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Abstract

The loggerhead sea turtle Caretta caretta is a vulnerable migratory species that spends its first years of life in the open sea.
During this developmental phase, loggerheads can be found foraging in the epipelagic zone of the waters surrounding the
Madeira Archipelago, providing a rare opportunity to gather information on the ecology of its oceanic developmental stage.
In this study, we characterized the isotopic niche of these juveniles, using stable isotope analysis. We assessed two groups
of turtles, turtles captured alive (n=24) and turtles captured as bycatch on local longlines (n=12), and explored whether
animals caught in the local fishing gear represented a random sample of the population, or whether there is some evidence for
a specialized foraging behaviour. We found that turtle bycatch had a significantly higher mean stable nitrogen isotope value in
whole blood (8'°N =8.5+0.6%0 SD) compared to the group of turtles captured alive in the same period (8'"°N=7.6+0.5%o
SD), indicating that they had a different diet. While there was a tendency for turtle bycatch to be slightly larger, we found
no effect of body size on 8'°N values. We propose a distinct foraging behaviour strategy hypothesis, with a group of turtles
being more susceptible to interactions with fisheries and thus having a higher mortality risk, which should motivate the
implementation of existing guidelines to reduce sea turtle bycatch.

Introduction

The loggerhead sea turtle Caretta caretta spends its first
years of life in pelagic habitats of the open sea. This devel-
opmental stage, dubbed ‘the lost years’ as the whereabouts
of the turtles is typically uncertain, corresponds to the main
growth phase for the juveniles, lasting from 6 to 12 years
(Bjorndal et al. 2000, 2003; Avens and Snover 2013).
After this period, they usually leave the open ocean as they
approach the subadult stage, and recruit to neritic waters
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(McClellan and Read 2007). Varying with their ontogenetic
phase and associated trophic niche, the loggerheads are
exposed to different threats, such as fisheries bycatch, plas-
tic ingestion, marine pollution, nesting habitat destruction,
and illegal harvesting, among others (Dellinger 2008), with
fisheries bycatch identified as the main cause of mortality
for this species (Lucchetti and Sala 2010).

Large numbers of pelagic juvenile loggerheads are
encountered in the eastern Atlantic, particularly in the oce-
anic region of the Madeira Archipelago, Portugal, where
important fisheries also occur, and interactions have been
reported (Encarnacdo 1998). Genetic studies (Bolten
et al. 1998), satellite tracking data (McCarthy et al. 2010;
Mansfield et al. 2014; Freitas et al. 2018) and tag returns
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(Dellinger 2008) have shown that these juveniles originate
primarily from nesting populations in the western Atlantic.
Throughout this developmental stage, juveniles are known
to be opportunistic predators, feeding on a variety of pelagic
organisms (Parker et al. 2003; Jones and Seminoff 2013). A
study in the waters around Madeira found that, after plas-
tics and other debris, the item with major occurrence on
the digestive tract contents of 35 dead juvenile loggerhead
turtles was gelatinous material (Moreira 2006). Similarly,
in the Azores, cnidarians were the main dietary component
in the stomach of 12 dead specimens, and to a lesser extent,
siphonophores, nudibranchs, pelagic gastropods, marine
insect egg masses and oceanic crabs (Frick et al. 2009).
In another study with live turtles captured in the waters
around the Madeira and Azores Archipelagos, macroscopic
observations of the gut contents of five juvenile loggerheads
revealed a large presence of epipelagic salps and gastropods,
while microscopic observations exposed a large number of
cnidarian nematocysts (van Nierop and den Hartog 1984).

Although stomach content analysis is the most direct
method to assess the feeding ecology, it only provides a
snapshot of the diet, and it is a highly invasive method. The
latter is irrelevant if only dead animals are analysed, but
at the cost of limiting sample size and potentially biasing
results, if stranded turtles have different foraging habits.
Stable isotope analysis (SIA) is an alternative approach to
infer the feeding ecology and trophic structure, particularly
in species difficult to observe in their natural habitat, such as
sea turtles. It only requires a small tissue sample (e.g. skin,
blood, carapace scutes), thus processing is much faster and
less invasive, and depending on the isotopic tissue turno-
ver, it gives a longer lasting picture of an animal’s diet. The
isotopic turnover corresponds to the time that it takes for a
consumer’s tissue to reflect the isotopic composition of its
diet (Hall et al. 2015), and it is variable among tissue types.
Blood, for instance, due to its high metabolic rates compared
to carapace or skin, has a rapid turnover rate, thus reflecting
recently consumed food resources (Reich et al. 2008). The
stable isotopes of nitrogen (8"N) and carbon (8'3C) are use-
ful in the marine ecosystems to estimate trophic position and
foraging habitat (oceanic vs. neritic or pelagic vs. benthic),
respectively (Hall et al. 2015). The 8'°N of a consumer is
typically enriched by 3-4%o relative to its diet (Hatase et al.
2002); thus, there is a progressive enrichment of 8'°N per
trophic level in food webs. The 8'C is only enriched by
1%o relative to its diet (Hatase et al. 2002); however, there
are four gradients that can affect the 8'>C values in marine
ecosystems: nearshore/offshore, benthic/pelagic, enriched/
depleted 8'°C food webs and low/high latitudes (Ceriani
et al. 2012).

