997) and
increased bite force allowing access to harder prey items
(Marshall et al. 2012). Green turtles are omnivorous forag-
ers in their early life stages and thereafter tend to undergo
an ontogenetic dietary shift to a predominantly herbivorous
diet upon recruitment to neritic habitats (Reich et al. 2007,
Arthur et al. 2008; Reisser et al. 2013; Stringell et al. 2013).
However, recent research suggests levels of omnivory may
be influenced by sea surface temperatures, where dietary
animal matter features prominently in colder temperatures
at higher latitudes (<20 °C for > 6 months annually; Esteban
et al. 2020) with the degree of omnivory varying spatially
and seasonally by region.

Loggerhead turtle diet varies markedly across the Medi-
terranean Sea (Laurent and Lescure 1994; Godley et al.
1997; Tomaés et al. 2001; Bentivegna et al. 2003; Lazar et al.
2008a) and includes fish, crustaceans, pelagic tunicates,
molluscs, anemones and sea urchins (Tomaés et al. 2001;
Casale et al. 2008; Lazar et al. 2008a). Mediterranean green
turtles have been reported to feed on the seagrass Cymodo-
cea nodosa (Demetropoulus and Hadjichristophorou 1995;
n=3), Posidonia oceanica and Zostera sp. (Durmus 1998;
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n=1) as well as Lessepsian invasives, namely the seagrass
Halophila stipulacea, and the green algae Caulerpa taxifo-
lia (Ozdilek et al. 2015; n=1). These are just two of many
hundreds of Lessepsian invasive species already recorded in
the Mediterranean (Katsanevakis et al. 2014).

Stranding and bycatch records in the eastern Mediter-
ranean demonstrate the presence of widespread neritic
foraging grounds for both loggerhead and green turtles,
predominantly for juveniles, around North Cyprus (Snape
et al. 2013), Turkey (Baskale et al. 2018; Tiirkozan et al.
2018), Israel (Tikochinski et al. 2019), Egypt (Clusa et al.
2014) and Greece (Corsini-Foka et al. 2013). Although year-
round strandings and bycatch occur in North Cyprus, the
coastline also supports major nesting beaches used by both
marine turtle species (Stokes et al. 2014; Casale et al. 2018),
resulting in seasonal peaks of adult strandings and bycatch
in summer months (Snape et al. 2013). Owing to ongoing
engagement with collaborating small-scale fishers, much of
the bycatch is reported directly through the Society for the
Protection of Turtles (SPOT), providing opportunities to
directly access diet of recently captured turtles, including
highly understudied demographic groups. This study aimed
to conduct a detailed gut contents analysis of marine turtles
across North Cyprus to (1) quantify the relative contribu-
tion and variability of dietary taxa, (2) investigate dietary
change with body size (CCL), (3) assess the prevalence of
Lessepsian invasives within diet and (4) quantify macro-
plastic presence.

Materials and Methods
Strandings, Bycatch Collection, and Necropsy

From June 2011 to August 2019, 47 beaches across North
Cyprus were monitored on foot for turtle strandings: every
1-3 days during the turtle nesting season (May—October)
and monthly otherwise. Strandings were also reported by
members of the public and bycaught turtles by local fisher-
men through a bycatch monitoring initiative. All bycaught
turtles originated from within the EEZ of Cyprus. Live-
caught turtles were immediately released if healthy; those
that were already dead, or which died within 24 h of capture,
and which received no feeding during rehabilitation were
necropsied. Curved carapace length (CCL; notch-to-notch,
Bolten 1999) was measured with a flexible tape measure
as an indication of body size; where notch-to-notch meas-
urements were not available, notch-to-tip measurements
were converted using species-specific linear regressions
calculated from nesting females and strandings between
May and June 2018 (Supplementary Material S1). Body
decomposition was assessed using a scale comprising the
following categories: alive, fresh, partial decomposition,
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advanced decomposition, and mummified (INDICIT Con-
sortium 2018); gut contents analysis was only conducted
on individuals of fresh or partial body decomposition. Sex
was ascertained by tail length (Casale et al. 2005) and gross
morphology of the gonads (Lazar et al. 2008b).

Gut Content Sample Collection and Analysis

Gut contents of 46 loggerhead and 39 green turtles were
collected and analysed. Gastrointestinal tracts were removed
and separated into three sections: oesophagus, stomach and
intestine. Identifiable dietary content and macroplastics
(those visible to the naked eye) were removed from each
section. Ingesta was then filtered through a 1 mm sieve using
water and remaining contents were collected for identifica-
tion. Unidentifiable items within the intestines that could
not be separated were combined, weighed and percentage
composition estimated (Supplementary Material S2). Die-
tary items were categorised into nine taxonomic groups:
seagrass, macroalgae, sponge, cnidaria, other invertebrates,
bony fish, unknown biological matter, macroplastic, and
debris (only wood and sediment were identified). Dietary
items were sorted and identified to the lowest taxonomic
level possible within these taxonomic groups using a variety
of reference materials as well as consultation with special-
ists. As some items could not be identified to the same level
of accuracy, the term ‘taxa’ is used to refer to individual
dietary items observed and encompasses items identified
from phyla to species level throughout. Dietary items were
blotted, and wet mass of each taxa was measured to the near-
est 0.1 g;<0.1 g was considered a trace amount. If present,
macroplastics were cleaned, dried and dry mass recorded.
This process was completed for all gastrointestinal sections.

