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Jessica L. Stubbs3, Grzegorz Skrzypek3, Anton D. Tucker4

and Scott D. Whiting4
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Environment, Biosciences Precinct, St. Lucia, QLD, Australia, 3School of Biological Sciences, The
University of Western Australia, Crawley, WA, Australia, 4Marine Science Program, Department of
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Ontogenetic changes in habitat and diet are widespread among marine species.

Most species of sea turtles are characterized by extreme ontogenetic changes in

habitat use and diet, with large changes occurring in early developmental stages

(e.g., neonates to juveniles). Changes can continue even after recruitment to

shallow coastal habitats. In places where substantial transitions in habitat occur

across short distances, it is possible that the distances of developmental

movements from one habitat to another could be short. We investigated

ontogenetic changes in home range size, home range location and diet of

Chelonia mydas in a tropical coastal lagoon in north-western Australia by

combining acoustic telemetry with stable isotope analysis. There was a

substantial (but nonlinear) increase in home-range size (kernel utilization

distribution: KUD) with length, and an increase in the average distance of the

center of home ranges from shore with length: larger turtles tended to occupy

larger areas further from the shore. These patterns were accompanied by

complex nonlinear changes in d13C, d15N and d34S of red blood cells and nails;

changes were rapid from 36 cm (the length of the smallest individual captured) to

50 cm, before reversing more gradually with increasing size. d15N and d34S (but

not d13C) of red blood cells and nails increased monotonically with KUD and

distance from shore. Seagrass was likely an important food for all sizes,

macroalgae was potentially important for small (< 60 cm CCL) individuals, and

the proportion of scyphozoan jellyfish in diet increased monotonically with size.

The combination of acoustic telemetry and stable isotope analysis revealed

ontogenetic shifts in use of space and diet across short distances in a tropical

coastal lagoon.
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1 Introduction

Ontogenetic changes in habitat use and diet are widespread

among marine species (Snover, 2008). They frequently include

changes in habitat type and location, combined with changes in

diet. Such changes can be understood in the context of optimizing a

trade-off between growth and mortality (Werner and Gilliam,

1984). Effective management (whether for conservation, harvest,

or other purposes) of species that change habitat type and location

as they grow needs to account for ontogenetic changes in the types

and magnitudes of the threats that they face. For example, body size

can be an important predictor of the risk of predation (although

evidence for this is equivocal: Preisser and Orrock, 2012), and so

management might need to accommodate ontogenetic changes in

probability of natural and human-induced mortality.

Most species of sea turtles are characterized by extreme

ontogenetic changes in habitat and diet (Bolten, 2003). Young

individuals of most species occupy oceanic areas far from

mainland coasts, moving to shallower coastal habitats as they

attain a certain size. The green sea turtle Chelonia mydas adheres

to this pattern: after hatching, neonates swim immediately offshore

and spend years in oceanic habitats, travelling up to thousands of

kilometers (Hays and Scott, 2013) before moving to shallow coastal

habitats. The size at which this occurs varies among populations

(Musick and Limpus, 1996). After they recruit to shallow coastal

habitats, juvenile C. mydas in some places remain resident until

maturity. In other places, there are further movements to different

habitats as they mature (Musick and Limpus, 1996). The distances

of these movements away from developmental habitat can be large,

up to hundreds of kilometers (e.g., Chambault et al., 2018; Doherty

et al., 2020). However, in places where substantial transitions in

habitat occur across short distances, it is possible that distances of

developmental shifts to different habitats could also be short.

Coincident with ontogenetic habitat shifts, C. mydas also

changes its diet. The diet of juveniles inhabiting oceanic habitats

is probably primarily carnivorous (e.g., Reich et al., 2007; Turner

Tomaszewicz et al., 2018). Once they have recruited to shallow

coastal habitats, they are primarily herbivorous, although there is

ample evidence that many individuals are omnivorous (indeed, this

might be the norm: Seminoff et al., 2021). Most studies indicate that

the switch to herbivory is maintained as they mature into adults, but

Arthur et al. (2008) found that d15N (an indicator of trophic level)

of sexually-mature individuals was slightly higher than that of

immature individuals.

Diet is fundamental to energetics, which in turn determines

growth and reproduction, so changes to diets of individuals could

manifest as population-level demographic changes through altering

egg production (Stubbs et al., 2020). One of the most widely used

tools to understand diet of sea turtles is stable isotope analysis.

