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ABSTRACT: Adult green sea turtles Chelonia mydas are often the largest-bodied herbivores in
their communities and may play an important role in structuring seagrass and macroalgal communities. Recent studies, however, suggest that green turtles might be more omnivorous than previously thought. We used animal-borne video and nitrogen and carbon stable isotopic analysis of
skin to elucidate diets of green turtles in the relatively pristine seagrass ecosystem of Shark Bay,
Australia. Stable isotope values suggested that despite the presence of abundant seagrass
resources, turtles assimilated most of their energy from a combination of macroalgae and gelatinous macroplankton (cnidarians and ctenophores). Video data suggested that macroplankton
might be the most commonly consumed food source. Also surprising was the considerable variation in δ13C values, suggesting long-term dietary specialization by individual turtles. Overall,
green turtle foraging under natural conditions may be less stereotyped than previously thought,
and diets of green turtles inhabiting apparently similar ecosystems (e.g. seagrass-dominated
ecosystems) may vary considerably across geographical regions. The apparently high degree of
individual specialization in diets suggests that conservation efforts should account not only for the
potential importance of non-benthic food sources for green turtle populations, but also for the possibility that subsets of the population may play different ecological roles and may be differentially
vulnerable to anthropogenic impacts.
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Large herbivores, including green sea turtles Chelonia mydas and sirenians, can structure seagrass
communities by changing species composition and
biomass or short-circuiting detrital cycles (e.g.
Thayer & Engel 1982, Bjorndal 1997, Aragones &
Marsh 2000, Moran & Bjorndal 2005, Aragones et al.
2006). For example, green turtles considerably
shorten the decomposition time of some seagrass

species (e.g. Thalassia testudinum; Thayer & Engel
1982), and nitrogen-rich fecal matter may stimulate
the production of seagrasses, many of which are
nitrogen-limited (Thayer & Engel 1982, Carruthers et
al. 2002). Turtle grazing also may increase seagrass
forage quality by promoting the growth of new
leaves, which have higher nutrient content and lower
lignin content and are digested more easily than old
leaves (Bjorndal 1980). Intense herbivory by green
turtles may cause shifts in seagrass community struc-
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ture (Kuiper-Linley et al. 2007, Wabnitz et al. 2010) or
even result in declines in the biomass present in seagrass communities (Murdoch et al. 2007, Fourqurean
et al. 2010). Excluding green turtles from a T. testudinim-dominated seagrass meadow in Bermuda for
1 yr resulted in an increase in seagrass biomass and
structural complexity of the seagrass canopy when
compared to grazed sites (Fourqurean et al. 2010).
Understanding the reliance on seagrasses and other
resources for food and how the use of these resources
might vary within and among populations is of key
importance in estimating the ecological impact of
green turtles.
Green turtles are traditionally thought to undergo
abrupt ontogenetic shifts in their diets, from carnivory during the pelagic phase of their lives to nearly
complete herbivory once they settle in coastal habitats at a curved carapace length (CCL) of 40−44 cm
(Chaloupka & Limpus 2001, Arthur et al. 2008). Neritic green turtle diets have been investigated primarily by comparing available food sources to forage
found in mouth contents, lavage samples, stomach
contents of dead animals, or fecal matter (e.g. Mortimer 1981, Brand et al. 1999, Seminoff et al. 2002,
Arthur et al. 2009). These studies suggest that the
diets of neritic-stage green turtles are made up
almost exclusively of seagrasses and algae, with
actual diet composition driven by the relative availability and quality of these food types (e.g. Bjorndal
1980, Forbes 1994, Brand-Gardner et al. 1999, Read
& Limpus 2002). For example, stomach content
analysis of 243 green turtles in Nicaragua showed
that a seagrass-dominated diet with Thalassia testudinum accounted for almost 90% of diets in the
northern part of the study while algae were much
more prevalent (up to 63% of diets) in the southern
region (Mortimer 1981). In algal-dominated communities of the Gulf of California, Mexico, green turtle
diets are comprised of a diverse assemblage of
marine algae, with red algae accounting for around
90% of the diet (Seminoff et al. 2002). Likewise, the
diets of neritic green turtles in Moreton Bay, southeastern Queensland, were dominated by a mixture of
seagrass and algae. Analysis of digesta boluses
throughout the digestive tract, which represent different feeding bouts, suggest that turtles change
diets between seagrass and algae, sometimes
abruptly (Brand et al. 1999). Traditional diet analysis
techniques are advantageous because food items can
be identified and quantified; however, they are not
without limitations. For example, animals often have
empty stomachs, and gut content analysis only provides a snapshot of what has been eaten recently.