Dietary composition was compared between the oesopha-
gus, stomach, and intestines for samples collected between
2011 and 2018 to assess the inclusion of intestinal content in
further analyses. No difference in dietary composition was
found among sections (Supplementary Material S3). Due to
the bias towards hard-bodied intestinal content and elevated
digestion state precluding correct identification, the intes-
tines were excluded from all analyses except the analysis of
macroplastics ingestion with size, as they are often found in
the largest quantities here (Matiddi et al. 2017) and persist
in a non-degraded state (Clukey et al. 2017; Duncan et al.
2019). As no differences were found in dietary composition
between gut sections, the oesophagus and stomach were sub-
sequently combined for all further analyses. Reproductive
status was not investigated due to the small sample size of
adult-sized individuals in both turtle species.

Nine loggerhead and two green turtles had not been
foraging prior to death; the oesophagus and stomach were
either empty or contained low levels of solid anthropogenic
waste only (Supplementary Material S4). These turtles were

excluded from all dietary analyses as the cause for not forag-
ing prior to death could not be established.

Statistical Analyses

All analyses were carried out in RStudio Desktop v.
3.6.3 (R Core Team 2020) and the significance level was
alpha =0.05 throughout. For full details of statistical analy-
ses and R-packages used, see Supplementary Material S5.
While loggerhead and green turtles present markedly dif-
ferent size distributions, within species, most individuals
are of a similar CCL, except for one small loggerhead turtle
(Fig. 1a) and several large green turtles (Fig. 1b). To ensure
these individuals did not bias models investigating the rela-
tionship of CCL with main dietary groups, Z-scores were
calculated for all individuals to check for outliers in CCL.
Only one loggerhead turtle had a Z-score of —4.88 exceed-
ing the recommend threshold value of +3 (Shiffler 1988)
and was subsequently removed from all further analyses.
Loggerhead and green turtles were analysed separately due
to distinct differences in dietary composition and body size
ranges. Sample accumulation curves were plotted for both
turtle species (see Supplementary Material S5 and Fig. S5.1)
to assess how representative dietary sampling was.

Dietary taxa biomass was standardised by total oesopha-
gus and stomach content mass (mean relative percentage
biomass) to account for differences in gastrointestinal full-
ness from turtles of varying body sizes. Frequency of occur-
rence (FO) was calculated as the percentage of individu-
als where a species or dietary group was present. Index of
Relative Importance (IRI) values (von Brandis et al. 2014)
were calculated as a combined measure of mean biomass
and frequency of occurrence (Supplementary Material S5).

Ontogenetic dietary shifts were examined using CCL
on a continuous scale throughout due to variability in size
at sexual maturity across Mediterranean rookeries (Casale
et al. 2018). Indications of nesting female sizes for North
Cyprus are displayed in Fig. 1 for context.

Results

Of the 45 loggerhead turtles sampled, 21 were bycaught
and 24 were strandings and of the 40 green turtles, 19
were bycaught and 21 were strandings. Of these, for log-
gerhead turtles, there were 20 females, 18 males and 7
of undetermined sex and, for green turtles, there were 18
females, 7 males and 15 of undetermined sex. Mean CCL
was X+ SD=63.4+9.3 cm for loggerhead turtles (range
18.8-82.3, n=44, Fig. 1a), and X+SD=38.5+17.1 cm for
green turtles (range 2689, n =40, Fig. 1b).

A combined total of 202 dietary taxa were recorded
including 38 species and 15 families (Supplementary
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Fig. 1 Body size of study 15

animals. Minimum curved
carapace length (cm) of
stranded and bycaught (a) log-
gerhead (n=44) and (b) green
turtles (n=40) sampled for
gut contents in North Cyprus
between 2011-2019, in 5 cm
increments where for each
category, individuals included
are greater than or equal to the
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than the upper CCL bound-
ary. Individuals found with
macroplastic in their gastroin-
testinal tract are coloured dark
grey. Dashed lines indicate the
minimum (black) and mean
(blue) nesting female size for
Alagadi Beach, North Cyprus
between 2011-2019; log-
gerhead (minimum: 59 cm;

Frequency
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Material S6). Of the 38 species recorded, a total of 3 inva-
sive species were identified, namely Halophila stipulacea,
Caulerpa taxifolia and Caulerpa cylindracea which were
found in both turtle species. There was little overlap in diet
between marine turtle species where only 23 taxa were
shared, including 12 species and 4 families. The diet of log-
gerhead turtles was more diverse with 129 different taxa
observed compared to 101 taxa in green turtles. All dietary
groups widely ranged in biomass in both turtle species,
highlighting marked individual variation (Table 1), with the
most diverse groups being macroalgae and miscellaneous
invertebrates.