Investigations of patterns in stable isotope composition with size

have yielded trends that suggest changes in diet extend for decades

after juveniles recruit to shallow coastal habitats (e.g., Arthur et al.,

2008; Burgett et al., 2018; Roche et al., 2021). However, conclusions

about changing diets inferred from stable isotopes can be

complicated by expectations that stable isotope discrimination

between prey and consumer scales with body size (Martıńez del
Frontiers in Ecology and Evolution 02
Rio et al., 2009; Pecquerie et al., 2010). Evidence for this from

controlled diet studies of sea turtles is equivocal (Reich et al., 2008;

Vander Zanden et al., 2012).

We investigated ontogenetic changes in the diet of C. mydas in a

tropical coastal lagoon in north-western Australia. C. mydas at this

location are long-term residents that show size-related changes in

home range size, home range location, and diet (Pillans et al., 2022;

Stubbs et al., 2022). Size is a good predictor of age (Mayne et al.,

2022), and here we use size as a proxy for age to further explore

ontogenetic patterns in the home range location and diet of

C. mydas.
2 Methods

2.1 Study area and survey methods

The study was conducted in and around Mangrove Bay, in the

Ningaloo Marine Park, north-western Australia (21.9 °S, 113.9 °E).

Mangrove Bay is a small, shallow (<1.5 m at Highest Astronomical

Tide) embayment located shoreward of a lagoon which is bordered

on the seaward side by a fringing coral reef. The lagoon is

approximately 2–3 km wide, and the reef flat is approximately

250–500 m wide (Cassata and Collins, 2008). The seabed in the

lagoon is predominantly sand veneer over rock, interspersed with

low-relief rocky surfaces and coral bommies. Seaward of the reef

flat, coral extends to ~35 m; beyond this depth, the seabed is

predominantly low-relief rock (Turner et al., 2018). Seagrass

(Halophila ovalis and Halodule uninervis) occurs within

Mangrove Bay, and Halophila ovalis occurs on sandy areas in the

lagoon. Multiple species of large brown and red macroalgae occur

on rocky surfaces throughout Mangrove Bay and the lagoon

(Vanderklift et al., 2020a). Episodically, gelatinous zooplankton,

especially scyphozoan jellyfish, are abundant (often in April–May:

Keesing et al., 2016).

Several times each year, from 2013 to 2019, green turtles

Chelonia mydas were sought in multiple habitats by observers in

a boat, and once located were captured by hand and transferred into

the boat. Turtles were then transferred to a beach, where they were

measured (curved carapace length: CCL, to the nearest millimeter),

and titanium tags (Stockbrands Co Pty Ltd, Australia) were

attached to the left and right fore flippers. Individuals ranged

from 36.5 to 105.6 cm, and included mature males and females,

and immature individuals; the sex of individuals over 80 cm CCL

were determined from external morphological characteristics.

Large females (>90 cm CCL) captured from October to

February were excluded from analyses because of the possibility

that they were present for nesting and therefore would not reflect

patterns of resident individuals (M. Vanderklift & R. Pillans,

unpublished data). If an individual was captured more than once,

only data from the first occasion was included.

Nail clippings were taken from the distal edge of a fore flipper

using surgical scissors (Vanderklift et al., 2020b). A 2-mL blood

sample was taken by inserting a 22G × 1.5-inch needle attached to a

5-mL syringe into the dorsal surface of the neck and gently creating

suction (following Owens and Ruiz, 1980); the sample was spun in a
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portable centrifuge (Digital Zip-Spin; LW Scientific, Lawrenceville,

GA, USA) at 6000 rpm for 2 min, and the red blood cell portion was

extracted using a disposable pipette. All samples were kept on ice in

microcentrifuge tubes, frozen at −20 °C later in the day, and then

transported to CSIRO laboratories in Perth (Australia), where they

were stored. All procedures were conducted according to permits

issued by the CSIRO Wildlife and Large Animal Ethics Committee.

Seagrass and macroalgae were collected by hand from multiple

places throughout the study area on nine occasions encompassing

six years, stored on ice and then frozen at −20 °C later in the day,

before being transported to CSIRO laboratories in Perth (Australia),

where they were stored. Red jellyfish Crambione mastigophora were

collected by hand, the mesoglea were then removed, rubbed in

seawater, and frozen at −20 °C.

In a laboratory, samples were thawed at room temperature.

Microcentrifuge tubes with red blood cells were placed directly in an

air-circulating oven. Nail clippings were prepared according to

Vanderklift et al. (2020b). Seagrass and macroalgae were cleaned

with distilled water, and epiphytic organisms and detritus were

scraped or picked off if necessary, and then placed into

microcentrifuge tubes in an air-circulating oven. Jellyfish

mesoglea were placed into aluminum foil trays in an air-

circulating oven. All samples were dried in an air-circulating oven

at 60 °C for at least 48 h (jellyfish mesoglea took longer, up to 72 h).