Also, the snapshot may be biased by variation in
digestibility among prey items with harder items
remaining in guts for longer periods than soft-bodied
organisms that may become unidentifiable in a very
short time (Hyslop 1980).
Stable isotopic analysis has become a widespread
tool in ecology that can be used to infer trophic interactions and supplement insights obtained from traditional diet analysis (e.g. Hooker et al. 2001, Post
2002, Felicetti et al. 2003). It is possible to use carbon
isotopic values to determine the relative contribution
of different primary producers to a consumer’s diet
because primary producers (e.g. plankton, seagrass,
and algae) incorporate 12C and 13C into their tissues
at different rates, and carbon isotopes exhibit relatively low rates of fractionation with each trophic
transfer (Peterson & Fry 1987, Hobson & Clark 1992).
Relative trophic level can be determined using the
ratio of 15N:14N because of trophic enrichment of 15N
in a consumer’s tissues relative to that of its prey
(DeNiro & Epstein 1981, Minagawa & Wada 1984).
Stable isotopic values, however, may be hard to
interpret in the absence of other techniques (e.g.
stomach contents, direct observations) for assessing
trophic interactions because isotopic values represent average diets and different diet combinations
may lead to similar isotopic values in a consumer.
Both stable isotopes and diet analysis as well as
behavioral studies have revealed that there can be
considerable and consistent variation in behaviors
and diets among individuals of a population, including those of the same age/sex class (e.g. Estes et al.
2003, Bearhop et al. 2004, Svanback & Bolnick 2005,
2007, Vander Zanden et al. 2010, Matich et al. 2011;
see Bolnick et al. 2003 for a review). Understanding
patterns and factors driving this ‘individual specialization,’ in which groups of individuals specialize on
a subset of resources used by the population as a
whole, is important because it can play an important
role in population, community, and evolutionary
dynamics and may impact conservation planning
(e.g. Baird et al. 1992, Bolnick et al. 2003, Araújo et
al. 2009, Newsome et al. 2009, Hammerschlag-Peyer
& Layman 2010). In general, individual specialization
should be more likely if (1) resources are scarce, (2)
individuals can only forage efficiently on a subset of
resources, (3) cognitive constraints limit the use of
diverse sets of resources, (4) foraging specializations
are transmitted culturally, (5) different habitats have
different resource pools and individuals only inhabit
a subset of habitats, or (6) ecological trade-offs result
in variation among individuals in resource pools that
are accessed (e.g. Rendell & Whitehead 2001, Estes
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et al. 2003, Svanback &Persson 2004, Araújo & Gonzaga 2007, Darimont et al. 2009, Matich et al. 2011,
Rosenblatt & Heithaus 2011).
An increased awareness of patterns of individual
specialization has, in part, been facilitated by stable
isotopic techniques that can provide a long-term
record of foraging. Indeed, patterns of specialization
within populations can be estimated by comparing
variation in isotopic values within and among individuals using either tissues that leave a serial record
of foraging (e.g. turtle scutes, Vander Zanden et al.
2010; hooves, Harrison et al. 2007; whiskers, Newsome et al. 2009) or multiple tissues with different
turnover rates that provide evidence of short- and
long-term variation in diets within individuals and
populations (e.g. Matich et al. 2011). In the absence
of these data, assessing the degree of among-individual variation in isotopic values in tissues with long
turnover times can provide insights into patterns of
specialization because individuals with similar diets
should converge on a similar isotopic value. Recent
studies using isotopic approaches have raised the
possibility of individual specialization in large-bodied marine taxa (e.g. sea otters, Newsome et al. 2009;
bull sharks, Matich et al. 2011; American alligators,
Rosenblatt & Heithaus 2011) including loggerhead
turtles Caretta caretta (Vander Zanden et al. 2010).
However, how widespread individual specialization
might be in large-bodied marine taxa, especially
potential herbivores like green turtles, remains
unclear.
Recent studies have raised the possibility that
green turtle foraging may be more complex than previously thought, and in locations outside of the
Caribbean basin, turtles may exhibit greater degrees
of omnivory. For example, animal-borne imaging
suggests that green turtles in Western Australia (Heithaus et al. 2002a) and Queensland (Arthur et al.
2007) may consume significant numbers of gelatinous macroplankton (jellyfish or ctenophores). Similarly, green turtles in the Gulf of California, Mexico,
have been recorded consuming 5 invertebrate species, in addition to marine algae (there is no seagrass
in these habitats) (Seminoff et al. 2006a). Also, stable
isotopic values of scutes from green turtles off the
NW African coast suggest that the transition from
omnivory to herbivory may be less abrupt than previously documented (Reich et al. 2007), with turtles in
some regions continuing to consume animal matter — especially discarded fish from local fisherman — well after settling into coastal habitats (Cardona et al. 2009). These studies highlight the need to
employ multiple techniques to accurately assess the
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diet of marine turtles, including those that can overcome the issues of differential digestibility which are
likely for turtles that may consume seagrass and softbodied prey like ctenophores and cnidarians. They
also suggest that green turtles may play more varied
ecological roles than generally appreciated and that
populations may forage on diverse resource pools,
which could result in individual specialization (e.g.
Vander Zanden et al. 2010).
Most studies of green turtle foraging have occurred
in areas where turtle populations have undergone
drastic declines (Caribbean and Mexico) (Jackson
1997, Jackson et al. 2001). Therefore, studies of the
ecological role of turtle diets in relatively pristine
areas are a priority for predicting the dynamics of turtle populations and their ecosystems as turtle populations begin to rebound (Hamann et al. 2010). The
objective of the present study was to investigate the
foraging ecology of green turtles in a relatively pristine seagrass ecosystem. Specifically, we (1) assessed
the relative importance of seagrass, macroalgae, and
gelatinous macroplankton in the diets of green turtles using stable isotopic analysis, gastric lavage, and
animal-borne imaging; (2) investigated variation in
diets among turtle sizes and capture location
(nearshore vs. offshore seagrass beds) using stable
isotopic analysis; and (3) used stable isotopic signatures to gain insights into the potential for individual
specialization in foraging.

MATERIALS AND METHODS
Study site
The study was conducted in the eastern gulf of
Shark Bay, Western Australia (~25°45’ S, 113°44’ E;
Fig. 1). Located about 800 km north of Perth, Shark
Bay is a shallow (<15 m) subtropical bay dominated
by extensive seagrass beds, which cover approx.
4000 km2 (Walker et al. 1988). Our study site in the
Eastern Gulf is characterized by a series of shallow
(< 4.5 m) seagrass banks, separated by deeper channels (6−11 m) mostly covered by sand.
Listed as a World Heritage Area in 1991, Shark Bay
is perhaps one of the most pristine remaining seagrass ecosystems in the world and affords a unique
opportunity to examine the effects of large herbivores on seagrass ecosystems (Heithaus et al. 2007).
Turtle populations in Shark Bay are large and exhibit
characteristics of populations near carrying capacity
(Heithaus et al. 2005). The seagrass community is a
diverse assemblage of temperate and tropical sea-
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Fig. 1. Location of the study site (*) in the Eastern Gulf of Shark Bay, Western Australia. Points represent capture location of
green turtles sampled for stable isotopic composition. White points: captures in the nearshore habitat; black points: captures
in the offshore seagrass bank habitat

grass species. The dominant species in the bay are
temperate species, including Amphibolis antartica,
Posidonia australis, and P. coriacea. Smaller, fastergrowing tropical seagrass species, including Halophila ovalis, H. spinulosa, Halodule uninervis,
Cymodocea angustata, Syringodium isoetifolium,
Halophila decipiens and H. minor (Walker et al.
1988), are found in lower abundances. Other potential food sources for turtles include several macroalgae species found throughout the study area
(D. Burkholder pers. obs.) as well as ctenophores and
jellyfish (Heithaus et al. 2002a). Macroalgae are
found in relatively low abundance in both deep and
shallow habitats (up to 34 and 26% of the mean
aboveground biomass of A. antarctica and P. australia beds, respectively; Walker & McComb 1988)
biomass is very low in beds of tropical species and in
areas lacking seagrasses (D. Burkholder pers. obs.).
Macroalgae are found primarily growing on large
pieces of shell or as epiphytes on A. antarctica in the
shallows, or on rare patches of hard bottom exposed
in the deeper channels (D. Burkholder pers. obs.).
The most common species in shallow habitats are the
brown algae Sargassum sp., Padina sp., and Dictyota
sp. The red alga Spyridia sp., Laurencia sp., and the

green alga Penicillus sp. can be found in the shallows
in low densities. Sargassum sp. is the most common
species found in deeper waters (D. Burkholder pers.
obs.).
Field methods
From 2006−2009, skin tissue was collected from 65
green turtles to assess stable isotopic values (Fig. 2).
Turtles were captured throughout each year using
the ‘rodeo’ technique (Ehrhart & Ogren 1999, Heithaus et al. 2002b, 2005) in which they were encountered during haphazard searches (targeting for turtle
capture for this or other studies) of the study area or
during standardized transects run weekly (weather
permitting). Sampling took place throughout the
year as part of long-term studies of the abundance
and habitat use of turtles and other air-breathing
taxa, and the majority of samples are from 2006 and
2007. Captured turtles were brought on board the
research vessel and tagged with titanium flipper tags
(Department of Environment and Conservation, Western Australia). We measured CCL and tail length (tip
of tail to carapace). A small skin tissue sample (3 × 1
× 1 cm) was collected with scissors from the trailing
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Fig. 2. Chelonia mydas. Size distribution of individuals sampled for stable isotopic analysis. CCL: curved carapace length