Dietary composition significantly differed between tur-
tle species (ANOSIM, R=0.410, n=73, p<0.001; Fig. 2)
which were 92.6% dissimilar. A SIMPER analysis showed
that seagrasses, macroalgae, miscellaneous invertebrates and
sponges contributed the most to these differences explain-
ing 30.1%, 16.8%, 19.7% and 12.5% of the dissimilarity,
respectively. No differences were found between sexes in
either loggerhead (ANOSIM, R=0.01, n=29, p=0.29) or
green turtles (ANOSIM, R= —0.01, n=24, p=0.52). There
was also no difference found in dietary composition between
stranded and bycaught turtles for either loggerhead (ANO-
SIM, R= -0.03, n=35, p=0.86) or green turtles (ANO-
SIM, R=0.02, n=38, p=0.20) and therefore stranded and
bycaught turtles were analysed collectively throughout the
study.
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Loggerhead turtles exhibited a higher ingestion of debris
(4.6% of biomass, predominantly wood) and omnivory
(72.1% animal matter, 7.9% plant matter, 15.4% of unknown
origin, by biomass; Fig. 2a, b) than green turtles. The major-
ity of dietary biomass consisted of invertebrates including
sponges, cnidarians, crustaceans, molluscs, echinoderms
(e.g., Holothuria sp.), polychaetes, and sea cucumbers
(62.2%). Piscivory was also observed in 5 individuals rang-
ing from 58 to 72 cm CCL in size, 2 were stranded and
3 were bycaught, contributing 9.6% to dietary biomass on
average. Most loggerhead dietary items had low contribu-
tions to relative biomass as well as low consumption fre-
quencies; only two taxa had IRI scores > 1, namely Chon-
drosia reniformis, a sponge, and the seagrass Posidonia
oceanica with scores of 8 and 2, respectively. These also
had the greatest contribution to overall biomass at 21.5%
and 6.1%, respectively. A species of migratory butterfly, the
painted lady (Vanessa cardui), was also identified in one
individual in trace amounts.

Green turtle diet was predominantly herbivorous (88.8%
plant matter, 9.8% animal matter, 1.3% of unknown origin
by biomass; Fig. 2¢c, d), however evidence of omnivory,
particularly in smaller size classes, was observed where
bony fish were consumed (5.0%), as well as miscellaneous
invertebrates (2.4%), such as Ligia italica, sponges (2.2%)
and cnidarians (0.2%) (Table 1). Bony fishes were found
exclusively in stranded green turtles (n=3), ranging in size
from 32 to 57 cm CCL. Overall, seagrasses were the most
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Table 1 Dietary group composition of loggerhead (n=35) and green turtles (n=38) in North Cyprus

Dietary group Loggerhead turtle Green turtle
FO IRI  Taxa % of biomass FO IRI  Taxa % of biomass
Mean +SE Min Max Mean +SE Min Max

Seagrass 45.7 2 3 6.5 3.8 0 98.4 92.1 73 5 57.4 6.8 0 100.0
Macroalgae® 48.5 <1l 41 14 0.4 0 10.2 78.9 13 41 314 6.2 0 100.0
Sponge 25.7 9 2 22.1 7.0 0 100.0 5.2 <l 2 2.2 1.8 0 64.9
Cnidaria® 17.1 <1 8 3.8 2.5 0 81.2 2.6 <1l 1 0.2 0.2 0 7.4
Other invertebrates®  74.3 23 47 36.3 7.4 0 100.0  65.8 <1l 39 24 1.6 0 50.0
Bony fish 14.3 2 7 9.9 4.4 0 100.0 7.9 <1l 3 5.0 34 0 100.0
Unknown 34.3 4 18 15.4 53 0 97.1 28.9 <1l 8 13 13 0 50.0
Debris 17.1 <1l 2 4.6 3.0 0 98.8 10.5 <1l 1 * * 0 0.8
Macroplastic 5.7 <l - * * 0 * 31.6 <l - 0.1 * 0 0.8

Percentage frequency of occurrence (FO), Index of Relative Importance (IRI), number of taxa (ranging from phylum to species level), mean
relative percentage of biomass + SE, minimum and maximum values of dietary groups are shown (see Supplementary Table S3.1 for individual

taxa summaries)

