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1.  INTRODUCTION

Demersal marine animals often use a diversity of
habitats throughout their lives, with juveniles typi-
cally inhabiting the water column and adults residing
near the sea bed (Rodríguez et al. 1993, Harmelin-
Vivien et al. 1995, Juanes 2007). Settlement into ben-
thic habitats is a critical process for these demersal
animals, and this usually involves juveniles actively
selecting suitable habitats (Harmelin-Vivien et al.
1995, Montgomery et al. 2001, Jenkins 2005). Cur-
rents may profoundly impact the dispersal of juve-
nile, pelagic stages because of their small body size
and limited swimming skills. This, in turn, may result

in long-distance dispersal, thus connecting pelagic
foraging grounds, settlement areas, developmental
habitats of neritic juveniles and, finally, the foraging
grounds for adults (Cowen & Sponaugle 2009).

Marine turtles offer a good example of these com-
plex life cycles, which result largely in part from the
broad dispersal of post-hatchlings and oceanic juve-
niles (Putman & Naro-Maciel 2013, Mansfield et al.
2014, Briscoe et al. 2016), and also from the fidelity of
adults to foraging grounds and nesting beaches
(Bowen & Karl 2007). Green turtles Chelonia mydas
inhabit all the tropical regions of the planet (Wallace
et al. 2010), and the dispersal of post-hatchlings and
oceanic juveniles is strongly influenced by oceanic
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currents (Naro-Maciel et al. 2017, Monzón-Argüello
et al. 2018; but see Shamblin et al. 2018). Juvenile
green turtles settle into neritic habitats when their
curved carapace length (CCL) reaches 25−50 cm
(Bjorndal 1985, 1997, Seminoff et al. 2002, Reich et al.
2007, Arthur et al. 2008, Cardona et al. 2009, Williams
et al. 2014, Howell et al. 2016, Williard et al. 2017). At
this point, they shift from a carnivorous diet based on
gelatinous zooplankton to an herbivorous or omnivo-
rous plant-based diet (Reich et al. 2007, Arthur et al.
2008, Cardona et al. 2009, 2010, Parker et al. 2011,
Vélez-Rubio et al. 2016). Settlement may take place at
the same feeding grounds used by adults (Cha loupka
et al. 2004, Arthur et al. 2008) or, alternatively, at de-
velopmental habitats that are different from those
used by adults, particularly in subtropical and warm
temperate regions (Cardona et al. 2009, González
Carman et al. 2012, Williams et al. 2014, Santos et al.
2015, Howell et al. 2016, Jardim et al. 2016). In the lat-
ter situation, green turtles will eventually move to the
adult foraging grounds as they grow older. The bene-
fits of settling in developmental habitats remain un-
known (Meylan et al. 2011), but using neritic foraging
grounds that are distinct from those of adults might
simply be a result of oceanic juveniles drifting with
the currents until they grow large enough to control
their buoyancy (Scott et al. 2014).

According to tagging and genetic markers, the
majority of the green turtles inhabiting the western
South Atlantic derive from the rookery at Ascension
Island (Carr et al. 1978, Caraccio Noriega 2008, Proi-
etti et al. 2012, Prosdocimi et al. 2012, Putman &
Naro-Maciel 2013, Scott et al. 2014). Virtual particle
modelling indicates that most hatchlings leave Ascen-
sion Island and drift westward along the At lantic
South Equatorial Current (Fig. 1) before reaching the
neritic habitats off the coast of north-eastern Brazil in
less than 2 yr (Putman & Naro-Maciel 2013, Scott et
al. 2014). Mixed adult/juvenile foraging grounds
exist only at latitude 12° S and farther north (Gallo et
al. 2006, Poli et al. 2014, Santos et al. 2015, Jardim et
al. 2016) and, hence, most juvenile green turtles are
expected to settle immediately after reaching north-
western Brazil. However, large numbers of juvenile
green turtles continue drifting southward along the
Brazil Current before settling at developmental habi-
tats off central and southern Brazil (Gallo et al. 2006,
Poli et al. 2014, Santos et al. 2015, Jardim et al. 2016),
Uruguay (Vélez-Rubio et al. 2018) and northern
Argentina.

The climate is tropical in north-eastern Brazil, with
increasing seasonality southwards and a warm tem-
perate climate in Uruguay and northern Argentina.

In this scenario, green turtles inhabiting the western
South Atlantic are expected to exhibit a diversity of
life histories. Those settling in tropical mixed adult/
juvenile foraging grounds will inhabit a rather con-
stant and predictable environment; hence, they will
experience little variability in diet and habitat through-
out their lifetimes, with the exception of their period-
ical breeding migration to Ascension after adulthood.
In contrast, individuals settling in subtropical and
warm temperate developmental habitats will shift
habitats frequently as a result of not only increasing
seasonality but also the northward displacement to -
wards the tropical adult foraging grounds off north-
eastern Brazil.

Satellite tagging has offered some evidence of sea-
sonal migration in juvenile green turtles from north-
ern Argentina (González Carman et al. 2011, 2012)
and Uruguay (Vélez-Rubio et al. 2018), but the tags
remain attached to small green turtles for only a few
months (Godley et al. 2003, González Carman et al.
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Fig. 1. Movements of green turtles from Ascension Island
across the western South Atlantic. (a) Developmental disper-
sal from Ascension Island to neritic foraging grounds along
South America. (b) Movements from developmental habitats
in central Brazil, Uruguay and northern Argentina to adult
foraging grounds in north-eastern Brazil and reproductive
migration. White arrows denote oceanic (deeper than 200 m)
pathways and black arrows denote neritic (shallower than
200 m) pathways. Turtle drawings (source: IAN image library)
denote hatchlings, small and larger juveniles, and adults



Campos & Cardona: Settlement of juvenile green turtles

2012, Putman & Mansfield 2015, Williard et al. 2017);
thus, they do not serve as a viable alternative for
long-term tracking. Furthermore, satellite tagging
offers no information about diet. Analysing stable
isotope ratios in the layers of carapace scutes is an
alternative approach to reconstructing ontogenetic
changes in the diets and habitats of juvenile green
turtles, because this metabolically inert tissue re cords
a timeline of the consumer’s isotopic history spanning
several years, even if the resolution is often coarse
(Reich et al. 2007, Cardona et al. 2009, 2010, Vander
Zanden et al. 2013, Vélez-Rubio et al. 2018).