The oceanic region of the Madeira Archipelago has an
ideal geographic position to investigate the foraging ecol-
ogy of pelagic juvenile loggerheads, lying in their main
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area of distribution in the North Atlantic. Given that during
their pelagic stage in the waters of Madeira these juveniles
are particularly susceptible to bycatch in the depth-drifting
longlines, we assess here two groups of turtles: turtles cap-
tured alive by researchers and dead turtles obtained as fish-
ery bycatch. We here present the first report of the trophic
niche of juvenile pelagic loggerheads in the region, using
SIA, and investigate if animals caught in the depth-drifting
longlines represent a random sample of the general popula-
tion, or whether they display a different foraging behaviour
that makes them more susceptible to capture and is reflected
in their isotope profile.

Materials and methods
Study site

Marine turtles were captured within the Exclusive Economic
Zone (EEZ) of the Madeira Archipelago, in deep water south
of Madeira Island. The Madeira Archipelago, Portugal, is
located off the northwest coast of Africa (33°N, 17°W) and
is included in the general North Atlantic circulation system
with the Canary current as the dominant surface current and
the NE trades the dominant wind regimes (Fig. 1).

Turtle captures and measurements

Captures were conducted between July and October 2016.
Twenty-four individuals were captured alive (‘live turtles’)
during active searches by boat, by approaching them at slow
speed from behind and scooping them up with a large dip-
net. After capture, turtles were transported to land-based
holding facilities where they were measured and sampled,
the whole process lasting under 30 min, after which they
were kept moist in the shade, and safely released near their
capture location. Twelve specimens caught in the depth-
drifting longlines for black scabbardfish (Aphanopus carbo),
which is operated at depths ranging from 600 to 700 m, were
obtained through collaboration with local fishers (‘tur-
tle bycatch’). Turtle bycatch was kept frozen until further
analysis. Each individual turtle was measured according to
standard biometry procedures (Bolten 1999).

Sample collection and preparation

For the group of turtles captured alive, blood samples (up to
4 mL) were collected from the dorsal post-occipital sinus.
Necropsies of turtle bycatch were performed according to
Wolke and George (1981), and blood samples were collected
from the body cavity. As turtle bycatch was frozen shortly
after being captured, we were able to collect fresh blood.
All blood samples were collected using sterile single-use
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Fig.1 Map of the northeast Atlantic showing the Madeira Archi-
pelago and the capture sites of loggerhead sea turtles Caretta caretta
captured as bycatch in depth-drifting longlines (black dots) and tur-

syringes, dried at 60 °C for 24 h and then frozen at — 80 °C
(Seminoff et al. 2006). Blood was chosen due to its rapid
turnover rate (27.7 + 3.5 days, Reich et al. 2008) as we were
interested in the recent diet of juvenile loggerheads, i.e. the
food sources foraged around Madeira. Samples of neon fly-
ing squid (Ommastrephes bartramii), the bait used in the
depth-drifting longlines for black scabbardfish, were also
collected during the necropsies (from the oesophagus and
in the stomach), and directly from local fishermen. These
samples were freeze-dried for 48 h and stored at — 80 °C.

Stable isotope analysis

Stable isotope analyses were conducted by continuous flow
isotope mass spectrometry (CF-IRMS) on a Sercon Hydra
20-22 (Sercon, UK) stable isotope ratio mass spectrometer,
coupled to a EuroEA (EuroVector, Italy) elemental ana-
lyser for online sample preparation by Dumas combustion,
in the Stable Isotopes and Instrumental Analysis Facility in
the University of Lisbon. The standards used were Protein
Standard OAS, Sorghum Flour Standard OAS (Elemental
Microanalysis, UK) and TAEA-N1 (IAEA, Vienna, Austria).
Carbon (8'°C) and nitrogen (8"°N) ratios were expressed as
the relative difference (%) between the sample and conven-
tional standards (Pee Dee Belemnite carbonate and N2 in air,
respectively) according to

tles captured alive for this study (open circles), within the Economic
Exclusive Zone of the Madeira Archipelago, Portugal

R sample

oX = [ - 1] % 1000(%o00),

standard

where X=38"3C or 8"°N and R="3C/"?C or PN/'*N (Sem-
inoff et al. 2006). Precision of the isotope ratio analysis,
calculated using values from six to nine replicates of labora-
tory standard material interspersed among samples in every
batch analysis, was <0.1%o.