— NA values

*Values <0.1

#Chlorophyta, Ochrophyta, Rhodophyta
® Anthozoa, gelatinous macroplankton

“Crustacea, Mollusca, Polychaeta, Holothuroidea, Echinodermata

dominant group, both collectively and individually, dem-
onstrating both the highest percentage frequency of occur-
rence (92.1%) and mean percentage contribution to biomass
(57.4%). A variety of macroalgae were consumed including
H. scoparia and the invasive algae C. cylindracea, as well
as Gelidium spinosum var hystrix being the most dominant
(8.7%, 8.2%, and 6.3% of biomass, respectively). The sea-
grasses H. stipulacea and P. oceanica had both the high-
est contributions to overall biomass at 31.1% and 16.5%,
respectively, as well as the highest IRI scores of 29 and
10. Only two other dietary species had IRI scores > 1, the
seagrass Zostera noltii and the green algae C. cylindracea
both with scores of 2 (Supplementary Material S6). Green
turtles also consumed terrestrial invertebrates with a grass-
hopper, a beetle and a black fly consumed in trace quanti-
ties (0.4%,<0.1%,<0.1% of biomass, respectively), each
observed once in 3 different turtles, but were not identified
to species level.

Several breeding individuals were sampled across both
study species, 3 loggerhead and 2 green turtles. Of these,
2 loggerhead turtles were female and 1 male with CCLs of
67 cm, 67.4 cm, and 82.3 cm, respectively, and both green
turtles were female and were 86 cm and 89 cm CCL. All
loggerhead turtles showed little evidence of foraging prior
to death with on average 0.22 +0.34 g (range 0.00-0.61 g)
of dietary content found. There was considerably more vari-
ation in the green turtles, with 1006 g and 281 g of dietary
content found which predominantly consisted of seagrass
(99.99% and 39.5%) and macroalgae (0.0% and 52.8%).

Generally, no clear seasonal or annual trends were
observed in the main dietary groups of loggerhead (Fig. 3a,
c) or green turtles (Fig. 3b, d) when considering percent-
age consumption. This was also true in the case of annual
variation in both turtle species (Fig. 3c, d). The percentage
of sponges consumed decreased in larger loggerhead tur-
tles (GAM, F=1.40, n=34 p=0.16), whereas other inver-
tebrates increased in larger-size classes (GAM, F=3.69,
n=34, p=0.03; Fig. 3c; Supplementary Table S7.1). The
percentage of seagrass consumption was greater in larger
green turtles (GAM, F=3.81, n=38, p=0.04), whilst
macroalgae decreased (GAMM, F=2.18, n=38, p=0.08;
Fig. 3d) and bony fish consumption peaked in mid-size
classes (GAMM, F=5.19, n=38, p=0.02; Supplementary
Table S7.1).

As changes in percentages of one group may be con-
founded by another, the previous analyses were repeated
using mass (g). Some seasonal variation is shown in all
dietary groups across both turtle species (Supplementary
Fig. S7.1A, B) with increases in the summer months. Mass
of seagrass consumed in green turtles significantly increased
with CCL (GAM, F=170.72, n=38, p<0.001) as did other
invertebrates in loggerhead turtles (GAM, F=13.82, n=34,
p <0.001; Supplementary Table S7.2; Supplementary Fig.
S7.1).

As a dominant dietary item as well as an invasive spe-
cies, H. stipulacea was examined separately in green turtles
against month, year and CCL to identify any associations
with certain life stages or temporal trends. No discernible
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Fig.2 Dietary composition of loggerhead and green turtles. Mean
relative percentage contribution of each dietary group to biomass of
each species is shown. For clarity, an enlargement of (a) loggerhead

patterns were observed with month with either percentage
or mass of H. stipulacea consumed (Supplementary Fig.
S7.2A, B). There was a decreasing annual trend when both
percentage and mass were examined (Supplemental Fig.
S7.2C, D). No effect was observed between CCL and per-
centage (GLM, F=0.003, n=20, p=0.96; Supplementary
Fig. S7.2E) but there was a positive effect between CCL
and mass (GLM, F=35.80, n=20, p <0.001; Supplemen-
tary Fig. S7.2F).

Neither species richness nor Simpsons Diversity Index of
dietary content was influenced by CCL in loggerhead (GLM,
2 2,=0.66, n=34, p=0.42, Fig. 4a; GLM, F=0.90, n=34,
p=0.35; Fig. 4c) or green turtles (GLM, y 21 =1.58,n=38,
p=0.21, Fig. 4b; GLM, F=0.09, n=38, p=0.76; Fig. 4d).

Macroplastic ingestion was more common in green
(31.6%) than loggerhead turtles (5.7%) and was also found
in larger quantities, whilst accounting for differences due
to CCL (X+SD=0.72+2.21 g, range: 0-12.3 g, and
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(n=35) and (c) green turtles (n=38) between 0-10% is shown in (b)
and (d), respectively. Images of main, and noteworthy dietary species
are shown. Note the different y axes scales

X+SD=0.02+0.13 g, range: 0-0.8 g, respectively; GLM,
F=14.88,n="73, p<0.001). Although a positive correlation
was observed between plastic ingestion and cnidaria in log-
gerhead turtles (Rg=0.53, n=35, p=0.001; Supplementary
Material S8), visual examination confirmed this relationship
was unclear and centred around two individuals. All other
taxonomic groups showed no correlations with plastic in
either turtle species.