The basic assumptions of the stable isotope analysis
in scutes are: (1) that stable isotope ratios in animal
tissues integrate those in their diet and the trophic dis-
crimination factor is tissue specific; (2) that the stable
isotope ratios of metabolically inert tissues do not
change after deposition and hence integrate the diet
during short periods (days to weeks); and (3) that vari-
ations of stable isotope ratios across habitats and prey
are known. The first 2 assumptions are not redundant,
because the stable isotope ratios of metabolically ac-
tive tissues, such as skin or muscle, change over time
and hence offer no timeline, whereas the opposite is
true for layers of metabolically inert tissues.

We used the stable isotope ratios of N and C in the
carapace scute layers of juvenile green turtles cap-
tured in neritic habitats of north-eastern and central
Brazil to track their individual ontogenetic trajecto-
ries in diet and habitat use. Turtles from north-east-
ern Brazil are expected to have settled immediately
after arriving from Ascension and hence exhibit
rather constant stable isotope ratios across their cara-
pace scutes after the drop associated with the settle-
ment (Reich et al. 2007, Vander Zanden et al. 2013).
Conversely, as a result of frequent shifts in both diet
and habitat in a more seasonal environment, juvenile
green turtles from central Brazil are expected to
exhibit more variable stable isotope profiles across
carapace scutes and higher individual variability.

2.  MATERIALS AND METHODS

2.1.  Study area

We collected samples from February to March 2016
in 2 different regions of the Brazilian coast: 16 were
collected from tropical Praia do Forte (12° 38’ S 38°
05’ W), located 70 km from Salvador do Bahia, and 14
were collected from subtropical Ubatuba (23° 26’ S,
45° 05’ W), off the northern coast of the state of Sao
Paulo (Fig. 1).

2.2.  Sampling

At both sites, most turtles were captured alive
through free diving or with a monofilament nylon net
(30 cm mesh size) by members of Projeto Tamar
(www.  tamar. org.br), and this formed a part of their
long-term study on the abundance and habitat use of
green turtles along the Brazilian coast. Some of the ju-
venile green turtles from Ubatuba were captured
alive in pound nets (Gallo et al. 2006). The mortality in
pound nets is low because turtles are free to breathe,
especially when the gear is open-roofed (Silva et al.
2017). Additional samples were collected at Praia do
Forte during the necropsy of 5 recently dead turtles
that had been caught incidentally by local fishermen.

Curved carapace length (CCL) was measured with
flexible tape, and carapace scute samples were col-
lected from the posterior medial region of the third
left lateral scute of each individual, close to the pos-
terior margin, using a 6 mm Miltex biopsy punch
(Reich et al. 2007).

Previous research has shown that the macroalgae
Ulva spp., Chondracanthus spp. and Pterocladiella
capillacea are the staple food of green turtles along
the coast of Brazil (Santos et al. 2015, Jardim et al.
2016) and Uruguay (Vélez-Rubio et al. 2018), and that
a steep latitudinal gradient exists for their δ15N values
but not for δ13C. Furthermore, green turtles regularly
consume gelatinous zooplankton in southern Brazil
and Uruguay (Santos et al. 2015, Vélez-Rubio et al.
2018). According to this information, we collected
Ulva sp., Chondracanthus sp., P. capillacea and other
macroalgae for stable isotope analysis at Praia do
Forte and Ubatuba (5 replicates each). The jellyfish
Velella velella was also collected at Ubatuba. Prey
samples were kept frozen (−20°C) prior to analysis.

2.3.  Stable isotope analysis

All carapace scute samples were rinsed with deion-
ized water in the laboratory prior to analysis. Each
sample was embedded in an optimal cutting temper-
ature (OCT) compound manufactured by Tissue-
Teck®, with the dorsal side (oldest tissue) down and
frozen. Scute samples were then subsampled in suc-
cessive 30 µm layers using a cryostat (Leica Cryostat
CM 3050S). Each layer was rinsed with deionized
water for 24 h and kept separately. Previous tests
confirmed that this procedure removed OCT traces
and did not modify the stable isotope ratios of C or N
(Monzón-Argüello et al. 2018, Vélez-Rubio et al.
2018). Samples were dried in an oven at 55°C for 1 d.
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The number of layers obtained was proportional to
the scute thickness, which varied individually. As a
scute grows outward, the oldest tissue remains in the
outermost part of the scute and the most recent tissue
forms in the innermost section (Alibardi 2005). Ac -
cording to previous studies (Reich et al. 2007, Car -
dona et al. 2010, Vander Zanden et al. 2013), each
30 µm thick layer integrates approximately 54 d, al -
though the associated variance is unknown and hence
should be considered as a coarse estimate only. Each
layer was analysed independently for the stable iso-
tope ratios of carbon and nitrogen. Subsamples were
weighed in tin cups with a micro balance (approxi-
mately 0.3 mg of sample), combusted at 1000°C and
analysed with a continuous flow isotope ratio mass
spectrometer (Flash 1112 IRMS Delta C Series EA;
Thermo Finnigan) at the Centres Científics i Tec-
nològics de la Universitat de Barcelona (Spain).