edge of the foreflipper. This sample location was chosen to minimize turtle stress. Tissue samples were
immediately placed in ice and then stored at −20°C
until processing. Turtle captures were categorized
into 2 locations: (1) nearshore shallow (< 3 m) habitat
dominated by a sand and seagrass bank extending
up to ~2 km from shore (nearshore); and (2) a series
of narrow (3 km long × 0.5 km wide), shallow offshore seagrass banks separated by deeper (~10 m)
mostly sand bottom channels (offshore) (Fig. 1).
During June and July 2006 we conducted gastric
lavage (Forbes & Limpus 1993) on 3 green turtles.
Briefly, turtles were brought onboard the research
vessel, inverted, and water was gently pumped into
the stomach to flush stomach contents into a sieve.
Contents were collected, stored immediately on ice
in the field and then stored at −20°C until processing.
For analysis, stomach contents were thawed and
sorted to the lowest possible taxon under a dissecting
microscope. Wet weights were then calculated for
each discernible food group. In addition, the stomach
contents of one dead green turtle were examined.
Samples of primary producers and primary consumers were collected during stratified benthic sampling of the study site or by haphazard collections
when new species were encountered to establish the
stable carbon and nitrogen isotopic composition of
potential food for green turtles. Primary producers
were collected during 2006−2009 from randomly
generated point-sampling sites in 3 habitat/microhabitats (deep, middle of shallow seagrass beds,
edge of seagrass beds) as part of a larger study of
seagrass community composition and nutrient
dynamics. Samples were collected either snorkeling
or on SCUBA, and sites were sampled both in the
summer and winter to elucidate seasonal variation in
isotopic values. Gelatinous macroplankton (cnidari-
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ans and ctenophores) were collected using a 200 µm
neuston net towed slowly behind our vessel or were
collected by hand for larger individuals. Collections
were stored on ice and then frozen at −20°C until
processing. We collected samples from isopods and a
dugong (Dugong dugon) to compare green turtle isotopic values to those of species known to consume
primarily seagrasses (i.e. to determine isotopic values
that would be expected for green turtles foraging primarily on seagrasses). Isopods were collected using a
fine-mesh dip net pushed through seagrass beds.
The net contents were sorted and stored on ice for
processing. We obtained a lone sample of dugong
skin from a recently deceased individual that was
stored on ice in the field and frozen at −20°C until
processing.
Animal-borne video and environmental data collection systems (AVED; National Geographic’s ‘Crittercam’) were deployed on 17 green turtles from
1999−2003 to monitor foraging behavior of green turtles. The AVED unit, which consisted of a Hi-8 video
camera and time-depth recorder inside an aluminum
housing (10.1 cm diameter, 31.7 cm in length) that
was fitted with a VHF transmitter, was attached to
the turtle by securing a plexiglass baseplate using
cool-setting epoxy (Ten-SetTM) to the carapace and
then attaching the camera to this plate using a wire
and magnesium washer. The camera was positioned
so that the head was in view and programmed to
release from the turtle after 3−24 h by a burnwire
mechanism or a dissolving magnesium washer (see
Heithaus et al. 2002a for further details).

Laboratory methods and analysis
Turtle and dugong tissue collected for isotopic
analysis was rinsed in deionized (DI) water, cleaned
of epiphytes, dried in a food dehydrator (Ezidri Ultra
FD1000) for at least 24 h and then ground to a fine
powder. Because of the small amount of tissue in a
single dehydrated ctenophore or jellyfish, 10−20
individuals (depending on size) collected from the
same tow or sample area were combined to form a
single sample of gelatinous macroplankton for analysis. For these taxa, samples were dehydrated immediately after returning from the field and then powdered. Isopods were dried as whole individuals and
ground to a fine powder. For all plant material, a
razor blade was used to scrape epiphyte/epibiota
from leaves and stems prior to dehydration and isotopic values of epibiota were analyzed separately.
Leaf material was separated from stem material (in
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Amphibolis sp.) or from root and rhizome material
(for all other seagrass species), and tissues were analyzed separately. At least 5 plants were collected for
each species of seagrass at each sampling point, and
a subsample of each of those 5 plants was combined
to form a single sample for that time/site. For seagrass, algae, and isopods we analyzed carbon isotopic signatures both with and without acidification
procedures. If acidification resulted in changes in
carbon isotopic values of more than 0.3 ‰, then, acidified δ13C values were used. Acidification involved
spreading a thin layer of powder in a glass petri dish
and placing it in a sealed chamber that contained an
open container of hydrochloric acid for at least 24 h.
The tissue was then dehydrated and powdered. Lipid
extraction was not performed on any samples
because the C:N ratios indicated that lipid corrections were not necessary (i.e. C:N < 3.5, as in Post et
al. 2007; C:N flipper tissue = 3.0 ± 0.2 SD). Likewise
most of the C:N ratios of the prey individuals indicated that lipid extraction or correction was not necessary, and for the small number of samples with C:N
> 3.5, we corrected δ15N values according to equations in Post et al. (2007).
For analysis, 0.95−1.05 mg for animal samples,
3.95−4.05 mg for plant and algae samples, and
9−11 mg for ctenophore/cnidarian samples were
weighed into tin capsules and analyzed for carbon
and nitrogen isotope ratios at either University of
Western Australia’s Western Australia Biogeochemistry Center or Yale University’s Earth System Center
for Stable Isotopic Studies.

Analysis of stable isotopic values
We tested the effects of turtle size and location
(nearshore vs. offshore seagrass banks) on δ13C and
δ15N signatures using general linear models. To
investigate the size of the isotopic trophic niche of
green turtles in Shark Bay relative to other consumers in Shark Bay, we calculated Layman et al.’s
(2007) total area (TA) metric using the Animal Movement extension in ArcView 3.2. The total area metric
provides a way to quantify the isotopic trophic diversity within a species and is calculated as the area of
the minimum convex polygon that encompasses all
individuals. We performed rarefaction analysis to
determine if our sample size adequately captured the
total isotopic area occupied by green turtles. We considered the sample size to be adequate if a regression
through the final 4 points of the rarefaction curve
failed to display a slope significantly different from 0

