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INTRODUCTION

Managers of large, widespread marine taxa often
benefit from understanding their movement and re -
source use. Various techniques have been employed
for understanding these parameters at all scales,
from individuals to populations, with new techniques
regularly being developed. Marine turtles are one
type of long-lived, late-maturing species that often
undergo extensive trans-oceanic migrations. This
makes them vulnerable to a wide range of threats

that are difficult to assess and manage, particularly
across international borders. Genetic studies have
identified sub-populations (genetic stocks) of all 7
sea turtle species, classifying them into discrete man-
agement units (MUs; FitzSimmons & Limpus 2014),
or aggregating them into regional management units
(RMUs; Wallace et al. 2010). Geographically sepa-
rated RMUs may be exposed to different threats and
stressors; hence, different management strategies
may need to be employed within each (Seminoff &
Shanker 2008).
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web structure, diet, trophic interactions, ontogenetic shifts, geographic distributions, and more.
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effort relative to satellite telemetry and mark−recapture studies. We systematically assessed the
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Recently, the International Union for Conservation
of Nature (IUCN) assessed 16 (of 58 total) RMUs
(IUCN 2016) to assign them each an individual threat
status separate from the global species-level status.
This is likely in response to views that traditional
global statuses are not useful for sea turtles (e.g.
Seminoff & Shanker 2008). Recent sub-population
assessments of loggerhead Caretta caretta (Casale
& Tucker 2015), leatherback Dermochelys coriacea
(Wallace et al. 2013) and green turtle Chelonia
mydas (Pilcher et al. 2012) RMUs represent a signifi-
cant step toward more effectively assigning conser-
vation priority. Within each RMU it is also desirable
to understand regional distributions and resource use
across sub-populations. Stable isotope analysis (SIA),
which compares the ratios of light to heavy isotopes
of naturally occurring elements in living organisms
(DeNiro & Epstein 1978, 1981), may be able to fill
knowledge gaps in these areas.

SIA has been used extensively in marine and ter-
restrial ecology for understanding diet resources,
food web structure, trophic positions, anthropogenic
influences, habitat use, and geographic movement
(see Rubenstein & Hobson 2004 for review). For mar-
ine turtles, the field of isotope ecology has boomed in
recent years and provides valuable insight into their
feeding and spatial ecology (Jones & Seminoff 2013).

Isotopic ratios in marine animal tissues change pre-
dictably with environmental gradients, driven by
water chemistry and/or resource use. Changes in
abiotic conditions (e.g. temperature or salinity) along
latitudinal or estuarine-to-offshore gradients can
affect isotope ratios in animal tissues by altering iso-
topic ratios in the water itself (for O and H isotopes)
and the organisms (primarily C, N, and S) that exist
within it (e.g. phytoplankton) (Fry 2006, Tagliabue
& Bopp 2008). These baseline differences are then
reflected throughout the food web in the meta -
bolically active tissues (e.g. skin/blood) of higher
trophic animals, often with some predictable trophic
enrichment.

C and N isotopes are the most commonly utilised in
ecological studies, including for sea turtles (Jones
& Seminoff 2013, this study). C isotopes are known
to exhibit minimal trophic discrimination, while N
ratios increase predictably with trophic level (e.g.
McCutchan et al. 2003). Thus, these elements are
commonly used for understanding the trophic posi-
tion in which an animal feeds (using N), and the pri-
mary producers at the base of the food web (using C).
C isotopes are particularly useful for delineating
resource requirements and as a proxy for habitat use,
because of distinct differences in baseline C ratios in

different habitats (e.g. Hatase et al. 2010, Howell et
al. 2016). N isotopes have also been used to distin-
guish between habitats due to fundamental differ-
ences in the baseline values of primary producers
(e.g. Hatase et al. 2010, Seminoff et al. 2012). How-
ever, because of the trophic influence on N iso -
topes, it can be difficult to separate the effect of base-
line differences and trophic enrichment using bulk
tissue analyses alone. Compound-specific isotope
analysis techniques (CSIA) have be used to make this
distinction by comparing isotope ratios in specific
amino acids which react differently with trophic
influence (e.g. Seminoff et al. 2012). Further, isotopes
(O and C) in metabolically inactive carbonate materi-
als (e.g. barnacle shells) are known to reflect the
water conditions under which they were formed
rather than diet, allowing differentiation of geo-
graphic locations based on water temperature or sal -
inity (Killingley & Newman 1982, Killingley & Lut-
cavage 1983).

Thus, with multiple ways to distinguish between
diets, habitat types, and areas, SIA has become
particularly useful for understanding the spatio -
temporal distributions of marine turtles within
RMUs. Until recently, understanding the geographic
distribution of individuals in space and time relied
heavily on extensive mark−recapture and/or satel-
lite telemetry studies (e.g. Balazs 1980, Godley et
al. 2003), both of which may yield low replication
through limited tag application and recovery in
some areas, or the high costs (and hence small
sample size) associated with telemetry. However,
an increase in these types of studies, with concur-
rent SIA components has allowed the development
of sea turtle isoscapes (maps of known isotopic
ratios in space and time) (e.g. Ceriani et al. 2014,
Vander Zanden et al. 2015), which can be used to
assign home areas to migrating individuals. Genetic
studies also offer valuable insight into population
structure, with some geographic resolution (e.g.
Bowen 1995, FitzSimmons & Limpus 2014) but can-
not often distinguish between foraging habitats
within an RMU.