After drying, all samples were ground into a fine powder, either

manually using a mortar and pestle, or using a mixer mill (MM200;

Retsch, Dusseldorf, Germany), and 0.7–0.8 mg were placed into tin

capsules. Elemental compositions (%C, %N, %S by weight) and

stable isotope compositions (d13C, d15N and d34S) were measured at

the West Australian Biogeochemistry Centre, The University of

Western Australia (Perth, Australia).

The stable carbon and nitrogen isotope compositions were

analyzed using a continuous-flow system consisting of an

elemental analyser (EA Thermo Flash 1112) connected via a

Conflo IV to a Delta V Plus mass spectrometer (Thermo-

Finnigan, Germany). In the elemental analyser samples were

combusted with oxygen added to the helium stream (grade

99.999% purity; BOC, Australia, 100 mL/min) at a temperature of

1000°C in a reactor comprised of chromium oxide and silvered

oxides of cobalt (Thermo, Germany) and then NOx gases were

reduced at 650°C with electrolytic copper to produce N2. N2 and

CO2 were separated with a gas chromatography column and

transferred into the isotope ratio mass spectrometer. Raw d for

CO2 and N2 were obtained relative to working gases in high-

pressure cylinders (BOC, Australia) using Isodat 2.5 software

(Thermo Scientific, Bremen, Germany). For CO2 “SSH” 17O

correction was applied.

The stable sulfur isotope composition was analyzed using an

Elemental Analyser and a 20-22 Sercon isotope ratio mass

spectrometer (Sercon, UK). Samples were mixed with V2O5 and

packed into tin capsules (Sercon, UK). Samples were converted to

SO2 in the reaction column filled with tungsten oxides on zirconium

and copper (Sercon, UK) at 1020°C (Studley et al., 2002). The

produced gases, after passing through the Nafion water trap, were

separated using a gas chromatography column and introduced to an

ion source as SO2 gas in the stream of helium (grade 99.999%
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purity; BOC, Australia, 100 mL/min) and masses 48/49/50 of

fragmented ions were measured.

Data were generated in standard d-notation normalized to Vienna

Pee Dee Belemnite (for d13C), atmospheric N2 (for d15N) or Vienna
Canyon Diablo Troilite (for d34S) after multi-point normalization to

the stable isotope international reference scale. International standards

provided by the International Atomic Energy Agency (IAEA, Vienna,

Austria) and United States Geological Survey (USGS, Reston, VA,

USA) (d13C: NBS22, USGS24, NBS19, LSVEC; d15N: N1, N2,
USGS32; d34S: IAEA-S1, IAEA-S2, IAEA-S3, NBS127) and internal

laboratory standards (glutamic acid) were used (Skrzypek et al., 2010;

Skrzypek, 2013). The uncertainty associated with the repeated

measurements of the internal standards (±1 standard deviation) was

not more than 0.10 ‰ for d13C and d15N and <0.40 ‰ for d34S.
2.2 Acoustic telemetry

Acoustic receivers were deployed in an area encompassing

~28 km2 from <1 m water depth near the shoreline to >50 m

water depth beyond the reef slope, forming an array of 77 acoustic

receivers spaced 200–800 m apart (Supplementary Figure 1).

Detection ranges typically did not overlap (for a detailed

description, see Pillans et al., 2014; Pillans et al., 2022).

Post marginal scutes of C. mydas were cleaned using a cloth

soaked in a disinfectant mixture of 10 mL Hexacon, 90 mL distilled

H2O and 900 mL ethanol, and then either one or two 3-mm

diameter holes were drilled through the carapace. Acoustic tags

were secured by 3 mm stainless steel bolts soaked in the same

disinfectant mixture. A 20-mm diameter rubber washer and a

similar sized stainless-steel washer were placed over the bolts on

the dorsal surface and secured with a nylon insert self-locking nut.