Discussion

This study provides the most detailed dietary information
on marine turtles in the eastern Mediterranean thus far and
is the first to compare the diet of the two sympatric spe-
cies in the region. Dietary composition was significantly
different between loggerhead and green turtles, confirming
niche separation. A wide diversity of taxa were recorded
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including those that were unique to one and common to both
species. High consumption of Lessepsian invasive species
and a greater rate of plastic ingestion was shown in green
turtles. Diet varied markedly from previous studies and
other regions of the Mediterranean, highlighting the need
for long-term local studies to monitor change and inform
management.

Loggerhead Turtle Diet

Loggerhead turtles were found to have an omnivorous and
more varied diet than green turtles, foraging on predomi-
nantly benthic items, such as the sponge Chondrosia reni-
formis and the bivalve Spondylus gaederopus, occurring
from the surface down to 60 m (Bavestrello et al. 1996) and
from 4 to 200 m depth (Demir 2003), respectively. Marked
individual variation between loggerhead turtles was evident
from low IRI scores. This supports the well-established
theory of opportunistic foraging (Casale et al. 2008) and
large isotopic niches found in regional stable isotope analysis
(Haywood et al. 2020a). Studies in other regions of the Med-
iterranean Sea show some similarity, but the main constitu-
ent dietary groups vary (Laurent and Lescure 1994; God-
ley et al. 1997; Tomaés et al. 2001; Bentivegna et al. 2003;
Lazar et al. 2008a). Sponges and other invertebrates were
dominant in the present study compared with crustaceans,
gastropods and sea urchins in the central Mediterranean
(Casale et al. 2008), sponges and sea urchins in the north-
ern Adriatic (Lazar et al. 2002), and fish, pelagic tunicates,
crustaceans, molluscs and other invertebrates in the western
Mediterranean (Tomaés et al. 2001). Percentage consumption
of sponges consumed seemed to vary seasonally, decreas-
ing between April-September, possibly driving the seasonal
shifts in carbon stable isotope ratios found in this region
(Haywood et al. 2020a). In the North Adriatic, percentage
cover of C. reniformis is highest in autumn months and low-
est in spring (Di Camillo et al. 2011) and although further
north than the current study, supports seasonal abundance as
an explanation of the peaks in sponge consumption observed
here.

Sponges, and more specifically C. reniformis, have previ-
ously been identified as a major component of loggerhead
turtle diet in the Mediterranean but were similarly found in
an undigested state throughout the gut (Steuer 1905; Laurent
and Lescure 1994; Lazar et al. 2002; Casale et al. 2008).
Loggerhead turtle stomach morphology differs to that of
hawksbill turtles, a well-known sponge specialist (Meylan
1988; Stringell et al. 2016), and it has been suggested that
they are unlikely to obtain much nutrition from sponges,
likely obtaining bacterial fauna or trace elements instead
(Laurent and Lescure 1994; Casale et al. 2008). Similarly,
Posidonia oceanica was another dominant species found in
loggerhead turtle gut contents. Whilst P. oceanica beds are

clearly frequented, its presence in their gut contents does
not necessarily indicate that it is a dietary item. The gut
microbiome of loggerhead turtles does contain anaerobic
bacteria capable of fermenting carbohydrates (Arizza et al.
2019), such as Ruminococcacea and Lachnospiracea (Bou-
tard et al. 2014) which are also found within green turtle
guts (Ahasan et al. 2018; Campos et al. 2018). However,
digestibility of structural carbohydrates in loggerhead turtles
is largely unknown requiring further experimental work to
clarify. Considering the undigested state of P. oceanica in
the present study as well as in others (Casale et al. 2008),
alternative explanations for its presence such as incidental
ingestion while feeding on other animal prey species are
more likely.

Green Turtle Diet

Green turtles were predominantly herbivorous where a
greater incidence of omnivory was observed in juveniles—
some had solely fed on animal matter—which shifted to
near exclusive herbivory in adults as has been previously
shown in the Mediterranean (Ozdilek and Aureggi 2006;
Lazar et al. 2010; Karaa et al. 2012). Throughout all-size
classes, green turtles exhibited higher levels of herbivory
than loggerhead turtles. Seagrass consumption was consist-
ent throughout the year suggesting year-round dependence
with potential seasonal peaks during summer months. The
highest percentage cover and above-ground biomass of Hal-
ophila stipulacea, occurs in autumn around Cyprus (Nguyen
et al. 2020) which coincides with a summer peak.