Stable isotope abundances were expressed in δ
notation ac cording to the following expression:

δX = [(Rsample/
Rstandard) − 1] × 103 (1)

where X is 13C or 15N, Rsample is
the heavy to light isotope ratio
of the sample (13C/12C or 15N/
14N, respectively), and Rstandard

is the heavy to light isotope
ratio of the reference standards,
which were Vienna Pee Dee
belemnite calcium carbonate
for 13C and atmospheric nitro-
gen (air) for 15N. For calibration
at a precision of 0.2‰, we used
international isotope secondary
standards of known 13C/12C
 ratios, as given by the Inter -
national Atomic  Energy
Agency (IAEA), and these were
namely poly ethylene (IAEA
CH7, δ13C = −31.8‰), graphite
(IAEA USGS 24, δ13C = −16.1‰)
and sucrose (IAEA CH6, δ13C =
−10.4‰). For nitrogen, we ob -
tained a precision of 0.3‰
using international isotope sec-
ondary standards of known
15N/14N ratios, namely
(NH4)2SO4 (IAEA N1, δ15N =
+0.4‰ and IAEA N2, δ15N =
+20.3‰) and KNO3 (IAEA NO3,
δ15N = +4.7‰).

2.4.  Data analysis

The coefficient of variation was used as a measure
of variability across carapace layers (Table 1). The
Fisher test was used to compare the variability across
individuals in the coefficient of variation for the 2
populations.

The prey-to-consumer trophic discrimination factor
for carapace scutes of green turtles was assessed em -
pirically by Shimada et al. (2014) as −1.4‰ for δ13C
and 2.5‰ for δ15N. The stable isotope ratios of local
macroalgae from Praia do Forte and Ubatuba were
corrected accordingly to define the polygon within
the δ13C−δ15N isospace that is expected for enclosing
the stable isotope ratios of carapace scute layers in a
way that is compatible with herbivorous diets at each
locality.

We used the Bayesian stable isotope mixing model
in the Stable Isotope Analysis in R (SIAR) package
(Parnell et al. 2010) to assess the feasible contribution
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Study area           ID     CCL         δ13C          δ13C          δ15N         δ15N     Time re-
                                      (cm)     range (‰)   CV (%)   range (‰)   CV (%)  corded (d)

Praia do Forte    PF1    45.6    −17.6/−21.7      7.0          7.7/7.9         1.0           378
Praia do Forte    PF2    85.9    −18.0/−18.7      1.7          8.7/9.0         1.4           270
Praia do Forte    PF3     104    −15.2/−16.6      3.7          8.0/8.6         2.6           270
Praia do Forte    PF4    70.2    −15.4/−15.7      6.7          8.0/8.1         1.7           486
Praia do Forte    PF5    53.7    −14.9/−16.2      3.8          8.1/9.1         4.9           216
Praia do Forte    PF6    56.4    −14.1/−14.2      0.3          7.7/4.8         0.7           162
Praia do Forte    PF7    60.5    −16.3/−18.0      4.1        9.4/10.7       4.6           270
Praia do Forte    PF8    66.0    –18.6/−19.6      3.9        6.7/10.4       2.5           216
Praia do Forte    PF9    49.3    −15.4/−15.7      0.7          8.0/8.1         0.7           378
Praia do Forte   PF10   57.8    −15.4/−17.4      4.7          8.1/8.5         1.6           432
Praia do Forte   PF11   49.6    −15.5/−15.9      1.0          8.2/8.5         1.3           216
Praia do Forte   PF12   38.8    −13.9/−14.5      4.7        11.3/11.6       1.1           270
Praia do Forte   PF13   44.0    −15.0/−21.1    11.1       6.6/10.0       6.2           162
Praia do Forte   PF14   31.1    −15.7/−17.6      4.2          5.7/7.5       12.5           216
Praia do Forte   PF15   35.0    −17.6/−18.8      2.5        8.9/10.1       4.8           270
Praia do Forte   PF16   40.0    −14.5/−16.2      3.4          8.4/9.0         2.7           486
Ubatuba             UB1    41.3    −14.9/−17.4      6.0        10.5/11.2       2.5           270
Ubatuba             UB2    45.0    −16.2/−16.6      1.0        9.8/10.0       1.1           162
Ubatuba             UB3    58.3    −15.8/−19.5      7.0        10.8/12.3       5.3           378
Ubatuba             UB4    53.3    −15.0/−17.3      5.2        10.1/11.7       5.0           324
Ubatuba             UB5    54.2    −19.8/−20.5      1.4        12.2/12.4       0.5           378
Ubatuba             UB6    61.4    −17.4/−18.3      5.7        10.4/13.4     21.0           324
Ubatuba             UB7    45.7    −18.6/−19.6      1.6        6.7/10.4     17.0           378
Ubatuba             UB8    39.7    −18.5/−20.1      3.7          5.3/6.6       10.3           216
Ubatuba             UB9    40.0    −18.1/−20.1      3.7        8.1/11.4     14.4           270
Ubatuba            UB10   44.7    −18.9/−19.8    44.3       6.9/11.8     48.1           378
Ubatuba            UB11   47.0    −19.6/−20.2      1.0        10.9/11.8       2.5           432
Ubatuba            UB12   37.0    −17.3/−19.3      3.6          5.6/6.0         2.0           324
Ubatuba            UB13   70.7    −17.2/−18.0      2.0        13.5/14.0       1.6           270
Ubatuba            UB14   34.0    −16.7/−19.7      4.6          8.4/9.8         4.7           486

Table 1. Summary of stable isotope descriptors for 16 green turtles Chelonia mydas
sampled from Praia do Forte, Bahia, and 14 from Ubatuba, São Paulo, Brazil. ID:
 identification number; CCL: curved carapace length; CV: coefficient of variability
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of the jellyfish V. velella and several macroalgae to
the diet of those green turtles with stable isotope ratios
lying outside the mixing polygon. SIAR assumes that
the variability associated with food sources and
trophic enrichment is normally distributed (Parnell et
al. 2010). To better restrict our model, we used ele-
mental concentrations (%C and %N) in each prey
(Claudino et al. 2013). Only the innermost layer from
each turtle was included in SIAR, because older sam-
ples may correspond to foraging somewhere else and
do not reveal local diet. Data are reported as means ±
SD, unless stated otherwise.