Statistical analysis

We visually inspected the biometric (SCLn-t, straight cara-
pace length notch to tip) and the isotopic (8'*C and §'°N)
data with histograms and QQ plots, and analysed skewness
to assess normality. Thus, the difference in biometric meas-
urements between turtles captured alive and turtles inci-
dentally captured, and the difference in isotopic signatures
between the two groups and between the neon flying squid
and the live turtles and turtle bycatch were evaluated using
an ANOVA. We then applied a generalized linear model
(GLM) with Gaussian error structure and identity function
to assess the relationship between the isotopic signature
of nitrogen (indicative of trophic level) and three potential
explanatory variables: body size (SCLn-t), condition (alive
or bycatch), and 8'3C. Analyses were performed using R
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v.3.2.5 (Development Core Team 2008). Estimates are pre-
sented as mean + standard deviation (SD).

Results
Size structure of Caretta caretta

A summary of the biometric data is presented in Table 1.
The SCLn-t was used as an indicator of body size, as this is
the most common measurement used in sea turtle studies,
allowing comparisons. Turtle bycatch showed a size range
from 264 to 493 mm with an average of 381 + 62 mm while
the group of turtles captured alive showed a size range from
195 to 571 mm with an average of 332+ 111 mm. All tur-
tles analysed were oceanic juveniles (Fig. 2). An one-way
ANOVA indicated that there was no significant difference
in mean body size between the two groups: F(1, 34)=1.98,
P=0.169, although there was a tendency for turtle bycatch
to be slightly larger.

Trophic level of Caretta caretta

The nitrogen isotopic signatures obtained in the blood were
significantly different between the live turtles and turtle
bycatch (one-way ANOVA, F(1, 34)=24.3, P<0.001,
Fig. 3), with a significantly higher mean value of §'°N
recorded for the bycatch (8.5 +0.6%0) compared to the live
turtles (7.6 +0.5%o). In contrast, there was no significant
difference on 8'>C among live turtles (— 18.7 +0.6%o) and
turtle bycatch (— 18.8 +£0.4%0) (one-way ANOVA, F(1,
34)=0.60, P <0.446). The GLM provided a good fit for
our dataset explaining 45% of the deviance. There were
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Fig.2 Size distribution of loggerhead sea turtles Caretta caretta cap-
tured alive (n=23, light grey) and incidentally captured and killed in
depth-drifting longlines (n=12, black) at the waters surrounding the
Madeira Archipelago, Portugal. SCLn-t straight carapace length notch
to tip

no significant correlations between 8'°N values and either
body size (F(1, 34)=2.75, P=0.107, Fig. 4) or 8'3C (F(1,
34)=0.60, P=0.459), and the only predictor that was sig-
nificantly correlated with 8'°N was condition (alive vs.
bycatch: F(1, 34)=24.3, P <0.0001). The mean values of
8'°N and 8'°C for the neon flying squids were 10.8 +0.8%o
and —19.9 +0.4%o, respectively (Fig. 3). The nitrogen iso-
topic signature of the neon flying squids was significantly
different from that of both live turtles (one-way ANOVA,
F(1,29)=178.4, P<0.001, Fig. 3) and turtle bycatch (one-
way ANOVA, F(1, 17)=49.9, P <0.001, Fig. 3). The car-
bon isotopic signature obtained of the neon flying squid
was also significantly distinct from those of live turtles

Table 1 Biometrical data
collected from juvenile
loggerhead sea turtles captured

Biometrical parameter

alive (n=24) and incidentally
captured in depth-drifting
longlines (n=12) at the waters
surrounding the Madeira
Archipelago

Straight carapace length
Minimum straight carapace length
Straight carapace width

Curved carapace length
Minimum carapace curved length
Curved carapace width
Post-cloacal tail length