Dietary preferences of green turtles are known to vary
regionally, with some populations specialising on seagrasses
(Howell et al. 2016; Stringell et al. 2016; Gillis et al. 2018)
and others on various macroalgae phyla (Carrion-Cortez
et al. 2010; Reisser et al. 2013; Vélez-Rubio et al. 2016).
Some of this variation can be attributed to differences in
digestibility of dietary groups, where red algae have recently
been shown to have higher digestibility than brown algae or
seagrasses (Campos and Cardona 2020). Despite a prefer-
ence for the seagrass Cymodocea nodosa noted previously
around Cyprus (Demetropoulos and Hadjichristophorou
1995; Margaritoulis and Teneketzis 2003; Teneketzis et al.
2006; Casale et al. 2018), the Lessepsian seagrass H. stipu-
lacea and native P. oceanica were the most dominant in the
present study. The nutritional quality of C. nodosa has been
demonstrated to exceed that of P. oceanica in dietary pref-
erence studies of other Mediterranean herbivores, through
both the higher quality of its leaves as well as its epiphytic
community (Marco-Méndez et al. 2015). Considering C.
nodosa was generally not a preferred dietary species in the
current study and with H. stipulacea (Beca-Carretero et al.
2020) and P. oceanica (Telesca et al. 2015) both widespread
off Cyprus, this may suggest they are more prevalent than C.
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nodosa, with prey availability driving dietary preferences.
This is consistent with other studies noting local availabil-
ity of resources as a key determining factor (Cardona et al.
2010; Reisser et al. 2013; Campos and Cardona 2020) where
some green turtles primarily consume macroalgae instead in
regions where seagrasses are scarce (e.g., Carrion-Cortez
et al. 2010; Reisser et al. 2013; Vélez-Rubio et al. 2016).
Halophila stipulacea is a native dietary component for
green turtles in the Indo-Pacific (Spalding et al. 2003) but is
not always preferred when present in a seagrass assemblage;
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greater prevalence of three other seagrass species (Thalas-
sodendron ciliatum, Thalassia hemprichii and Halodule
uninervis) have been reported previously (Stokes et al.
2019). This is also the case in some regions where H. stipu-
lacea has invaded, such as the Caribbean, where green tur-
tles have retained preferences for native seagrass species
which also have better nutritional quality than H. stipulacea
(Christianen et al. 2018). Concerns over this species rap-
idly invading and altering existing seagrass meadows have
been raised (Sghaier et al. 2014; Nguyen et al. 2020), with
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ongoing tropicalisation of the Mediterranean increasingly
favouring growth of H. stipulacea (Gambi et al. 2009; Jorda
et al. 2012; Georgiou et al. 2016). Indeed, this study docu-
ments the highest percentage of H. stipulacea in green turtle
diet thus far in the Mediterranean Sea. Rhizomes and roots
of H. stipulacea were found in green turtle gut contents,
possibly indicating utilisation of a previously documented
below-ground foraging strategy (Christianen et al. 2014),
that may act as a natural biocontrol (Whitman et al. 2019), as
the majority of biomass is stored below-ground in H. stipu-
lacea beds around Cyprus (Nguyen et al. 2020).

Consumption of H. stipulacea generally decreased
between 2012 and 2019 but this could be due to increased
sampling effort in later years providing a more accurate
reflection of consumption levels. Further speculation of this
trend is limited as the locations and the extent of seagrass
beds remain poorly explored around Cyprus. Many stud-
ies on H. stipulacea around Cyprus have been conducted
primarily along the south coast (Lipkin 1975; Nguyen et al.
2018; Winters et al. 2020 and references therein) with only
a basic indication of their locations in North Cyprus (Geor-
giou et al. 2016). Recent evidence suggests it is widespread
along the entirety of the Cyprus coastline (Beca-Carretero
et al. 2020) but precise mapping of location of beds, extent
and incorporation into native seagrass meadows in this
region is lacking. Further speculation of the trend in con-
sumption of H. stipulacea in the present study is therefore
limited, and merits further sampling of not only stomach
contents, but also systematic habitat surveys to map the loca-
tions of H. stipulacea and native seagrass beds to provide
baselines with which to compare its spread and provide con-
text for observed consumption rates and dietary preferences
in marine turtles.

Interactions With Fisheries

Despite differences in foraging strategies, evidence of bony
fish consumption was found in stomach contents of both
marine turtle species. These may have occurred through
depredation in bottom-set nets in which most turtles were
thought to have drowned, since spoiling of catch by turtles is
a common complaint of fishers (Snape et al. 2013). It is also
possible that some turtles are feeding on fisheries discards as
provisioning of some turtles in the harbours of North Cyprus
has been noted (pers obs).