3.  RESULTS

Turtles ranged from 31.1−104.0 cm CCL in Praia do
Forte, and from 34.9−70.2 cm CCL in Ubatuba (Table 1).

Variability in δ13C values across carapace layers
was similar in the juvenile green turtles from Praia do
Forte and Ubatuba (Table 1; F = 2.255, p = 0.144).
Conversely, variability in δ15N values across carapace
layers was much greater in the green turtles from
Ubatuba than in those from Praia do Forte (Table 1;
F = 8,703, p = 0.006).

The stable isotope ratios of most of the turtles from
Praia do Forte (14 out of 16) were highly consistent
across carapace layers (Table 1) and were also com-
patible with a local herbivorous diet (Fig. 2). Only 2
of the smallest turtles (measuring 31.1 and 38.1 cm
CCL) had stable isotope ratios incompatible with a
local herbivorous diet in at least some carapace lay-
ers (Fig. 2, panels P6 and P16). The layers outside the
mixing polygon were more enriched than expected
in 13C, but not in 15N. This suggests that unusual sta-
ble isotope ratios resulted from foraging somewhere
else and not because of local mixed diets that in -
cluded animal prey.

Conversely, only 2 turtles from Ubatuba (measur-
ing 34.0 and 45.0 cm CCL) had stable isotope ratios in
their carapace scutes compatible with a local herbiv-
orous diet (Fig. 3, panels P2 and P14). The remaining
12 turtles (ranging from 37.0−70.7 cm CCL; Table 1)
had stable isotope ratios lying outside the local mix-
ing polygon and they varied largely across layers in
δ13C, δ15N or both (Fig. 3). Two of them (Fig. 3, panels
P8 and P12) had δ15N values lower than those ex -
pected for a local herbivorous diet; 7 had δ15N values
higher than those expected for a local herbivorous
diet (Fig. 3, panels P1 to P6); and 3 had values both
above and below those expected for a green turtle
with a local herbivorous diet (Fig. 3, panels P9, P10
and P7). SIAR revealed that the stable isotope ratios

above the mixing polygon were consistent with a
mixed diet deriving approximately 20% of the nutri-
ents from Velella velella and 80% from local macroal-
gae (Fig. 4). However, turtles from southern Brazil
eating a plant-based diet were expected to have sim-
ilar stable isotope ratios; thus, a recent arrival from
more southern foraging grounds cannot be ruled out.
On the other hand, δ15N values lower than those in
the mixing polygon revealed foraging somewhere
else, and these were observed in 2 of the smallest tur-
tles from Ubatuba (measuring 37.0 and 39.7 cm CCL;
Fig. 3, panels UB8 and UB12).

4.  DISCUSSION

It is no straightforward task to interpret whether an
isotope ratio within a given portion of a turtle’s scute
is due to local trophic status or to prior foraging loca-
tion, particularly if residency times are unknown and
individual diet preferences exist. Turtles from south-
ern Brazil were particularly challenging, as the stable
isotope ratios observed in their more recent carapace
scute layers were consistent with either a local
omnivorous diet or a plant-based diet from Uruguay
that would thus represent a recent arrival to the sam-
pling area.

Despite those challenges, juvenile neritic green
turtles from Praia do Forte and Ubatuba clearly dif-
fered in their diets and patterns of habitat use, as
revealed by stable isotope ratios across carapace
 layers. Those from Praia do Forte had relatively con-
sistent isotope ratios, which were usually consistent
with an herbivorous diet based on local seaweeds.
This evidence suggests that most of the turtles settled
in the area and shifted to an herbivorous diet more
than 1 yr prior to sampling. They also exhibited lim-
ited in dividual variability and few temporal changes
in diet or habitat. Conversely, most juvenile green
turtles from Ubatuba had omnivorous diets, with high
levels of individual and temporal variability in stable
isotope ratios, particularly in δ15N. This evidence
suggests a more complex life history, with frequent
changes in diet and habitat.

Previous research has already reported not only a
rapid dietary shift from a carnivorous to an herbivo-
rous diet after the settlement of juvenile green turtles
in tropical neritic habitats (Reich et al. 2007, Guebert-
Bartholo et al. 2011, Santos et al. 2011, Nagaoka et al.
2012, Bezerra et al. 2015, Gama et al. 2016, Jardim et
al. 2016), but also a remarkable temporal consistency
in diet and habitat use thereafter (Vander Zanden et
al. 2013). In contrast, juvenile green turtles settling in
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Fig. 2. δ15N−δ13C biplot showing the position of 16 green turtles (PF1−PF16; see Table 1) in relation to the mixing polygon de-
limited by the macroalgae from Praia do Forte. The solid star denotes the innermost carapace layer and the open squares the
older layers. The solid line connecting the solid circles shows the mixing polygon delimited by the average values of macroal-
gae, and the dashed line connecting the triangles shows the 95% confidence interval contour. The bottom right panel shows
the position of each macroalga in the mixing polygon (CH: Chondracanthus sp.; DD: Dictyopteris delicatula; DY: Dictyota 

dichotoma; HM: Hypnea musciformis; SA: Sargassum sp.; UL: Ulva sp.)
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warm temperate or subtropical habitats usually con-
sume plant-based omnivorous diets and exhibit fre-
quent habitat and diet shifts (Cardona et al. 2009,
2010, González Carman et al. 2012, 2014, Morais et
al. 2014, Vélez-Rubio et al. 2016, Williard et al. 2017).