(Bizzarro et al. 2007). Because previous studies have
suggested ontogenic changes in the diets/tissue isotope values of green turtles when they reach a CCL
of 60 cm, we conducted analyses of TA separately for
all turtles and for turtles ≥ 60 cm CCL (Cardona et al.
2009, 2010).
We used MixSir, a Bayesian-mixing model that
accounts for variation in isotopic discrimination and
source values (Moore & Semmens 2008), to estimate
the relative contributions of algae, seagrasses, and
gelatinous macroplankton to the diets of green turtles in Shark Bay. These potential food sources were
chosen based on studies of green turtle diets in other
parts of Australia as well as video data collected from
green turtles in the study area. We assumed only a
single trophic transfer (direct consumption of prey
items by turtles) between these resource pools and
turtles. We conducted analyses separately for turtles
< 60 cm CCL and ≥60 cm CCL. In addition, because
of seasonal differences in the isotopic signatures of
potential food sources, we conducted separate analyses for winter (June to August) and summer (September to May) for turtles ≥60 cm CCL (sample sizes
were not adequate for seasonal analysis of turtles
< 60 cm). Because discrimination factors are not
known for neritic green turtles, we conducted MixSir
modeling using 3 different estimates of discrimination factors that together should provide robust
insights into trophic interactions of turtles. First, we
used 13C and 15N discrimination factors measured in
juvenile green turtles Chelonia mydas fed on a carnivorous diet (Seminoff et al. 2006b; skin tissue: 15N =
2.80 ± 0.11 ‰, 13C = 0.17 ± 0.03 ‰). Second, because
green turtles are thought to be primarily herbivorous
and use hind-gut fermentation, which can result
in substantially different discrimination factors, we
used 13C and 15N discrimination factors, measured in
Florida manatees Trichechus manatus latirostris, a
large-bodied marine hind-gut fermenting herbivore
(Alves-Stanley & Worthy 2009; skin tissue: 15N [estimated] = 5.0 ± 0.00 ‰, 13C = 2.80 ± 0.09 ‰). Finally,
we used average 13C and 15N discrimination factors
based on meta-analysis of isotopic studies by Caut et
al. (2009) (15N = 2.75 ± 0.1 ‰; δ13C = 0.75 ± 0.11 ‰).
We used 25 000 000 iterations for each season, and
size grouping. We conducted 5 000 000 iterations to
explore the mix of food resources used by individual
turtles exhibiting peripheral stable isotopic values of
the population’s TA.
Because green turtles consume seagrass and its
epiphytes simultaneously, we conducted a second set
of all MixSir models described above using a combined ‘seagrass + epiphytes’ resource pool. Since we
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do not have data on the relative biomass of epiphytes
and seagrass in our samples, we combined means
and standard deviations using the maximum proportion of epiphytes to seagrass tissue for Amphibolis
griffighi (50% of total aboveground biomass, Borowitzka et al. 1990; estimates for species in our study
area were not available). This should provide an
upper estimate of the contribution of the seagrass/
epiphyte resource pool to green turtle diets (under
the assumptions of the mixing model) since epiphytes have δ13C values that are slightly more negative than those of seagrass (see ‘Results’).

Video analysis
Video footage was analyzed for foraging behavior
and foraging rates of green turtles. In many cases,
food items, especially seagrasses and macroalgae,
could be identified as the turtle approached and fed.
Foraging on gelatinous macroplankton was primarily
observed while traveling midwater, and although it
was possible to see prey being captured in many
cases, sometimes foraging was inferred from turtle
head movements identical to those when prey capture was observed followed by neck movements consistent with swallowing (Heithaus et al. 2002a). We
quantified the number of ctenophores and jellyfish
consumed as well as the number of bites of macroalgae and seagrass consumed by each turtle.

Fig. 3. Isotopic values
of individual green
turtles, their potential food resources,
and representative
herbivores in Shark
Bay, Australia
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RESULTS
Stable isotope values of basal resource pools and
herbivores
Potential food sources for green turtles displayed
relatively unique isotopic signatures. Tropical seagrass species (Halophila ovalis, H. spinulosa, Halodule uninervis, Cymodocea angustata, Syringodium
isoetifolium) had δ13C values between −4.6 and
−12.2 ‰ while temperate seagrass species Amphibolis antarctica and Posidonia australis showed lower
δ13C (−8.0 to −13.3 ‰), and seagrass epibiota varied
from −8.2 to −15.2 ‰ (Fig. 3). Macroalgae had lower
δ13C values than seagrass and ranged between −12.0
and −24.1 ‰. The range of δ13C of gelatinous
macroplankton (−15.1 to −19.8 ‰) was similar to that
of macroalgae, suggesting that planktonic microalgae are similar in δ13C to macroalgae. The δ13C of
Sargassum sp. ranged from −12.04 to −16.89 (mean =
−14.15 ± 1.46 ‰ SE), Padina sp. ranged from −14.20
to −17.88 (mean = −16.66 ± 1.16 ‰ SE), Dictyota sp.
ranged from −13.28 to −16.40 (mean = −15.16 ±
1.10 ‰ SE), Laurencia sp. ranged from −20.11 to
−24.05 (mean = −22.31 ± 2.06 ‰ SE), and Penicillus
sp. ranged from −13.74 to −15.24 (mean = −14.31 ±
0.80 ‰ SE). There was significant seasonal variation
in δ13C of gelatinous macroplankton (n = 10 in summer, n = 7 in winter, F1,15 = 45.2, p < 0.001) with lower
δ13C in winter (mean = −19.7 ± 0.2 ‰ SE) than sum-
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mer (mean = −17.9 ± 0.2 ‰ SE). The δ15N values of
gelatinous macroplankton also varied seasonally
(F1,15 = 8.1, p = 0.01) with higher δ15N in winter (mean
= 7.6 ± 0.2 ‰ SE) than summer (mean = 6.8 ± 0.2 ‰
SE). Importantly for our mixing models, the δ15N values of macroalgae (range = 2.0−5.0 ‰) were lower
than those of gelatinous macroplankton, but were
higher than those of seagrasses, which ranged from
−3.3 to + 3.2 ‰ (Fig. 3). The δ15N of Sargassum sp.
ranged from 2.48 to 4.86 (mean = 3.53 ± 0.67 ‰ SE),
Padina sp. ranged from 2.04 to 5.03 (mean = 3.44 ±
0.89 ‰ SE), Dictyota sp. ranged from 2.27 to 4.98
(mean = 3.55 ± 0.93 ‰ SE), Laurencia sp. ranged from
3.86 to 4.48 (mean = 4.23 ± 0.27 ‰ SE), and Penicillus
sp. ranged from 3.75 to 3.88 (mean = 3.80 ± 0.07 ‰
SE). There was no significant seasonal variation in
seagrass (A. antarctica) δ13C (n = 33 in summer, n = 17
in winter, F1, 48 = 0.2, p = 0.66) or δ15N (F1, 48 = 2.0, p =
0.17). Macroalgae showed no seasonal variation in
δ13C (n = 22 in summer, n = 29 in winter, F1, 49 =
0.0006, p = 0.98), but their δ15N was significantly
higher in the summer (mean = 4.0 ± 0.1 ‰ SE) than
winter (mean = 3.3 ± 0.1 ‰ SE) (F1, 49 = 14.3, p =
0.0004).
Invertebrate grazers found on seagrasses (isopods)
and a dugong, which is known to consume seagrass
almost exclusively, had similar isotopic values. The
δ13C values were near −10 ‰, which is similar to that
of seagrass, while δ15N ranged between 4.7 and 6.1 ‰
for isopods and dugong (Fig. 3).

Green turtle trophic relationships
Stable isotopes
The δ13C values of green turtles (n = 65) ranged
from −22.4 to −9.8 ‰ (mean = −15.0 ± 3.0 ‰ SD) and
δ15N ranged from 4.7 to 10.8 ‰ (mean = 7.7 ± 1.1 ‰
SD), suggesting that turtles fed at more than one
trophic level. There was no effect of CCL on δ13C and
δ15N (δ13C: F1, 63 = 0.0001, p = 0.99; δ15N: F1, 63 = 2.7, p
= 0.11; Fig. 4) or between offshore banks and
nearshore shallows (n = 23 for nearshore, n = 32 for
offshore seagrass banks; δ13C: F1, 53 = 0.8, p = 0.38;
δ15N: F1, 53 = 2.8, p = 0.10).
The considerable variation in isotopic values of
both δ15N and δ13C resulted in large areas of isotopic
niche space being occupied relative to other species
in Shark Bay (see ‘Discussion’). The isotopic values of
all 65 turtles with flipper tissue samples occupied
52.3 units2 of area while the 57 turtles ≥ 60 cm CCL
occupied 42.4 units2 of area. Rarefaction analysis