The protruding ends of the bolts were cut off and a two-part epoxy

resin (Sika AnchorFix®-3+, Sika Australia Pty Ltd) was placed over

the bolts to smooth their profile. All acoustic tags were painted with

antifouling paint before being attached. Depending on size,

individuals were tagged with either a V13-1L, V16-4H or V16-6H

Vemco coded transmitter (tag). These transmitters range in length

between 36–98 mm and weigh between 11–37 g in air. The pulse

rate of transmitters varied from 30–180 s and battery life varied

from 1,090–3,650 d depending on the frequency of each ping and

the power output of the tag. Receivers were downloaded every 12

months throughout the study, and the batteries were changed at the

same time.
2.3 Home range measures

Home range measures were calculated for each individual that

was detected for more than 30 days and on two or more receivers to

ensure we excluded data from tags that might have detached

immediately after release. The measures were calculated separately

for day and night using the maptools package (Bivand and Lewin-

Koh, 2013) in the R statistical software environment. A simple

measure of roaming extent was provided by the total number of

receivers at which a turtle was detected. Other measures were

calculated from kernel utilization distributions (KUD), which were
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calculated using the adehabitatHR package (Calenge, 2006) in R. The

methods for applying the package to the acoustic array were as

described in Pillans et al. (2021): the smoothing parameter was set to

200 m, detections were binned into 20-min intervals, and the output

grid resolution was 50 m KUD (95%, in km2). The average distance

from shore of each turtle was calculated as the weighted average

distance from shore of the KUD grid cells, where the weights were the

kernel densities. The shoreline was defined by the mainland high

water mark of the polygonised coast of Western Australia.
2.4 Statistical analysis

We had no a priori expectation of the shape of the relationship

between the response and explanatory variables; indeed, there was

some evidence that patterns might be complex and nonlinear.

Consequently, we preferred a statistical framework that did not

assume particular relationships, and so we used generalized

additive models (Wood, 2011). We used the mgcv package in the R

statistical software environment (Wood, 2017) to fit and test models,

using restricted maximum likelihood to select the smoothing

parameter, and a Gaussian probability distribution. We tested for

patterns in metrics of roaming and location with turtle size (as CCL),

patterns in stable isotope composition with CCL, and patterns in

roaming and location with stable isotope composition. We compared

models with and without a term for sex using Akaike’s information

Criterion (AIC); in each case sex did not improve model and so it was

not included in final analyses.

For stable isotope mixing models, primary producers (i.e.,

seagrasses, macroalgae) were first grouped using k-means clustering

(Borcard et al., 2011) using the vegan package in the R statistical

software environment (Oksanen et al., 2022). All species of primary

producers (Supplementary Table 1) were included. Two clusters were

clearly defined, one containing only seagrasses, the other containing

only macroalgae. Further subdivisions created classes in which

samples from the same macroalgae taxa were split, and so did not

create useful additional information. For subsequent mixing models
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seagrasses and macroalgae were considered separate diet categories.

The red jellyfish Crambione mastigophora was included as a third

category. Although benthic invertebrates are consumed by C. mydas

in some places, we found no evidence of this in our study area.

Mangrove leaves are also eaten by green turtles in some places but

analysis of >80,000 accurate locations (Fastloc GPS) from n=35

satellite-tagged C. mydas in Mangrove Bay (74.6–108.6 cm CCL),

showed no foraging among mangroves, so we did not include them

(M. Vanderklift & R. Pillans, unpublished data). The source dataset,

therefore, included seagrass (n=30), macroalgae (n=82) and jellyfish

(n=13): we used the means and standard deviations for each of d13C,
d15N and d34S.

The potential contributions of seagrass, macroalgae and jellyfish to

the diet of C. mydas were analysed using the Bayesian tracer mixing

model MixSIAR (Stock and Semmens, 2016; Stock et al., 2018). We

included CCL as a covariate to explore how diet changes with the size

of n=89 individuals for which d13C, d15N and d34S of red blood cells

were measured. We included residual and process error (following

Stock et al., 2018 this model formulation is appropriate for

applications in which a consumer effectively samples a prey source

multiple times), and uninformative priors. For trophic discrimination

factors (TDF) of d13C and d15N, we used data for captive feeding

experiments by Vander Zanden (2012): 0.3 ± 0.5‰ for d13C and 2.4 ±

0.5 ‰ for d15N. We are not aware of any studies of TDF for d34S in
comparable taxa, but the scant evidence available for other taxa (Florin

et al., 2011) suggests that TDF for d34S might be negatively correlated

with d34S of diet; noting this pattern we used a TDF of 1.5 ± 1.5 ‰,

with the comparatively higher standard deviation reflecting the

uncertainty in choice of TDF. We selected the “normal” MCMC

parameters of chainLength=100,000, burn=50,000, thin=50, chains=3.