Campos et al. (2018) revealed the fast acquisition of
a carbohydrate-fermenting gut microbiota by neritic
green turtles after settlement both in Praia do Forte
and Ubatuba, with no major differences in the com-

position of the gut microbiota at the 2 localities. Ac -
cordingly, the hypothesis should be ruled out that
green turtles in subtropical and warm temperate re -
gions have more carnivorous diets because of a de -
layed acquisition of a carbohydrate-fermenting gut
microbiota (Cardona et al. 2010). Alternatively, higher
levels of omnivory and frequent diet and habitat
shifts in subtropical and warm temperate regions
might result from a lower and highly seasonal food
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Fig. 3. δ15N−δ13C biplot showing the position of 13 green turtles (UB1−UB13; see Table 1) in relation to the mixing polygon de-
limited by the macroalgae from Ubatuba. The bottom right panel shows the position of each macroalgae in the mixing polygon
(CH: Chondracanthus sp.; HM: Hypnea musciformis; PC: Pterocladiella capillacea; PF: Palisada flagelifera; SA: Sargassum sp.; 

UL: Ulva sp.). All other details as in Fig. 2
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availability. If so, subtropical and warm temperate
developmental habitats are indeed suboptimal, and
juvenile green turtles settle there only because they
drift there with the currents.

This is particularly dramatic in the western South
Atlantic, where most oceanic juveniles from Ascen-
sion Island drift to north-eastern Brazil (Putman &
Naro-Maciel 2013) while skipping past the mixed
juvenile/adult foraging grounds stretching north to
latitude 12° S, and they instead settle in southern
developmental habitats. As adults occur only north to
latitude 12° S, they must move north as they grow
older, thus returning to areas they bypassed as juve-
niles (Fig. 1).

Laboratory experiments, satellite telemetry and
genetic markers have revealed that juvenile green
turtles ranging from 14 to 30 cm are able to sustain
short periods of directional swimming to avoid areas
and conditions unfavourable for survival (Prange
1976, Reich et al. 2007, Putman & Mansfield 2015).
However, they probably lack the necessarily tight
control of their buoyancy for settling in neritic habi-
tats (Hochscheid et al. 2003). Indeed, even larger
juveniles (38−48 cm CCL) may follow prevailing cur-
rents (González Carman et al. 2011).

Most post-hatchlings from Ascension reach north-
western Brazil in less than 2 yr (Putman & Naro-
Maciel 2013). Juvenile green turtles that age in the
western South Atlantic are <35 cm CCL (Andrade et
al. 2016, Lenz et al. 2017), although young green tur-

tles from other populations can grow much faster
(Turner Tomaszewicz et al. 2018). This indicates that
only the fastest- growing members of each cohort from
Ascension Island are probably large enough to settle
in the neritic habitats of north-eastern Brazil upon
reaching them for the first time. The majority of each
cohort will likely continue drifting southwards along
the Brazil Current until they grow large enough to
control buoyancy and settle in neritic habitats.

The meandering of the Brazil Current far away
from the continental shelf south to Cape Sao Tomé
(Longhurst 1998, da Silveira et al. 2008) may delay
settlement even more, because most oceanic juve-
niles reaching latitude 20° S are probably averted off-
shore and reside in the ocean for an extended period
before once again approaching the continental shelf
off southern Brazil and Uruguay (Putman & Naro-
Maciel 2013). They will then be 3−4 yr old (Putman &
Naro-Maciel 2013) and 40 cm CCL (Andrade et al.
2016, Lenz et al. 2017), which corresponds to the size
at settlement reported for Uruguay (Vélez-Rubio et
al. 2018). The high level of individual variability
observed in the δ15N values of juvenile green turtles
from Ubatuba likely reveals the diversity of drifting
trajectories during the pre-settlement and settlement
phases of the life cycle.

In conclusion, this study demonstrates a diversity of
ontogenetic trajectories for green turtles before and
after settlement in the neritic habitats of the western
South Atlantic, which likely results from broad vari-
ability in the rate of somatic growth of juvenile green
turtles. This suggests that juvenile green turtles settle
in developmental habitats south to latitude 12° S not
because they are optimal, but merely because they
serve as convenient end points in the oceanic dispersal
phase once they grow large enough to become neritic.
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Fig. 4. Feasible contribution of prey to the diet of juvenile
green turtles from Ubatuba (n = 12), according to the Stable
Isotope Analysis in R (SIAR), including 95, 75 and 50%
 credibility intervals (light, medium and dark grey shading, 

respectively)



Campos & Cardona: Settlement of juvenile green turtles

LITERATURE CITED

Alibardi L (2005) Proliferation in the epidermis of chelonians
and growth of the horny scutes. J Morphol 265: 52−69

Andrade MF, Domit C, Broadhurst MK, Tolhurst DJ, Silva-
Souza ÂT (2016) Appropriate morphometrics for the first
assessment of juvenile green turtle (Chelonia mydas) age
and growth in the south-western Atlantic. Mar Biol 163: 254

Arthur KE, Boyle MC, Limpus CJ (2008) Ontogenetic
changes in diet and habitat use in green sea turtle (Che-
lonia mydas) life history. Mar Ecol Prog Ser 362: 303−311