Fig. 4. Chelonia mydas. Influence of curved carapace length
(CCL, in cm) on (a) δ13C and (b) δ15N values

suggested that our sample of individuals adequately
captured the total isotopic area occupied by green
turtles for skin tissue (F1, 3 = 2.5, p = 0.25).
On the basis of 3 estimates of isotopic discrimination (see ‘Materials and methods’) as well as the
assumption that green turtles are limited to gelatinous macroplankton, macroalgae, and seagrasses in
Shark Bay, green turtles overall assimilate strikingly
little carbon from seagrasses (Table 1). Stable isotopes strongly suggest that green turtles of all size
classes in Shark Bay are dependant mostly on
macroalgae and gelatinous macroplankton. The
median contribution of seagrasses to green turtles
was always less than 10% regardless of discrimination assumptions. Even the 95th percentile estimates
suggested a <16% contribution by seagrasses to
green turtle diets. Adding epiphytes to the seagrass
in the mixing model resulted in very little change in
the estimated contribution of this complex to assimilated carbon. In comparison, running the MixSIR
model for one single skin tissue sample from an
obligate herbivore, the dugong in this study, using
the discrimination factors for a close relative, the
manatee, resulted in median estimates of 75% sea-
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Table 1. Chelonia mydas. Estimated diet compositions of green turtles in Shark Bay, Western Australia, based on 3 assumptions about isotopic discrimination factors. Two sets of MixSir, a Bayesian-mixing model, were used. Skin tissue taken from the
flipper was analyzed in both sets. Seagrass was run as a resource pool without epiphytes in Set 1 but with epiphytes in Set 2.
Isotopic values of potential food sources used in models: algae (δ13C = −15.55 ± 2.61; δ15N = 3.52 ± 0.75), seagrass (δ13C = −9.41
± 1.32; δ15N = 0.77 ± 1.62), gelatinous macroplankton (gel. macropl.) combined for < 60 cm curved carapace length (CCL)
(δ13C = −17.68 ± 1.40; δ15N = 7.24 ± 0.56), gel. macropl. in summer (δ13C = −17.89 ± 0.68; δ15N = 6.82 ± 0.65), gel. macropl.
in winter (δ13C = −19.27 ± 0.27; δ15N = 7.58 ± 0.35). Values are medians with 5th and 95th percentiles in parentheses
Resource pool
Gel. macropl.

Seagrass

Seminoff et al. (2006b)
0.87 (0.74–0.98)
Caut et al. (2009)
0.86 (0.72–0.98)
Alves-Stanley & Worthy (2009) 0.96 (0.94–1.00)

0.12 (0.02–0.26)
0.14 (0.02–0.27)
0.01 (0.00–0.04)

0.00 (0.00–0.02)
0.00 (0.00–0.02)
0.01 (0.00–0.04)

57
57
57

Seminoff et al. (2006b)
0.77 (0.73–0.80)
Caut et al. (2009)
0.74 (0.70–0.78)
Alves-Stanley & Worthy (2009) 0.98 (0.95–1.00)

0.23 (019–0.27)
0.26 (0.22–0.29)
0.00 (0.00–0.01)

0.00 (0.00–0.01)
0.00 (0.00–0.01)
0.02 (0.00–0.05)

Summer

26
26
26

Seminoff et al. (2006b)
0.81 (0.75–0.87)
Caut et al. (2009)
0.79 (0.73–0.86)
Alves-Stanley & Worthy (2009) 0.99 (0.96–1.00)

0.19 (0.12–0.25)
0.20 (0.14–0.26)
0.00 (0.00–0.01)

0.00 (0.00–0.02)
0.00 (0.00–0.01)
0.01 (0.00–0.04)

Winter

31
31
31

Seminoff et al. (2006b)
0.78 (0.74–0.83)
Caut et al. (2009)
0.75 (0.71–0.79)
Alves-Stanley & Worthy (2009) 0.89 (0.83–0.96)

0.21 (0.17–0.25)
0.25 (0.21–0.29)
0.01 (0.00–0.02)

0.00 (0.00–0.02)
0.00 (0.00–0.02)
0.10 (0.04–0.16)

Set 2

N

Assumption

Gel. macropl.

Seagrass + Epiphytes

Turtles < 60 cm CCL

8
8
8

Seminoff et al. (2006b)
0.87 (0.74–0.98)
Caut et al. (2009
0.86 (0.73–0.97)
Alves-Stanley & Worthy (2009) 0.96 (0.93–0.99)

0.12 (0.02–0.25)
0.13 (0.02–0.27)
0.01 (0.00–0.04)

0.01 (0.00–0.02)
0.00 (0.00–0.02)
0.01 (0.00–0.05)

26
26
26

Seminoff et al. (2006b)
0.81 (0.75–0.87)
Caut et al. (2009)
0.79 (0.73–0.86)
Alves-Stanley & Worthy (2009) 0.99 (0.97–1.00)

0.19 (0.12–0.25)
0.20 (0.14–0.26)
0.00 (0.00–0.01)

0.01 (0.00–0.02)
0.00 (0.00–0.02)
0.01 (0.00–0.03)

31
31
31

Seminoff et al. (2006b)
0.78 (0.74–0.83)
Caut et al. (2009)
0.75 (0.71–0.79)
Alves-Stanley & Worthy (2009) 0.89 (0.79–0.98)

0.21 (0.17–0.25)
0.25 (0.21–0.29)
0.00 (0.00–0.02)

0.00 (0.00–0.02)
0.00 (0.00–0.02)
0.10 (0.01–0.20)

Set 1

N

Assumption

Turtles < 60 cm CCL

8
8
8

All seasons

Algae

Turtles ≥ 60 cm CCL

Turtles ≥ 60 cm CCL
Summer

Winter

grass, 15% algae, and 8% gelatinous macroplankton
contribution to the diet. The 8 turtles < 60 cm appear
to have assimilated the large majority of their energy
from macroalgae; fractionation assumptions had little
effect on the estimated contribution of macroalgae
with median contributions above 86% for all analyses (Table 1). Discrimination factor assumptions had
much larger effects on predicted use of macroalgae
vs. gelatinous macroplankton of turtles ≥ 60 cm.
Based on analysis of skin tissue, median contributions were ca. 15−25% for gelatinous macroplankton
and ca. 75−85% for macroalgae, based on discrimination assumptions for juvenile green turtles and
average discrimination factors across taxa (Table 1).
Manatee discrimination factors, however, greatly
shifted predicted ratios, with macroalgae estimated
to make up the vast majority of the assimilated diets
and gelatinous macroplankton contributing virtually
nothing to diets (Table 1). MixSir suggested considerable individual variation in the relative mixes of

Algae

algae, seagrasses, and ctenophores/cnidarians in the
diets of individual green turtles (Table 2). Predicted
resource use by individuals ranged from almost
exclusive reliance on either gelatinous macroplankton or macroalgae to heavy reliance on seagrasses
and most of the possible combinations in between
(Fig. 3, Table 2). Even the manatee discrimination
factors suggested that some individuals consumed
considerable amounts of gelatinous macroplankton.