Fishing intensity and techniques vary greatly across the
Mediterranean (Casale 2011) and will differentially affect
turtle species depending on their foraging ecology and
habitat use (Haywood et al. 2020a). Bycatch of loggerhead
turtles around North Cyprus has been more closely linked
to demersal gears used in deeper water fishing techniques,
whereas green turtle interactions are typically with shal-
low water fishing gear (Snape et al. 2013). No sex-specific

differences were observed in the current study suggesting
similar foraging strategies and susceptibility to fishing pres-
sures which is also evident from a high overlap in isotopic
niche between sexes (Haywood et al. 2020a). However, die-
tary differences with reproductive status do occur elsewhere
(Stokes et al. 2019) and preliminary evidence from the cur-
rent study, particularly in the case of breeding loggerhead
turtles which had foraged very little, suggests this may also
occur in North Cyprus, but this requires further sampling
to confirm.

Terrestrial Dietary Content

Cyprus is a known hotspot for migrating insects (John et al.
2015; Sparrow et al. 2016; Flint 2019) and therefore it is
likely many insects die whilst flying over water. These dead
insects may accumulate on the water’s surface resulting in
an easily accessible food resource for marine turtles. Indeed,
both marine turtle species consumed terrestrial insects, such
as butterflies, flies, beetles and grasshoppers, but only in
trace amounts. This has been demonstrated previously in
low quantities but mostly in young oceanic-pelagic post-
hatchling marine turtles (Richardson and McGillivary 1991;
Witherington 2002; Witherington et al. 2012; McDermid
et al. 2018). Very few records exist of marine turtles that are
not post-hatchlings consuming terrestrial insects (Godley
et al. 1998), this study included.

Dietary Changes With Body Size

An increase in benthic prey species is often reported as
marine turtles increase in size (Salmon et al. 2004; Casale
et al. 2008; Marshall et al. 2012). In general, no marked
changes occurred in benthic material as loggerhead turtles
increased in size here, but this is likely due to the restricted
size range and lack of small individuals in this study. Per-
centage sponge consumption decreased with increasing log-
gerhead turtle size, suggesting a greater role in smaller tur-
tles as suggested previously in the Mediterranean (Laurent
and Lescure 1994). The decrease in the observed sponge
consumption coincided with a small increase in the con-
sumption of other invertebrates suggesting replacement of
sponges with other invertebrates. Macroalgae consump-
tion decreased in larger green turtles in favour of seagrass.
However, this decrease is a result of a relative increase in
the mass of seagrass consumed. Total biomass consumed
inevitably scales with body size, and whilst mass is use-
ful for highlighting relative changes in groups’ biomass, it
does not account for differences in stomach size and full-
ness as percentage biomass does and should therefore be
viewed as supplementary to this. Although diet was pre-
dominantly herbivorous, omnivory was observed in a range
of size classes providing further evidence to previous stable
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isotope analyses of a slow ontogenetic dietary shift in the
eastern Mediterranean basin (Godley et al. 1998; Cardona
et al. 2010).

Recruitment Size

Small juvenile green turtles and large juvenile loggerhead
turtles were the most common life stages in this study, most
frequently observed between 25 and 30 cm and 60 and
70 cm CCL, respectively. Loggerhead turtles can recruit to
neritic waters very early in the Mediterranean (Lazar et al.
2007; Abbate et al. 2007) from as small as 25 cm CCL
(Casale et al. 2008) but this can be highly variable due to
their relaxed life history (Casale et al. 2007). In this study
however, few loggerhead turtles of this size were recorded,
suggesting neritic recruitment occurs later around Cyprus,
at around 50-65 cm CCL. Globally, green turtles recruit
to neritic foraging grounds around 25-44 cm CCL (Reich
et al. 2007; Arthur et al. 2008) at approximately 3—10 years
of age (Reich et al. 2007; Casale et al. 2008; Lazar et al.
2008a). Our results are consistent with this, with green tur-
tles recruiting at a minimum size of 25-30 cm CCL.

@ Springer

Uncommon Size Classes

The stark absence of mid-size green turtles in the current
study could be a result of heavy fisheries bycatch mortal-
ity limiting survival. If this is the case, then this is of great
concern, and could represent a wider problem in the region.
Alternatively, the observed absence of mid-size green turtles
could reflect developmental transience as has been found
in other populations (Hamabata et al. 2015). Small juve-
niles may recruit to neritic developmental grounds, to later
migrate to other coastlines as mid-size juveniles for the final
stages of development prior to adulthood such as the well-
known adult foraging grounds off the coasts of North Africa
and Turkey (Stokes et al. 2015). Mixed stock analyses in the
eastern Mediterranean have shown up to 62% of loggerhead
turtle strandings in the western foraging area of Turkey orig-
inate from Cyprus (Tiirkozan et al. 2018) as well as green
turtles stranding on the Israeli coast, albeit a comparatively
lower contribution of turtles originated from Cyprus in this
case (Tikochinski et al. 2018). Conversely, post-nesting
movements of some adult green turtles tracked from Cyprus
nesting beaches highlighted foraging grounds in southern
Cyprus and north in Turkey (Stokes et al. 2015; unpubl
data), indicating that conditions can support development
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to adulthood in these areas. To better understand the param-
eters shaping population structures, mark recapture studies
in coastal fisheries could be supported.