Bezerra MF, Lacerda LD, Rezende CE, Franco MAL and oth-
ers (2015) Food preferences and Hg distribution in Che-
lonia mydas assessed by stable isotopes. Environ Pollut
206: 236−246

Bjorndal KA (1985) Nutritional ecology of sea turtles. Copeia
1985: 736−751

Bjorndal KA (1997) Foraging ecology and nutrition of sea
turtles. In:  Lutz PL, Musick JA (eds) The biology of sea
turtles, Vol 1. CRC Press, Boca Raton, FL, p 199−231

Bowen BW, Karl SA (2007) Population genetics and phylo-
geography of sea turtles. Mol Ecol 16: 4886−4907

Briscoe DK, Parker DM, Balazs GH, Kurita M and others
(2016) Active dispersal in loggerhead sea turtles (Caretta
caretta) during the ‘lost years’. Proc R Soc B 283: 20160690

Campos P, Guivernau M, Prenafeta-Boldú FX, Cardona L
(2018) Fast acquisition of a polysaccharide fermenting
gut microbiome by juvenile green turtles Chelonia my -
das after settlement in coastal habitats. Microbiome 6: 69

Caraccio Noriega MN (2008) Análisis de la composición
genética de Chelonia mydas (tortuga verde) en el área de
alimentación y desarrollo de Uruguay. MSc thesis, Uni-
versidad de la Republica, Montevideo

Cardona L, Aguilar A, Pazos L (2009) Delayed ontogenic
dietary shift and high levels of omnivory in green turtles
(Chelonia mydas) from the NW coast of Africa. Mar Biol
156: 1487−1495

Cardona L, Campos P, Levy Y, Demetropoulos A, Margari-
toulis D (2010) Asynchrony between dietary and nutri-
tional shifts during the ontogeny of green turtles (Chelo-
nia mydas) in the Mediterranean. J Exp Mar Biol Ecol
393: 83−89

Carr AF, Carr MH, Meylan AB (1978) The ecology and
migrations of sea turtles. 7, The West Caribbean green
turtle colony. Bull Am Mus Nat Hist 162: 1−46

Chaloupka M, Parker D, Balazs G (2004) Tracking turtles to
their death — reply to Hays et al. Mar Ecol Prog Ser 283: 
301−302

Claudino MC, Abreu PC, Garcia AM (2013) Stable isotopes
reveal temporal and between-habitat changes in trophic
pathways in a southwestern Atlantic estuary. Mar Ecol
Prog Ser 489: 29−42

Cowen RK, Sponaugle S (2009) Larval dispersal and marine
population connectivity. Annu Rev Mar Sci 1: 443−466

da Silveira ICA, Lima JAM, Schmidt ACK, Ceccopieri W,
Sartori A, Franscisco CPF, Fontes RFC (2008) Is the
meander growth in the Brazil Current system off South-
east Brazil due to baroclinic instability? Dyn Atmos
Oceans 45: 187−207

Gallo BMG, Macedo S, Giffoni BB, Becker JH, Barata PCR
(2006) Sea turtle conservation in Ubatuba, southeastern
Brazil, a feeding area with incidental capture in coastal
fisheries. Chelonian Conserv Biol 5: 93−101

Gama LR, Domit C, Broadhurst MK, Fuentes MMPB, Millar
RB (2016) Green turtle Chelonia mydas foraging ecology

at 25°S in the western Atlantic:  evidence to support a
feeding model driven by intrinsic and extrinsic variabil-
ity. Mar Ecol Prog Ser 542: 209−219

Godley BJ, Lima EHSM, Åkesson S, Broderick AC and oth-
ers (2003) Movement patterns of green turtles in Brazil-
ian coastal waters described by satellite tracking and
flipper tagging. Mar Ecol Prog Ser 253: 279−288

González Carman V, Álvarez KC, Prosdocimi L, Inchaurraga
MC and others (2011) Argentinian coastal waters:  a tem-
perate habitat for three species of threatened sea turtles.
Mar Biol Res 7: 500−508

González Carman V, Falabella V, Maxwell S, Albareda D,
Campagna C, Mianzan H (2012) Revisiting the ontoge-
netic shift paradigm:  the case of juvenile green turtles in
the SW Atlantic. J Exp Mar Biol Ecol 429: 64−72

González Carman V, Botto F, Gaitán E, Albareda D, Cam-
pagna C, Mianzan H (2014) A jellyfish diet for the her-
bivorous green turtle Chelonia mydas in the temperate
SW Atlantic. Mar Biol 161: 339−349

Guebert-Bartholo FM, Barletta M, Costa MF, Monteiro-Filho
ELA (2011) Using gut contents to assess foraging patterns
of juvenile green turtles Chelonia mydas in the Paranaguá
Estuary, Brazil. Endang Species Res 13: 131−143

Harmelin-Vivien ML, Harmelin JG, Leboulleux V (1995)
Microhabitat requirements for settlement of juvenile
sparid fishes on Mediterranean rocky shores. Hydrobi-
ologia 300: 309−320

Hochscheid S, Bentivegna F, Speakman JR (2003) The dual
function of the lung in chelonian sea turtles:  buoyancy
control and oxygen storage. J Exp Mar Biol Ecol 297: 
123−140

Howell LN, Reich KJ, Shaver DJ, Landry AM Jr, Gorga CC
(2016) Ontogenetic shifts in diet and habitat of juvenile
green sea turtles in the northwestern Gulf of Mexico.
Mar Ecol Prog Ser 559: 217−229