3 Results

More receivers received transmissions during the day than at

night for 72 of the 74 acoustically-tagged individual Chelonia mydas;

there was no difference for the other two individuals (Figure 1A).
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FIGURE 1

Plot of number of receivers at which each individual was recorded (A) during day and night, and (B) the difference in the number of receivers each
individual was recorded on during day and night plotted against length (curved carapace length, cm).
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No individuals were detected on more receivers at night than during

the day. The absolute difference tended to be higher and more variable

with length (Figure 1B), a reflection that larger individuals roam more

widely (Pillans et al., 2022). Since turtles are more likely to move

around when they are feeding, this result suggests that individuals were

likely feeding during the day and so subsequent analyses focused on

metrics of movement calculated from daytime detections only.
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There was a substantial (but nonlinear) increase in 95% KUD

with length, and an increase in average distance from shore with

length (Figure 2): larger turtles tended to occupy larger areas and be

found further from the shore. KUD tended to remain relatively

constant at ~1.3–1.5 km2 up to lengths of around 65 cm, then there

was a steep increase in KUD between lengths of between 65 cm and

85 cm to ~5.0 km2. There was a concomitant increase in average
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FIGURE 2

Plot of length (curved carapace length, cm) against (A) 95% Kernel Utilisation Distribution and (B) average distance from shore yielded by acoustic
telemetry of green turtles Chelonia mydas. The solid line is the fit from a generalised additive model, and the dotted lines are the 95% confidence
intervals for the fit.
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distance from shore from ~200 m at 35–40 cm to ~1,100 m at

90 cm (Figure 2).

Red blood cells were collected from 128 individual C. mydas and

nail clippings from 100 individual C. mydas. Each of d13C, d15N and

d34S varied significantly in a nonlinear pattern with turtle length,

although the amount of variation explained by length was greatest

for d15N and d34S (Figure 3). The steepest changes in d13C and d15N
Frontiers in Ecology and Evolution 06
occurred at the smallest lengths, and these were followed by more

gradual changes towards maximum length. For example, from

36 cm (the length of the smallest individual captured) to 50 cm,

d13C of red blood cells increased by 2.8‰, then decreased by 1.5‰

to 105 cm (the length of the largest individual). Similarly, d15N of

red blood cells decreased by 3.4 ‰ from 36 cm to 50 cm before

increasing by 2.5‰. d34S of red blood cells yielded similar patterns,
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but the change at smaller lengths was less, decreasing by 0.8‰ from

36 cm to 50 cm before increasing by 1.1 ‰ at 105 cm. Patterns for

nails were similar.

Neither red blood cells nor nails showed significant variation in

d13C with either KUD or distance from shore (r2 adj<0.04 in each

case; Figure 4). However, d15N and d34S of both red blood cells and

nails (Figures 5, 6, respectively) increased monotonically with KUD

and distance from shore (r2 adj>0.25 in each case). To illustrate,

d15N of red blood cells of turtles foraging ~1,600 m from shore was

2.4 ‰ higher than that of those foraging ~200 m from shore and

d34S of red blood cells of turtles foraging further from shore was

1.7 ‰ higher than that of those foraging inshore. The amount of

variation explained by models using d15N from nails was greater

than that of models involving red blood cells.

Seagrass, macroalgae and jellyfish were distinguished by one or

more of d13C, d15N and d34S (Figure 7). Seagrass tended to have

lower d15N (range: −7.1 to 3.6 ‰) than macroalgae (range: 1.0 to

5.1 ‰), and lower d34S (range: 17.3 to 20.8 ‰) than macroalgae

(range: 19.8 to 21.8‰). Jellyfish tended to have higher d15N (range:
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5.3 to 7.2 ‰), and lower d13C (range: −22.4 to −19.7 ‰) than

primary producers.

The mixing model supported inferences of ontogenetic changes

in diet of C. mydas (Figure 8). Model results indicated that the

proportion of seagrass was consistently high across the size range.

The proportion of macroalgae was potentially substantial in small

(< 60 cm CCL) individuals, but unlikely to be a major contributor to

the diet of larger individuals. The proportion of jellyfish increased

monotonically with size; this trend was present regardless of the

TDF used, but the proportion was higher when a low TDF was

tested (results not shown).
4 Discussion

Green turtles Chelonia mydas resident in a tropical lagoon in

NingalooMarine Park exhibited size-related patterns in home range

size, home range location, and diet. Small individuals tended to have

small (<1.5 km2) home ranges close to the shore and have a mixed
0 2 4 6 8 10

−
25

−
20

−
15

−
10

95% Kernel Utilisation Distribution (km2)