Head length

Head width

Right fore-flipper length

Right fore-flipper width
Fore-flipper first claw length
Weight

Live turtles Turtle bycatch

n  Median+SD Range n  Median+SD Range
23 3324111 195-571 12 381+62 264-493
23 327+109 193-561 12 375+60 262-486
24 285+94 170-500 12 33253 234-434
23 374+122 228-632 12 421+63 299-532
23 364+120 223-619 12 412+63 291-524
24 345+119 207-604 12 402+65 275-519
24 14+6 6-27 12 17+4 10-24
24 96 +26° 58-151 12 114+15° 82-142
24 77+25 46-143 12 89+13 64-114
24 191+60 117-350 12 220+31 160-274
24 64+17 42-99 12 73+10 55-89
24 11+3 7-18 12 13+2 9-16

24 774047858  1224-28,850 12 9350+4499  3078-18,800

The values are presented as mean =+ standard deviation, in millimetre (mm). Weight is presented in gram (g)

Significant differences between groups: live and turtle bycatch (P <0.05)
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Fig.3 Isotopic signatures of nitrogen (5'°N) and carbon (8'°C) of
loggerhead turtles Caretta caretta (mean+SD %o) based on blood
samples collected from free-ranging individuals (open circles,
n=24), and individuals incidentally captured and killed in depth-
drifting longlines (grey triangles, n=12), in the waters surrounding
the Madeira Archipelago, Portugal. Open diamonds show isotopic
signature from muscle tissue of neon flying squids Ommastrephes
bartramii, used as baits in the longlines (n=7)
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Fig.4 Isotopic signatures of nitrogen (8'°N) vs. body size (SCLn-
t) of loggerhead turtles Caretta caretta, based on blood samples
collected from free-ranging individuals (open circles, n=24) and
individuals incidentally captured and killed in the depth-drifting
longlines (grey triangles, n=12), in the waters surrounding the
Madeira Archipelago, Portugal. There was no effect of body size on
8N values

(one-way ANOVA, F(1,29)=24.5, P<0.001, Fig. 3) and
turtle bycatch (one-way ANOVA, F(1, 17)=27.8, P<0.001,
Fig. 3).

Discussion

We characterized the trophic position of juvenile loggerhead
sea turtles in the oceanic region of the Madeira Archipelago.
Our stable isotope analysis revealed that the group of tur-
tles incidentally caught and killed in the local depth-drifting
longlines occupied a slightly higher trophic level than the
group of turtles captured alive, within the same region. This

suggests that either the turtle bycatch represent a different
subgroup that consumed different prey types, with a higher
trophic positions than those consumed by live turtles, or that
they eat the same type of prey, but their relative prevalence
is sufficiently different to create a distinct 8'°N signal. We
also verified that this discrepancy was not related to the
body size, rejecting the hypothesis that larger animals were
consuming larger preys and, therefore, feeding at a higher
trophic level. Notably, there were no differences in the val-
ues of 5!°C between the two groups of turtles. Since §!°C
values in marine ecosystems allow to infer the foraging
habitat (Hall et al. 2015), similar values of §'°C indicate
that both groups likely forage on the same water mass and
possibly in the same geographic areas hence with the same
range of prey types available.

Although for the purpose of this study the turtles analysed
are divided into two groups (turtles captured alive and turtle
bycatch), there is no reason to believe they have different
geographic origins. The turtles analysed most likely origi-
nate from western Atlantic nesting populations, as individu-
als from these populations are known to forage in the deep
oceanic waters around Madeira (Bolten et al. 1998; Dellinger
2008; Mansfield et al. 2014). While we actively searched for
live turtles relatively close to the shoreline (< 10 nm), the
fishing fleet operates far from the coast at distances of up to
several hundred nautical miles. Therefore, the differences
in the capture sites between the two groups were related to
the different sampling locations as the turtles captured near
shore and the turtles caught by fisheries offshore have over-
lapping in-water ranges. Previous work through the analysis
of satellite tracking data on individual loggerheads caught
alive over deep waters near Madeira (in virtually the same
locations as in our live turtles group) indicate that turtles
have an extremely short residency time in this particular
area (see McCarthy et al. 2010), and hence are not associ-
ated with neritic habitats around Madeira, but rather use the
broad deep-sea marine habitat of the broader region where
turtles were caught by fisheries (the turtle bycatch).