Jardim A, López-Mendilaharsu M, Barros F (2016) Demog-
raphy and foraging ecology of Chelonia mydas on tropi-
cal shallow reefs in Bahia, Brazil. J Mar Biol Assoc UK 96: 
1295−1304

Jenkins SR (2005) Larval habitat selection, not larval supply,
determines settlement patterns and adult distribution in
two chthamalid barnacles. J Anim Ecol 74: 893−904

Juanes F (2007) Role of habitat in mediating mortality dur-
ing the post settlement transition phase of temperate
marine fishes. J Fish Biol 70: 661−677

Lenz AJ, Avens L, Borges-Martins M (2017) Age and growth
of juvenile green turtles Chelonia mydas in the western
South Atlantic Ocean. Mar Ecol Prog Ser 568: 191−201

Longhurst AL (1998) Ecological geography of the sea. Aca-
demic Press, San Diego, CA

Mansfield KL, Wyneken J, Porter WP, Luo J (2014) First
satellite tracks of neonate sea turtles redefine the ‘lost
years’ oceanic niche. Proc R Soc B 281: 20133039

Meylan PA, Meylan AB, Gray JA (2011) The ecology and
migrations of sea turtles 8. Tests of the developmental
habitat hypothesis. Bull Am Mus Nat Hist 85: 1−70

Montgomery JC, Tolimieri N, Haine OS (2001) Active habi-
tat selection by pre-settlement reef fishes. Fish Fish 2: 
261−277

Monzón-Argüello C, Cardona L, Calabuig P, Camacho M
and others (2018) Supplemental feeding and other
anthropogenic threats to green turtles (Chelonia mydas)
in the Canary Islands. Sci Total Environ 621: 1000−1011

Morais RA, dos Santos RG, Longo GO, Yoshida ETE, Stahe-
lin GD, Horta PA (2014) Direct evidence for gradual onto-

181

https://doi.org/10.1002/jmor.10337
https://doi.org/10.1007/s00227-016-3031-7
https://doi.org/10.3354/meps07440
https://doi.org/10.1016/j.envpol.2015.07.011
https://doi.org/10.2307/1444767
https://doi.org/10.1111/j.1365-294X.2007.03542.x
https://doi.org/10.1098/rspb.2016.0690
https://doi.org/10.1186/s40168-018-0454-z
https://doi.org/10.1007/s00227-009-1188-z
https://doi.org/10.1016/j.jembe.2010.07.004
https://doi.org/10.3354/meps10400
https://doi.org/10.1146/annurev.marine.010908.163757
https://doi.org/10.1016/j.dynatmoce.2008.01.002
https://doi.org/10.2744/1071-8443(2006)5%5b93%3ASTCIUS%5d2.0.CO%3B2
https://doi.org/10.3354/meps11576
https://doi.org/10.3354/meps253279
https://doi.org/10.2744/CCB-1058.1
https://doi.org/10.1016/j.scitotenv.2017.10.126
https://doi.org/10.1046/j.1467-2960.2001.00053.x
https://doi.org/10.1206/357.1
https://doi.org/10.1098/rspb.2013.3039
https://doi.org/10.3354/meps12056
https://doi.org/10.1111/j.1095-8649.2007.01394.x
https://doi.org/10.1111/j.1365-2656.2005.00985.x
https://doi.org/10.1017/S0025315415001629
https://doi.org/10.3354/meps11897
https://doi.org/10.1016/j.jembe.2003.07.004
https://doi.org/10.1007/BF00024471
https://doi.org/10.3354/esr00320
https://doi.org/10.1007/s00227-013-2339-9
https://doi.org/10.1016/j.jembe.2012.06.007
https://doi.org/10.1080/17451000.2010.528772


Mar Ecol Prog Ser 614: 173–182, 2019

genetic dietary shift in the green turtle, Chelonia mydas.
Chelonian Conserv Biol 13: 260−266

Nagaoka SM, Martins AS, dos Santos RG, Tognella MP, de
Oliveira Filho EC, Seminoff JA (2012) Diet of juvenile
green turtles (Chelonia mydas) associating with artisanal
fishing traps in a subtropical estuary in Brazil. Mar Biol
159: 573−589

Naro-Maciel E, Hart KM, Cruciata R, Putman NF (2017)
DNA and dispersal models highlight constrained con-
nectivity in a migratory marine megavertebrate. Ecogra-
phy 40: 586−597

Parker DM, Dutton PH, Balazs GH (2011) Oceanic diet
and distribution of haplotypes for the green turtle,
Chelonia mydas, in the Central North Pacific. Pac Sci
65: 419−431

Parnell AC, Inger R, Bearhop S, Jackson AL (2010) Source
partitioning using stable isotopes:  coping with too much
variation. PLOS ONE 5: e9672

Poli C, Lopez LCS, Mesquita DO, Saska C, Mascarenhas R
(2014) Patterns and inferred processes associated with
sea turtle strandings in Paraíba State, Northeast Brazil.
Braz J Biol 74: 283−289

Prange HD (1976) Energetics of swimming of a sea turtle.
J Exp Biol 64: 1−12

Proietti MC, Reisser JW, Kinas PG, Kerr R, Monteiro DS,
Marins LF, Secchi ER (2012) Green turtle Chelonia
mydas mixed stocks in the western South Atlantic, as
revealed by mtDNA haplotypes and drifter trajectories.
Mar Ecol Prog Ser 447: 195−209

Prosdocimi L, González Carman V, Albareda DA, Remis MI
(2012) Genetic composition of green turtle feeding grounds
in coastal waters of Argentina based on mitochondrial
DNA. J Exp Mar Biol Ecol 412: 37−45

Putman NF, Mansfield KL (2015) Direct evidence of swim-
ming demonstrates active dispersal in the sea turtle ‘lost
years’. Curr Biol 25: 1221−1227