Lavage
Food items recovered from lavage supported the
trends in diets suggested by stable isotopic analysis.
Although the sample size was low (n = 3), each individual had a considerable amount of food in its crop,
but the compositions of the lavage contents were
strikingly different. One sample contained only macerated seagrass (primarily Amphibolis antarctica) tis-
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Table 2. Chelonia mydas. MixSir predicted diet compositions for extreme individual turtles (animals selected at extreme range
of the carbon and nitrogen spectrums to encompass all possible values) based on discrimination factors of juvenile green
turtles (Seminoff et al. 2006b) and juvenile loggerhead turtles (Reich et al. 2008). Values are medians with 5th and 95th
percentiles in parentheses. U: unclassed; M: male; Gel. macropl.: gelatinous macroplankton

δ13C

Algae

Resource pool
Gel. macropl.

Seagrass

Seminoff et al. (2006b)
61.5
U
6.69
68.0
U
10.61
104.0
U
7.12
96.0
M
5.56
88.0
U
5.76
95.5
U
9.63
103.0
U
9.47
80.0
U
6.61

−9.80
−19.00
−22.44
−14.31
−20.58
−16.48
−13.15
−11.29

0.18 (0.01–0.86)
0.03 (0.00−0.13)
0.84 (0.66–0.96)
0.44 (0.06–0.81)
0.85 (0.69–0.96)
0.09 (0.01–0.36)
0.06 (0.00–0.29)
0.27 (0.02–0.82)

0.08 (0.01–0.21)
0.95 (0.86–0.99)
0.12 (0.01–0.30)
0.19 (0.02–0.48)
0.07 (0.01–0.21)
0.69 (0.59–0.76)
0.37 (0.19–0.48)
0.17 (0.02–0.35)

0.72 (0.07–0.91)
0.01 (0.00–0.05)
0.03 (0.00–0.10)
0.36 (0.11–0.55)
0.06 (0.01–0.19)
0.22 (0.01–0.31)
0.56 (0.40–0.71)
0.55 (0.08–0.79)

Caut et al. (2009)
61.5
U
68.0
U
104.0
U
96.0
M
88.0
U
95.5
U
103.0
U
80.0
U

−9.80
−19.00
−22.44
−14.31
−20.58
−16.48
−13.15
−11.29

0.20 (0.01–0.83)
0.03 (0.00–0.12)
0.85 (0.67–0.97)
0.53 (0.12–0.86)
0.87 (0.72–0.97)
0.09 (0.01–0.26)
0.08 (0.01–0.30)
0.28 (0.02–0.80)

0.13 (0.02–0.31)
0.94 (0.85–0.98)
0.11 (0.01–0.29)
0.15 (0.01–0.43)
0.06 (0.00–0.19)
0.84 (0.70–0.95)
0.76 (0.53–0.91)
0.22 (0.03–0.43)

0.63 (0.07–0.86)
0.02 (0.00–0.07)
0.03 (0.00–0.10)
0.32 (0.07–0.51)
0.05 (0.00–0.17)
0.05 (0.01–0.15)
0.13 (0.01–0.39)
0.48 (0.08–0.73)

−9.80
−19.00
−22.44
−14.31
−20.58
−16.48
−13.15
−11.29

0.26 (0.03–0.58)
0.54 (0.08–0.87)
0.94 (0.85–0.99)
0.57 (0.41–0.79)
0.93 (0.80–0.99)
0.63 (0.38–0.88)
0.42 (0.07–0.78)
0.38 (0.06–0.68)

0.13 (0.01–0.24)
0.44 (0.10–0.87)
0.03 (0.00–0.09)
0.03 (0.00–0.12)
0.02 (0.00–0.06)
0.31 (0.07–0.54)
0.41 (0.14–0.63)
0.11 (0.01–0.35)

0.59 (0.36–0.78)
0.02 (0.00–0.08)
0.03 (0.00–0.11)
0.39 (0.19–0.53)
0.04 (0.00–0.18)
0.05 (0.00–0.16)
0.18 (0.02–0.36)
0.49 (0.28–0.67)

Length

Sex

δ15N

6.69
10.61
7.12
5.56
5.76
9.63
9.47
6.61

Alves-Stanley & Worthy (2009)
61.5
U
6.69
68.0
U
10.61
104.0
U
7.12
96.0
M
5.56
88.0
U
5.76
95.5
U
9.63
103.0
U
9.47
80.0
U
6.61

sue (wet mass = 1.46 g). A second lavage sample was
primarily composed of fleshy red macroalgae Spongiophloea sp. (6.83 g; 98% of total sample wet
weight) with small contributions of the filamentous
red algae Laurencia sp. (0.1 g; 1.4% of total sample
wet weight) and macerated seagrass (0.4 g wet
weight; 0.6% of total mass). The third lavage sample
was dominated by the filamentous red algae Laurencea sp. (0.39 g; 93.5% of total sample wet weight)
but also contained macerated seagrass material
(0.03 g; 6.5% of total mass). Skin tissue was run for
stable isotopic analysis for the third lavage animal.
Running the MixSIR model with the manatee discrimination factors resulted in a median estimated
contribution of 67% macroalgae, 29% gelatinous
macroplankton, and 3% seagrass, which supports
the lavage findings for that individual. Stomach contents of one stranded green turtle, which were not
quantified, were dominated by macerated seagrass
tissue and gelatinous material (L. Bejder pers.
comm.).

Animal-borne video
Seventeen AVED deployments were made resulting in 12 usable videos for diet analysis (videos
with poor camera placement or short (< 90 min)
deployment durations were excluded from analysis). Eleven of the 12 turtles for which usable video
were obtained (mean duration = 159.4 min ± 7.2
min SE) recorded foraging during the deployment.
Ten of the 12 fed on gelatinous macroplankton, 1
fed on algae, and 2 fed on seagrass. Most of the
cnidarians/ctenophores were small, (i.e. <10 cm in
diameter). However, in one instance, a turtle
pulled a large Phyllorhiza sp. jellyfish out of an
area of dense Amphibolis antarctica and consumed
it over the course of several minutes. Gelatinous
macroplankton were consumed at a mean rate of
3.8 ± 2.2 SE ind. h−1 with a total of 112 items consumed. Macroalgae was consumed at a rate of 3.3
± 3.3 SE bites h−1 with a total of 141 bites taken,
although all of these were from a single individual.
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Finally, only 7 bites of seagrass were recorded,
resulting in a mean foraging rate of 0.2 ± 0.1 SE
bites h−1.