�13
C

adjusted r2 � 0.03
p � 0.088

Red blood cell

0 2 4 6 8 10

−
25

−
20

−
15

−
10

95% Kernel Utilisation Distribution (km2)

adjusted r2 � 0
p � 0.351

Nail

0 500 1000 2000

−
25

−
20

−
15

−
10

Distance from shore (m)

�13
C

adjusted r2 � −0.01
p � 0.554

0 500 1000 2000

−
25

−
20

−
15

−
10

Distance from shore (m)

adjusted r2 � −0.01
p � 0.762

FIGURE 4

Plot of 95% Kernel Utilisation Distribution and average distance from shore yielded by acoustic telemetry against d13C of red blood cells (left panels)
and nail (right panels) of green turtles Chelonia mydas. The solid line is the fit from a generalised additive model, and the dotted lines are the 95%
confidence intervals for the fit.
frontiersin.org

https://doi.org/10.3389/fevo.2023.1139441
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Vanderklift et al. 10.3389/fevo.2023.1139441
diet including macroalgae, seagrass and scyphozoan jellyfish. Larger

individuals tended to have larger (~5 km2) home ranges located

further from the shore, and a diet comprising mostly seagrass and

jellyfish. Green turtle size is reliably correlated with age (Mayne

et al., 2022), so these results confirm the presence of ontogenetic

changes in habitat use and diet within the lagoon, across distances

of ~1.5–2.0 km.

Ontogenetic changes in habitat use are a feature of green turtle

life history — in particular, the migration of hatchlings from the

beaches where they hatch to oceanic habitats, and then back again

to shallow coastal habitats. Changes in diet associated with

developmental migrations of turtles to shallow coastal habitats

are well-established (e.g., Reich et al., 2007; Arthur et al., 2008).

Our results were consistent with this, and further suggested that

changes might continue to be reflected in tissues for some time

after recruitment to coastal habitats — the stable isotope

composition of all three elements included in this study

changed between 40 cm and 50 cm CCL. The decrease in d15N
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was ~2 ‰ for red blood cells and nails, quite a substantial

decrease equivalent to almost an entire trophic level (Seminoff

et al., 2021). Mixing model results suggest that there is unlikely to

be a substantial difference in diet at these lengths and they did not

correspond with changes in home range size or location, so it

seems plausible that the changes are due to continuation of the

trajectory towards isotopic equilibrium. If so, noting that the span

in size reflects several years of growth, it might imply that the

residence times of elements in red blood cells are quite long. The

residence times of elements within the tissues of sea turtles

remains poorly known; Reich et al. (2008) found median

residence times of 36–40 days for d13C and d15N in very small

juvenile C. mydas (9.0–13.1 cm straight carapace length) but the

residence times of turtles of sizes in our study are unknown. An

alternative explanation, proposed by Cardona et al. (2010)

following similar observations of patterns in stable isotope

composition of scute layers, is that newly-recruited juveniles do

not yet have the gut microbiome necessary to effectively digest
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plants. Campos et al. (2018) subsequently found that patterns in

microbiota of juvenile green turtles suggest that acquisition of

polysaccharide fermenting microbiota (which allow turtles to

extract nutrition from seagrass) in the gut occurs rapidly after

recruitment to shallow coastal habitats.

Similar patterns of ontogenetic change in diet have been found

in other populations of green turtles (Arthur et al., 2008; Howell

et al., 2016; Roche et al., 2021). Stubbs et al. (2022) found that these

patterns were reflected in the d15N of amino acids, suggesting that
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they are not due to size-related differences in discrimination; the

inference from this is that the changes do reflect assimilated diet.

Individuals at these sizes tended to have small home ranges located

close to the shore and likely consumed a mixed diet of macroalgae,

seagrass and jellyfish.

After recruitment to the lagoon, green turtles then exhibited

further ontogenetic changes in home range size, home range

location and diet as they grew. After lengths of approximately

60 cm CCL, home range size gradually increased, the location of the
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home range extended further from shore and diet likely became

predominantly seagrass and jellyfish. Inferences about home range

size and home range location are likely to be robust, because the

durations of tag attachments were long (average detection span 372

days), and there was minimal emigration from the area

encompassed by the array of receivers (three individuals: Pillans

et al., 2022) These developmental changes occurred over relatively

short distances (<2 km), and were detected by the extensive array of

acoustic receivers. These shifts in home range occurred over very

short distances compared to developmental changes from juvenile

to adult habitats in some other green turtle populations (spanning

hundreds of kilometers or more: e.g., Chambault et al., 2018;

Doherty et al., 2020).