Putman NF, Naro-Maciel E (2013) Finding the ‘lost years’ in
green turtles:  insights from ocean circulation models and
genetic analysis. Proc R Soc B 280: 20131468

Reich KJ, Bjorndal KA, Bolten AB (2007) The ‘lost years’ of
green turtles:  using stable isotopes to study cryptic
lifestages. Biol Lett 3: 712−714

Rodríguez SR, Ojeda FP, Inestrosa NC (1993) Settlement of
benthic marine invertebrates. Mar Ecol Prog Ser 97: 
193−207

Santos RG, Martins AS, da Nobrega Farias J, Horta PA and
others (2011) Coastal habitat degradation and green sea
turtle diets in Southeastern Brazil. Mar Pollut Bull 62: 
1297−1302

Santos RG, Martins AS, Batista MB, Horta PA (2015)
Regional and local factors determining green turtle Che-
lonia mydas foraging relationships with the environ-

ment. Mar Ecol Prog Ser 529: 265−277
Scott R, Marsh R, Hays GC (2014) Ontogeny of long distance

migration. Ecology 95: 2840−2850
Seminoff JA, Resendiz A, Nichols WJ (2002) Home range of

green turtles Chelonia mydas at a coastal foraging area
in the Gulf of California, Mexico. Mar Ecol Prog Ser 242: 
253−265

Shamblin BM, Witherington BE, Hirama S, Hardy RF, Nairn
CJ (2018) Mixed stock analyses indicate population-
scale connectivity effects of active dispersal by surface-
pelagic green turtles. Mar Ecol Prog Ser 601: 215−226

Shimada T, Aoki S, Kameda K, Hazel J, Reich K, Kamezaki
N (2014) Site fidelity, ontogenetic shift and diet composi-
tion of green turtles Chelonia mydas in Japan inferred
from stable isotope analysis. Endang Species Res 25: 
151−164

Silva BMG, Bugoni L, Almeida BADL, Giffoni BB, Alvarenga
FS, Brondizio LS, Becker JH (2017) Long-term trends in
abundance of green sea turtles (Chelonia mydas)
assessed by non-lethal capture rates in a coastal fishery.
Ecol Indic 79: 254−264

Turner Tomaszewicz CN, Seminoff JA, Avens L, Goshe LR,
Rguez-Baron JM, Peckham SH, Kurle CM (2018) Expand-
ing the coastal forager paradigm:  long-term pelagic habi-
tat use by green turtles Chelonia mydas in the eastern
Pacific Ocean. Mar Ecol Prog Ser 587: 217−234

Vander Zanden HB, Bjorndal KA, Bolten AB (2013) Tempo-
ral consistency and individual specialization in resource
use by green turtles in successive life stages. Oecologia
173: 767−777

Vélez-Rubio GM, Cardona L, López-Mendilaharsu M, Mar-
tinez Souza G, Carranza A, González-Paredes D, Tomás
J (2016) Ontogenetic dietary changes of green turtles
(Chelonia mydas) in the temperate southwestern Atlantic.
Mar Biol 163: 57

Vélez-Rubio GM, Cardona L, López-Mendilaharsu M, Mar-
tinez Souza G and others (2018) Pre and post-settlement
movements of juvenile green turtles in the Southwestern
Atlantic Ocean. J Exp Mar Biol Ecol 501: 36−45

Wallace BP, DiMatteo AD, Hurley BJ, Finkbeiner EM and
others (2010) Regional management units for marine tur-
tles:  a novel framework for prioritizing conservation and
research across multiple scales. PLOS ONE 5: e15465

Williams NC, Bjorndal KA, Lamont MM, Carthy RR (2014)
Winter diets of immature green turtles (Chelonia mydas)
on a northern feeding ground:  integrating stomach con-
tents and stable isotope analyses. Estuaries Coasts 37: 
986−994

Williard AS, Hall AG, Fujisaki I, McNeill JB (2017) Oceanic
overwintering in juvenile green turtles Chelonia mydas
from a temperate latitude foraging ground. Mar Ecol
Prog Ser 564: 235−240

182

Editorial responsibility: Graeme Hays, 
Burwood, Victoria, Australia

Submitted: June 1, 2018; Accepted: February 28, 2019
Proofs received from author(s): March 27, 2019

https://doi.org/10.1007/s00227-011-1836-y
https://doi.org/10.1111/ecog.02056
https://doi.org/10.2984/65.4.419
https://doi.org/10.1371/journal.pone.0009672
https://doi.org/10.1590/1519-6984.13112
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1270983&dopt=Abstract
https://doi.org/10.3354/meps09477
https://doi.org/10.1016/j.jembe.2011.10.015
https://doi.org/10.1016/j.cub.2015.03.014
https://doi.org/10.1098/rspb.2013.1468
https://doi.org/10.1098/rsbl.2007.0394
https://doi.org/10.3354/meps097193
https://doi.org/10.1016/j.marpolbul.2011.03.004
https://doi.org/10.3354/meps12013
https://doi.org/10.1007/s12237-013-9741-x
https://doi.org/10.1371/journal.pone.0015465
https://doi.org/10.1016/j.jembe.2018.01.001
https://doi.org/10.1007/s00227-016-2827-9
https://doi.org/10.1007/s00442-013-2655-2
https://doi.org/10.3354/meps12372
https://doi.org/10.1016/j.ecolind.2017.04.008
https://doi.org/10.3354/esr00616
https://doi.org/10.3354/meps12693
https://doi.org/10.3354/meps242253
https://doi.org/10.1890/13-2164.1
https://doi.org/10.3354/meps11276