DISCUSSION
Trophic interactions of green turtles
Green turtles are widely thought to be important
herbivores in seagrass ecosystems through their
impacts on growth patterns of seagrasses as well as
detrital cycles (e.g. Thayer & Engel 1982, Bjorndal
1997, Aragones & Marsh 2000, Moran & Bjorndal
2005, Aragones et al. 2006, Lal et al. 2010). Indeed,
the loss of megaherbivores, including green turtles
and sirenians, have been hypothesized to have
resulted in extreme changes in seagrass communities, especially in the Caribbean (Bjorndal & Jackson
1996, Jackson et al. 2001). In seeming contrast,
recent studies have suggested that omnivory might
be common in green turtles outside of the Caribbean
(e.g. Heithaus et al. 2002a, Seminoff et al. 2006a,
Arthur et al. 2007, Cardona et al. 2009). Our study
suggests that in a relatively pristine Australian seagrass ecosystem the reliance of the green turtle population on seagrass-derived primary production is
smaller than would be expected based on the abundance of seagrass resources. There is, however, a
large degree of variation in individual turtle diets
over time periods of at least months and, therefore,
turtle impacts on seagrass communities likely are
complex and more diverse than previously thought.
All 3 methods (AVED, stable isotopes, stomach
contents) that we used to study turtle diets suggest
that although seagrasses are extremely abundant in
Shark Bay, neritic green turtles are not exclusively
seagrass herbivores and may in fact consume relatively little of the available seagrass. Indeed, very
few of the sampled green turtles had δ13C similar to
those of seagrasses even though other herbivores in
the study area — including one hind-gut fermenter
(dugong) — did have δ13C similar to seagrasses.
Green turtle tissues were more deplete in 13C than
were seagrasses and other herbivores, which was
consistent with turtles assimilating carbon from
gelatinous macroplakton and/or macroalgae. Also,
many green turtles generally had δ15N values ca. 6 ‰
higher than seagrasses, suggesting the potential for 2
trophic levels of difference, even for some turtles
with δ13C signatures similar to seagrasses. 15N values
must be interpreted with caution, however, because
of potentially large variation in fractionation values
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for herbivores such as green turtles (Martinez del Rio
& Wolf 2005). Despite this, the sample we obtained
from a sympatric hind-gut fermenting herbivore (dugong) had a 15N much lower than most green turtles,
suggesting that the large spread of δ15N in green
turtle samples are unlikely to be the result of digestive processes alone. Previous studies using AVED
cameras and the additional video data presented
here suggest that gelatinous macroplankton (primarily cnidarians and ctenophores) are commonly consumed by green turtles in Australia (Heithaus et al.
2002a, Arthur et al. 2007). It has been hypothesized
that the consumption of this animal matter might be a
response to capture stress and handling associated
with the attachment of AVED (Arthur et al. 2007).
Data from stable isotopes in Shark Bay, however,
suggest that consumption of gelatinous macroplankton is widespread and occurs in turtles not fitted with
AVED. Indeed, mixing models suggest that although
turtles between 40 and 60 cm likely consume relatively little gelatinous macroplankton, at least some
individual turtles ≥ 60 cm CCL may get substantial
energy from these invertebrates. New video data collected during this study suggest even higher foraging
rates on gelatinous macroplankton than reported
previously by Heithaus et al. (2002a).
Macroalgae also appear to be very important in the
diets of green turtles in Shark Bay, even though their
abundance is quite low relative to seagrasses in
Shark Bay. Turtles < 60 cm likely derive almost all of
their energy from macroalgae, and for larger turtles,
macroalgae may make up half or more of their assimilated energy. While video data suggest that far more
gelatinous macroplankton are consumed than
macroalgae, it is possible that the nutritional content
assimilated from these animals is lower than that
obtained from seagrass or macroalgae. Regardless of
the relative importance of macroalgae and gelatinous macroplankton for green turtles, seagrass and
even seagrass epiphytes together, appear to represent < 5−20% of their assimilated energy. Video data
seem to support the surprisingly low use of this abundant resource. Stable isotopic data do need to be
interpreted with some caution, however. Hind-gut
fermenters, like green turtles, may selectively route
isotopes from different food sources to different purposes (Gannes et al. 1997, Martinez del Rio et al.
2009). Indeed, it appears that for some species, isotopes from high-protein food sources are more likely
to be incorporated into tissues (Houpt & Houpt 1968).
If this is the case for green turtles, then seagrasses
may be more important to their energy budgets than
suggested by any of the mixing models we ran. If
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green turtles were exclusively, or even primarily,
seagrass herbivores in Shark Bay, then variation in
isotopic routing would be unlikely to produce such a
diversity of isotopic values. The combination of isotopic, video, and lavage data strongly argues that
non-epiphytic macroalgae and gelatinous macroplankton are important food sources for green turtles
in Shark Bay.
The relatively high degree of omnivory in green
turtles in Shark Bay is similar to findings from other
areas of the world outside of the Caribbean. Upon
recruitment to neritic habitats in Mauritania, green
turtles do not make a rapid shift to an herbivorous
diet as predicted (Cardona et al. 2009). Instead, many
turtles continued to consume a largely animal-based
diet. Isotopic mixing models suggest that animal
prey, largely discards from local fisheries, accounted
for 76−99% of the assimilated nutrients for animals
between 29 and 59 cm CCL and for 53 – 76% of the
assimilated nutrients for animals with CCL > 59 cm.
Likewise, Cardona et al. (2010) found that green turtles in the Mediterranean did not make a rapid shift
to an herbivorous diet upon recruitment to neritic
habitats, but instead made a slow conversion to a primarily seagrass-based diet. Green turtles in the central Gulf of California fed on a diverse assemblage of
marine algae, which was supplemented by a suite of
animal matter with 25 non-algal food species being
identified from esophageal lavage, fecal samples,
and stomach contents (Seminoff et al. 2002). The relatively high degree of omnivory outside of the
Caribbean, however, is not universal. Indeed, stomach lavage and limited stable isotopic data from
Shoalwater Bay in northeastern Australia suggest
diets largely supported by seagrass but also consisting of a relatively large amount of red algae (Arthur
et al. 2009).
Green turtles have the ability to modify seagrass
distributions in some locations with intense grazing
(see Thayer et al. 1984 for a review). Excluding green
turtles from Thalassia testudinum beds in Bermuda
for 1 yr resulted in a seagrass biomass increase, an
increase in the structural complexity of the seagrass
canopy, and an increase in the length and width of
seagrass blades compared to seagrass in grazed plots
(Fourqurean et al. 2010). Murdoch et al. (2007) documented large-scale seagrass declines in Bermuda
where about half of the offshore and lagoonal seagrass beds, which are far-removed from anthropogenic impacts, were gone or in obvious decline
during the period between 1997 and 2004. The
authors suggest that herbivory by green turtles and
other herbivores might be a leading factor in this