Despite the short distances, there are steep gradients in habitat

type across the lagoon. Close to shore, water is very shallow (<1.5 m
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deep at Highest Astronomical Tide) and the seafloor is

predominantly limestone pavement with macroalgae and sparse

seagrass. Further from shore the water is deeper (up to 6 m) and the

seafloor is predominantly sandy. The seagrass Halophila ovalis

grows in the sandy habitats, which tend to be where larger turtles

spend most time (Pillans et al., 2022). The mixing model suggests

that seagrass is likely an important food for these individuals, a

result that is supported by qualitative observations (M. Vanderklift,

personal observations). Increases in seagrass consumption with size

have also been reported for other populations of green turtles (e.g.,

Burgett et al., 2018; Palmer et al., 2021; Roche et al., 2021), and it

might be common. However, there are also multiple examples of

populations in which large green turtles consume other diets (e.g.,

see review by Jones and Seminoff, 2013), so the ecological context

appears to play an important role in diet. Patterns in consumption
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of macroalgae are complex, with reports of greater consumption by

small individuals (Howell and Shaver, 2021), by large individuals

(Vélez-Rubio et al., 2016), or even selectively by only some

individuals in a population (Burkholder et al., 2011; Vanderklift

et al., 2021).

Jellyfish appear to be important to the diet of green turtles, and

the proportion of jellyfish in the diet appears to increase with size. It

is possible that other animals (such as crabs or bivalves) also

contribute to their diet, but we saw no evidence of this. Jellyfish

are not abundant for much of the year, but during April–May they

can be superabundant, and occur in the water column above all

habitats. It is possible that during these times consumption of

jellyfish is nutritionally important. Some individuals fitted with

satellite tags also showed episodic movements to deeper habitats

outside the lagoon (M. Vanderklift & R. Pillans unpublished data),

movements which might be related to a search for jellyfish or other

prey. Consumption of gelatinous zooplankton has been observed in

multiple green turtle populations, including to the extent where it

forms a major component of the diet (González Carman et al.,
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2014). Facultative consumption of jellyfish when they are abundant

might be advantageous if they can be quickly digested, offsetting

their relatively low energetic value (Hays et al., 2018).

If the ontogenetic changes in habitat and diet reflect a trade-off

between growth and mortality, then it follows that there should be

differences among habitats in nutritional value of the food available,

and in predation risk. We did not explicitly test for differences in

predation risk, but they are plausible: probably the main predators

of turtles at Ningaloo are tiger sharks Galeocerdo cuvier, which are

present in the lagoon all year and tend to spend proportionally

more time in the sandy lagoon habitat (R. Pillans unpublished data).

In some contexts green turtles appear to select habitats based on

predation risk (e.g., Smulders et al., 2023). It seems plausible that

small turtles would be more vulnerable to predation by tiger sharks,

and if so restricting home ranges to shallow areas beyond their

reach would be a prudent strategy.

It is perhaps less obvious that the food sources in the lagoon are

more nutritious. Seagrass is consumed by green turtles throughout

much of their range (Esteban et al., 2020), but macroalgae is also
A B

DC

FIGURE 8

(A) Posterior distributions for estimated proportion of three likely foods of the green turtle C. mydas as a function of length. Lines depict medians
and shaded area is 90% credible intervals. (B–D) Posterior plots showing the scaled probability for each potential food for the (B) smallest,
(C) median, and (D) largest individuals.
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consumed even in places where seagrass is abundant (e.g.,

Burkholder et al., 2011; Vanderklift et al., 2021). Green turtles

appear able to extract nutrition from seagrass and macroalgae

through hindgut fermentation in which structural carbohydrates

(such as cellulose) are broken down by microbes into compounds

that can be digested (Bjorndal, 1979; Bjorndal et al., 1991). These

microflora appear to provide the nutrition for green turtles eating

seagrasses (Arthur et al., 2014). In our study area, the large

meadow-forming seagrasses that typify many tropical lagoons are

not present in the lagoon; the small-leaved seagrass Halophila ovalis

is present, but in relatively low densities throughout the sandy areas

of the lagoon. Macroalgae are abundant, but the most abundant

macroalgae taxa in the lagoons at Ningaloo (Sargassum spp and

other large brown algae) have very low nitrogen concentrations (M.