A key aspect in ecological studies that involve the analy-
sis of stable isotopes is the isotopic turnover, i.e. the time
that it takes for a consumer’s tissue to reflect the isotopic
composition of its diet tissue (Hall et al. 2015). In ectother-
mic animals such as sea turtles, blood is a tissue that reflects
recently consumed food resources, due to its high metabolic
rates which lead to a turnover rate of 27.7 +3.5 days (Reich
et al. 2008). This means that the whole blood of juvenile
loggerheads roughly reflects the diet composition of turtles
in the past month. The analysis of a tissue with a rapid turno-
ver rate increases the probability that the isotopic values
obtained represent the dietary composition of specimens in
the study area. This is particularly important to take into
account when dealing with highly migratory species. The
mean residence time of juvenile loggerheads in the EEZ of
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the Madeira Archipelago was estimated by satellite telem-
etry at 51433 days (Dellinger and Freitas 2000). Consider-
ing this residence time and the rapid turnover rate of blood,
the isotopic signatures presented here should correspond to
the period when juvenile loggerheads inhabit the oceanic
region of Madeira.

We postulate that the group of turtles incidentally cap-
tured in the depth-drifting longlines in the oceanic region of
the Madeira Archipelago represents a segment of the popu-
lation that exhibits a different foraging behaviour strategy.
Such differential foraging behaviour is not necessarily result-
ing from an association with human fisheries. For example,
some turtles may have a tendency to dive deeper, or consume
more carrion, which would make them potentially more
likely to be caught in longlines. Alternatively, this group of
turtles may forage more on fishery-related food sources, such
as bait and discards. However, the isotopic signatures of bait
and of dead turtles do not suggest that the turtles that were
caught had been regularly consuming significant quantities
of bait. Among the adults of the loggerhead North Atlantic
population, trophic specialization has been demonstrated,
suggesting that specializations within generalist populations
may be more common than previously thought (Vander et al.
2010). Furthermore, associations between fisheries and log-
gerhead sea turtles have previously been reported in neritic
environments, with a long-term temporal shift in the diet of
loggerheads coinciding with the target and discard species
of the fishing industry in Chesapeake Bay, USA (Seney and
Musick 2007). Wallace et al. (2009) also suggested a poten-
tial for competition between loggerheads and crab fisher-
ies in North Carolina. It remains to be conclusively shown
whether loggerhead turtles can also associate with fisheries
in offshore pelagic environments. If indeed some individu-
als become accustomed to the food source from the fishery
discards, or for other reasons are more prone to interact with
fishing fleets, they will have a higher risk of mortality, so
this has important conservation implications.

The information on the trophic level presented in this
study is the first of its kind for the juveniles of C. caretta in
the oceanic region of Madeira, and so provides an impor-
tant contribution to the knowledge of the life history of
this species. The suggested hypothesis of different forag-
ing behaviour strategy, which will attract a portion of indi-
viduals from the population and increase the likelihood of
death in depth-drifting longlines, has implications for the
ecology of the species. An intra-population variation in
the choice of diet may have evolutionary consequences, as
heterogeneity of food resources presupposes a reduction in
intraspecific competition that may alter selective pressures
(Vander et al. 2010). Such variation also has conservation
consequences, given that the group of juveniles that adopt
the feeding strategy associated with the fisheries is less
likely to survive. To confirm the hypothesis of a different
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foraging behaviour strategy it would be useful to carry out
further studies with a larger number of individuals and
to include both dead turtles in the ‘live turtles’ sample
and live turtles in the ‘turtle bycatch’ sample. Addition-
ally, the fact that turtle bycatch seems to have a different
foraging niche to the turtles captured alive suggests that
comprehensive studies of the foraging ecology and diet
of sea turtles should not rely exclusively on turtles caught
in longlines. It would also be useful to perform a detailed
extensive analysis of the diet (i.e. a quantification of diet
items in the digestive tract of turtles caught in the fisher-
ies), associated with movement and dive patterns (moni-
tored through satellite telemetry). To reduce the mortality
in the fishing gears, it would be beneficial to adopt guide-
lines that promote a sustainable exploitation of marine
resources. Specifically, it could be effective to change the
type of bait and the type of hook used in the depth-drift-
ing longlines. The replacement of squids, which have a
positive buoyancy, by mackerels, which sink in salt water,
and replacement of J-style hooks by circle hooks, are two
effective measures shown to reduce incidental sea turtle
catch rates without significant loss of fishing profitability
(Coelho et al. 2015). Additionally, knowledge on the for-
aging habitat preferences of juvenile loggerheads could be
applied to designate a spatial distribution of fishing opera-
tions that minimized interactions (McCarthy et al. 2010).

Here we present the first assessment of the trophic posi-
tion occupied by the oceanic juvenile loggerhead sea turtles
foraging in the waters around the Madeira Archipelago. We
suggest that during this life stage some individuals develop
a foraging behaviour that enhances their risk of interaction
with fisheries, leading to a higher risk of mortality, and
underline the urge for further foraging ecology research and
the application of bycatch reduction measures and other sea
turtle—fishery interactions.
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