decline. Our current study suggests that green turtles
might be able to deal with a loss of seagrass by
switching their diets to algae or gelatinous macroplankton, which might expand the impact that green
turtles have on their environment by maintaining
high population densities in the face of declining seagrass resources.
With more than 4000 km2 of seagrass in Shark Bay,
it is quite surprising that turtle diets were not more
similar to those in the Caribbean or Shoalwater Bay,
where turtles rely heavily on seagrasses. Perhaps the
relatively low use of seagrasses in our study area
results from interspecific differences in the palatability of available seagrasses. However, in Moreton Bay,
a seagrass-dominated ecosystem in northeast Australia, turtles include high proportions of macroalgae
in their diets (Brand et al. 1999, Brand-Gardner et al.
1999). The slow-growing and relatively herbivoryresistant Amphibolis antarctica makes up the vast
majority of the seagrass in the study area (Wirsing et
al. 2007). Therefore, turtles may selectively forage on
the less abundant but more palatable macroalgae
and gelatinous plankton, or turtles may assimilate
relatively little carbon from seagrass that is consumed. In addition to the generally low quality of A.
antarctica, the A. antarctica found along the edges of
seagrass banks, where turtles are forced to forage for
most of the year as a result of the high risk of tiger
shark Galeocerdo cuvier predation in the middle of
banks, are of lower quality than the A. antarctica
found in the interior of seagrass banks (Heithaus et
al. 2007). Interestingly, the manatee-based mixing
model suggested slightly higher use of seagrasses
during winter, when turtles could access higherquality seagrass in the middle of banks because of
relaxed predation risk. This is consistent with the
observations that predation risk keeps turtles that are
in good condition out of seagrass beds with highquality seagrass forage during summer months (Heithaus et al. 2007).
Although average diets of turtles in Shark Bay suggest relatively low rates of seagrass herbivory, it
would be a mistake to assume that this translates to
green turtles having little or no impact on the Shark
Bay seagrass ecosystem. Indeed, ongoing exclosure
experiments suggest a large impact of megagrazers
(green turtles and dugongs) on the more palatable,
but much less abundant, tropical seagrass species
found in the study area (D. A. Burkholder unpubl.
data). Furthermore, analysis of individual isotope
values shows that some turtles had been feeding
heavily on seagrasses, and it may take relatively few
individual turtles to impact the dynamics of seagrass
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beds in Shark Bay, especially the growth and establishment of tropical species. Nonetheless, our results
raise important questions about the dynamics of pristine seagrass communities. Green turtles are generally thought of as critical large herbivores that
directly assimilate large amounts of seagrass-derived
carbon into the food web (Bjorndal 1997, Jackson
1997, Valentine & Duffy 2005, Heck & Valentine
2007). However, in Shark Bay, green turtles appear
to assimilate little seagrass-derived carbon, even
when major portions of the Shark Bay food web are
supported by seagrass-derived carbon. For example,
the diverse ray and shark fauna are primarily feeding
in seagrass-derived food webs and have δ13C values
suggesting that these predators have a higher
reliance on seagrass-derived carbon that is passed up
the food chain than do green turtles in the same
ecosystem (Vaudo & Heithaus 2011).

Individual specialization in turtle foraging?
One of the most interesting aspects of green turtle
foraging in Shark Bay was the extreme variation in
isotopic values among individuals in the population.
Variation among individual isotopic values can be
driven by a number of factors, including short-term
differences in diets (for tissues with rapid turnover),
long-term specialization on a subset of a population’s
resources that vary in isotopic composition (‘individual specialization’), or individual differences in physiology (Hobson & Clark 1992, Bearhop et al. 2004,
Barnes et al. 2008). We consider the latter explanation unlikely for green turtles in our study due to the
extreme spread in isotopic values. Laboratory studies
suggest that individual variation in isotopic composition in laboratory raised wild bass showed coefficients of variation (CV) of 2.6% for δ15N, and 1.2%
for δ13C (Barnes et al. 2008), while green turtle δ13C
values in the present study spanned more than 10 ‰.
Although differential isotopic routing of high-protein
vs. low-protein food sources may somewhat amplify
differences among individuals with different diets
(e.g. Gannes et al. 1997), the extreme spread of isotopic values observed in green turtles suggests that
other behavioral variation among individuals is
important. Indeed, the total isotopic niche space
(sensu Layman et al. 2007) of green turtles is the
highest measured to date of the 11 species studied in
Shark Bay. In fact, the isotopic niche space of green
turtles is greater than the combined area of 213 individuals from 13 species of rays and small sharks
(36.1; Vaudo & Heithaus 2011) and the generalist
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tiger shark (13.9, n = 93; M. R. Heithaus unpubl. data).
Green turtles also covered a wider isotopic area than
loggerhead turtles (J. A. Thomson unpubl. data),
which are considered generalist foragers at a population level but may exhibit individual specialization
in other parts of their range (Vander Zanden et al.
2010).
That green turtle isotopic values covered such a
large area of isotopic niche space is surprising considering the relatively slow turnover rate of the turtle
tissues sampled, and suggests that differences
among individuals are the result of specialization
over time frames of at least many months. Although
not studied in green turtles, muscle tissue of pond
slider turtles Trachemys scripta took hundreds of
days to turnover (Seminoff et al. 2007). Larger body
sizes and slow-growing tissues are generally associated with longer tissue turnover times (Martinez del
Rio et al. 2009); therefore, it is likely that the slowly
growing subadult and adult green turtle tissues collected during the present study represent diets over
even longer time periods. Indeed, turnover times of
skin tissue sampled from another large reptile (juvenile American alligators) were over 1 yr (A. Rosenblatt unpubl. data). Therefore, the extreme spread in
individual green turtle tissues suggests specialization on particular suites of resources over periods of
at least months (e.g. Bolnick et al. 2003). Such specialization has been hinted at for subadult green turtles off the coast of Africa that also displayed substantial variance in isotopic signatures (Cardona et
al. 2009). Further studies are needed to further elucidate the degree to which green turtles specialize in
their foraging and the duration of this potential specialization. Indeed, isotopic studies that allow greater
resolution of patterns of specialization, i.e. using multiple tissue types with different turnover rates are required, such as muscle, whole blood, and blood
plasma (Matich et al. 2011), or time series from inert
tissues, such as scutes (Cardona et al. 2009, Vander
Zanden et al. 2010). Incorporating other techniques
for assessing trophic interactions (e.g. fatty acids,
compound-specific stable isotopes, stomach contents
analysis) would help to further resolve green turtle
diet composition and patterns of specialization.
There are several possible drivers of specialization
in Shark Bay green turtles. First, individual specialization is expected when resources are scarce and individuals can forage more efficiently by foraging on a
narrow set of resources (Bolnick et al. 2003, Svanback
& Bolnick 2005, 2007, Tinker et al. 2008). The green
turtle population in Shark Bay exhibits characteristics
of one near carrying capacity (Heithaus et al. 2005),
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which may partially be driven by the presence of
and can be characterized by a relatively high degree
tiger sharks in more resource-rich microhabitats that
of omnivory as well as individual specialization in
force most turtles to forage in more concentrated
foraging. Contrary to expectations, seagrass in this
areas on poorer food sources (Heithaus et al. 2007).
system is relatively unimportant to the assimilated
Therefore, although Shark Bay appears to be recarbon for green turtles, whereas macroalgae and
source-rich, intraspecific competition may drive speanimal tissue seem to be much more important and
cialization by green turtles in Shark Bay. Alternamake up a much larger proportion of their diet. The
tively, herbivore diet specialization may result from
relatively low food quality of seagrass within Shark
the gut microfloral assemblage of each individual.
Bay as well as foraging constraints imposed by the
Seagrasses and algae differ in their structural carbopresence of tiger sharks (e.g. Heithaus et al. 2007,
hydrates, and the gut microflora necessary to aid
2008) may partially drive the apparently low imporin digestion of seagrasses is different than that necestance of seagrass to the turtle population as a whole.
sary for digestion of algae (Bjorndal et al. 1991), and
However, individual diet specialization in green turtherefore turtles with different microflora may consistles leads to some individuals foraging heavily on
tently select different foods. Stomach content analysis
seagrass and highlights the importance of incorpoof 26 green turtles on the Orman Reefs, Torres Strait,
rating individual-level data on foraging and behavior
Australia, suggested some degree of specialization
into considerations of the ecological role of green turwhere 14 of the 26 turtles had stomach contents domtles and management strategies for their protection.
inated by seagrasses, 11 were dominated by macroalgae, and while mixed diets were not uncommon,
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