Vanderklift unpublished data). Most of these large brown algae

have nitrogen concentrations (a rough indicator of protein content)

of <1%, while leaves of H. ovalis contain ~1.5% nitrogen. Red algae

contain higher nitrogen concentrations, but are not abundant. It is

possible that even with hindgut fermentation macroalgae do not

provide the increasing energetic requirements as turtles grow, when

proportionally more energy is needed for somatic maintenance

(Stubbs et al., 2020). The increasing proportion of jellyfish in their

diet as they grow suggests that they might increasingly rely on this

food source for additional nutrition. The tissue of Crambione

mastigophora has low nitrogen concentrations (~0.9%), but also

much lower concentrations of carbon such that C:N ratios are

potentially more favorable.

It is also possible that some individuals might select for specific

foods more than the overall populations. In green turtles, multiple

studies have found that individuals can select some food to the

extent that they are considered specialists (e.g., Vander Zanden

et al., 2013; Thomson et al., 2018). There is also evidence that this

occurs in our study population (Stubbs et al., 2022).

The results here refine the initial diet estimates of Stubbs et al.

(2022) by the addition of local measurements of jellyfish and the

inclusion of d34S. The addition of d34S allows a clearer distinction

of the contribution of seagrass and macroalgae, because the roots

of seagrass allow uptake of sulfur from porewater which contains

sulfides, which have substantially lower d34S than sulphate found

in seawater (Fry et al., 1982), while macroalgae do not have roots

and so obtain their sulfur from seawater. However, the model

results are still sensitive to the potential foods included and the

TDF used (Phillips et al., 2014). In particular, our decisions about

what TDF to use for d34S were based on tenuous evidence (the

negative correlation between d34S of diet and D34S from

experiments using mammals by Florin et al., 2011); tests using

different TDF for d34S yielded qualitatively similar results, but

lower TDF yielded a higher proportional contribution of jellyfish

that was less plausible given the relatively low abundance of

jellyfish for much of the year. We elected to exclude mangroves

because we found no evidence that any individual was foraging in

mangroves, but it is possible that mangroves might be a minor

proportion of the diet of small turtles with home ranges close to

the shore. Similarly, we did not include animals other than

jellyfish because we saw no evidence that C. mydas consumed

them. However, absence of evidence is not evidence of absence,
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and it is possible that some individual C. mydas in our study area

might consume other animals.
5 Conclusion

Combining data from acoustic telemetry and stable isotope

analysis revealed that the green turtle Chelonia mydas exhibits

ontogenetic changes in home range size, home range location and

diet across relatively short distances (~1.5 km) in a lagoon ecosystem

at Ningaloo, north-western Australia. These changes are consistent

with a hypothesis that they optimize a trade-off between risk of

predation and nutrition for growth and reproduction.
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González Carman, V., Botto, F., Gaitán, E., Albareda, D., Campagna, C., and Mianzan,
H. (2014). A jellyfish diet for the herbivorous green turtleCheloniamydas in the temperate
SW Atlantic. Mar. Biol. 161, 339–349. doi: 10.1007/s00227-013-2339-9

Hays, G. C., Doyle, T. K., and Houghton, J. D. R. (2018). A paradigm shift in the
trophic importance of jellyfish? Trends Ecol. Evol. 33, 874–884. doi: 10.1016/
j.tree.2018.09.001

Hays, G. C., and Scott, R. (2013). Global patterns for upper ceilings on migration
distance in sea turtles and comparisons with fish, birds and mammals. Funct. Ecol. 27,
748–756. doi: 10.1111/1365-2435.12073

Howell, L. N., Reich, K. J., Shaver, D. J., Landry, A. M., and Gorga, C. C. (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. doi: 10.3354/meps11897

Howell, L. N., and Shaver, D. J. (2021). Foraging habits of green sea turtles (Chelonia
mydas) in the northwestern Gulf of Mexico. Front. Mar. Sci. 8. doi: 10.3389/
fmars.2021.658368

Jones, T., and Seminoff, J. (2013). “Feeding biology: advances from field-based
observations, physiological studies, and molecular techniques,” in Biology of Sea Turtles
Volume III. Eds. J. Wyneken, K. J. Lohmann and J. A. Musick (Boca Raton: Taylor &
Francis), 211–247.

Keesing, J. K., Gershwin, L. A., Trew, T., Strzelecki, J., Bearham, D. , Liu, D. Y., et al.
(2016). Role of winds and tides in timing of beach strandings, occurrence, and
significance of swarms of the jellyfish Crambione mastigophora Mass 1903
(Scyphozoa: Rhizostomeae: Catostylidae) in north-western Australia. Hydrobiologia
Mass 768, 19–36. doi: 10.1007/s10750-015-2525-5
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