Non-Foraging Turtles

A small number of turtles in this study exhibited empty
oesophagi and stomachs, indicating potential underlying
health conditions. Where empty gastrointestinal tracts have
been noted previously, cold-stunning was identified as the
stranding cause (Burke et al. 1994; Bean and Logan 2019)
which precludes normal foraging activity. No evidence
of cold-stunning was found in this study, but many log-
gerhead turtles and some green turtles were of adult size,
with several identified as breeding individuals, and were
recorded between March and July. This may suggest they
were migrant breeders as nesting occurs between May and
October (Broderick et al. 2002). Specifically, for females,
foraging could be limited due to egg maturation processes
(Bjorndal 1997).

Macroplastic Ingestion

Green turtles demonstrated greater macroplastic ingestion
than loggerhead turtles, a similar finding to other studies
(Parker et al. 2011; Schuyler et al. 2013; Clukey et al. 2017;
Rizzi et al. 2019). This is likely related to diet, where her-
bivores and gelatinovores are more likely to ingest anthro-
pogenic debris, including plastic, than carnivores (Schuy-
ler et al. 2013; Di Beneditto and Awabdi 2014; Rizzi et al.
2019). The incidence of plastic ingestion of green turtles was
much lower than in previous studies; 12 of 38 green turtles
(31.6%) in the current study had ingested plastic compared
with 100% of 19 turtles sampled in a previous study in the
same region (Duncan et al. 2019). Both studies included
the whole gut in analyses, so this difference may instead be
due to a larger sample size and extended sampling period in
the present compared to the previous study (2011-2019 and
2014-2016, respectively). Other confounding factors such as
the potential for lower plastic pollution levels in more recent
years should also be considered.

The percentage of ingested macroplastics did not vary
with turtle size in either species. This may be due to the sizes
of turtles sampled; the present study examined loggerhead
turtles between 54.0 and 72.0 cm CCL representing a limited
number of life stages, and an overall larger sample size of
green turtles with greater inclusion of larger individuals than
previous studies (e.g., Duncan et al. 2019). Locally available
prey resources in addition to environmental plastic levels
may influence the types and quantities of plastic ingested in
different areas and life stages. Recording baseline measures
of environmental plastics present in North Cyprus marine
turtle foraging habitats would allow further comparison of

plastic types that prevail in gut contents with their availabil-
ity in the environment.

Concluding Statements

The diet of loggerhead and green turtles in the eastern
Mediterranean largely aligned with previous research in
both the Mediterranean and globally, but regional differ-
ences in the main dietary groups were evident, reinforcing
the need for specific regional management of these species
and their supporting habitats. Distinct niche separation was
evident and is likely to increase susceptibility to differing
threats, such as deeper, demersal fishing practices and shal-
low water fishing efforts, for loggerhead and green turtles,
respectively (Snape et al. 2013). Sponges, whilst not a novel
dietary item in the diet of loggerhead turtles in the Medi-
terranean (Steuer 1905; Laurent and Lescure 1994; Lazar
et al. 2002; Casale et al. 2008), are relatively uncommon
and their dietary role is still largely unknown. As sponges
were so prevalent in a predominantly opportunistic forager
that generally does not show digestive capability for such
taxa, a better understanding of the nutritional and functional
role of sponges would provide key insights into loggerhead
turtle foraging behaviour, ontogenetic dietary changes, and
nutritional requirements. An invasive seagrass, H. stipula-
cea, was recorded in the highest levels for green turtles thus
far in the Mediterranean, as well as outside its native ranges.
Globally, studies have highlighted H. stipulacea’s role in
rapid displacement of native seagrass meadows (Willette and
Ambrose 2012; Smulders et al. 2017; Winters et al. 2020
and references therein), green turtle’s continued preference
for native seagrass species and its lower nutritional value
in some cases (Christianen et al. 2018). With H. stipulacea
clearly already a major dietary component in the eastern
Mediterranean, and few examples of consumption of this
invasive species outside its normal range, further research
into the location of H. stipulacea beds around Cyprus, its
nutritional value relative to native Mediterranean seagrasses
and the impacts of a H. stipulacea rich diet on green turtles
is imperative. To augment the preliminary findings of the
current study, a more detailed analysis of habitat utilisation
and identification of foraging ground locations is suggested
to better define dietary preferences relative to local resource
availability, possible habitat and dietary species shifts with
climate change and invasive species, and overlap of forag-
ing grounds with fisheries to implement effective marine
protected areas and modifying existing fishing practices for
marine turtles in the eastern Mediterranean.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-021-03895-y.
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