This paper presents a systematic and quantitative
assessment of the literature on sea turtle isotope ecol-
ogy, with the aim of informing management deci-
sions and guiding the focus of future sea turtle iso-
tope studies. Specifically, we aimed to answer the
following questions: (1) How have isotopes been
used to understand sea turtle ecology? (2) What is the
state of isotope-derived knowledge for each species
within their RMUs? (3) What are the priorities for
future isotope research on marine turtles?
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METHODS

Literature search

We conducted a search for papers written in Eng-
lish, of type ‘article’ on Web of Science, Scopus, and
Google Scholar on 15 August 2017 . The following
string of search terms was used on Web of Science:
TOPIC (‘sea turtle*’ OR ‘marine turtle*’ OR ‘logger-
head turtle*’ OR ‘green turtle*’ OR ‘leatherback’ OR
‘hawksbill’ OR ‘flatback’ OR ‘Kemps ridley’ OR ‘Kemp’s
ridley’ OR ‘olive ridley’) AND (‘isotope*’). The terms
used in both Google Scholar and Scopus were identi-
cal; however, slightly different functionality between
the platforms necessitated different search strategies.
In Scopus the search was in ‘TITLE-ABSTRACT-
KEYWORDS’ for turtle terms but only ‘KEYWORDS’
for the ‘isotope*’ term. This method was selected be -
cause the majority of papers returned when search-
ing for ‘isotope*’ in TITLE-ABSTRACT-KEYWORDS
did not fit the selection criteria. In Google Scholar,
the first 200 articles (ranked on relevance) were
assessed. At this point no new papers had been iden-
tified for 70 articles.

We chose to use common names instead of scien-
tific names for 3 reasons. First, the common names for
sea turtles are well accepted and prolific in the liter-
ature. Second, character limits within search boxes
(especially on Google Scholar) prevented inclusion of
all varieties of both types of name. Lastly, concurrent
searches on Web of Science including common names
only, and then both common and scientific names
yielded identical results, indicating that the above set
of terms captured all relevant studies.

To be included in the analyses, a paper must have
been primary research from a peer-reviewed publi-
cation that included isotopes to understand an aspect
of marine turtle ecology. Reviews, theses, and grey
literature (e.g. conference abstracts) were not in -
cluded. We then assessed the species and locations
studied within these papers and assigned each into
the RMUs described by Wallace et al. (2010).

RMU threat status

Only 18 of the 58 RMUs identified by Wallace et al.
(2010) have had individual assessments conducted
by the IUCN, all since 2012 (IUCN 2016). Logger-
head turtles have had all 10 and leatherback turtles
all 7 of their RMUs assessed. Green turtles have had
only 1 (of 17). The remaining 40 RMUs have not been
assessed under IUCN Red List criteria. We used the

threat status of an RMU in subsequent analyses only
if it has been subject to an individual IUCN assess-
ment, with one exception: Kemp’s ridley turtles only
have one recognised RMU; thus, we consider the
species-level 1996 IUCN assessment to qualify also
as a sub-population assessment for our purposes.
This left 19 assessed and 39 unassigned RMUs in our
analyses. We acknowledge that assessments beyond
the IUCN have been conducted on some (or all) of
these unassigned RMUs (e.g. Wallace et al. 2011 and
the USA’s national recovery plans); however, we con-
sider these assessments to be incomparable for the
purposes of our analyses due to threat levels that
conflict with the more recent IUCN Red List assess-
ments and/or differences in definitions of MUs
and/or threat categories.

RESULTS AND DISCUSSION

Marine turtle isotope ecology — an overview

We identified 96 studies that satisfied the selection
criteria (see Table S1 in the Supplement at www.int-
res. com/ articles/ suppl/ m583 p259 _ supp. pdf for full
list of papers). Loggerhead turtles (56 studies) have
been the subject of the majority of isotope studies
globally, followed by green turtles (36). The remain-
ing species have been investigated in comparatively
few studies, with flatback turtles being completely
absent from the isotopic literature.

Isotopic techniques used in marine turtle ecology

In total, 7 key study types were identified that we
classified into 2 broad categories: methodological and
geographic (Fig. 1). We classified methodological
studies as those that aimed to develop an understand-
ing of the mechanisms behind isotopic changes in
 turtle tissues. These were assigned to 5 key  categories:
diet−tissue relationship; tissue−tissue relationship;
isotopic and/or metabolic turnover;  sample preserva-
tion and/or preparation; and fossil iso topes (Fig. 1).
Five studies were identified as methodological but did
not align with one of our 5 sub-categories or have
 sufficient similarities to justify forming an additional
category (Table S1).

Diet−tissue studies incorporated those investigat-
ing wider ecological concepts in food-web struc-
ture/resource use and ontogenetic shifts outlined in
Table 1. Tissue−tissue studies also addressed ontoge-
netic concepts in some cases. We considered fossil
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isotopes to be of minimal relevance to current conser-
vation priorities and therefore did not explore this
category any further here (see Coulson et al. 2008 for
this type of study). Geographic studies were classi-
fied as those that aimed to assign turtles to either a
specific geographic foraging area (specific location),
or distinguish between habitat types, predominantly
oceanic versus neritic feeding (habitat discrimina-

tion) (Fig. 1). Two studies, although they did analyse
isotopes from sea turtles, were excluded from analy-
ses because they were judged to be investigating the
ecology of beach ecosystems rather than sea turtle
ecology directly (e.g. Vander Zanden et al. 2012a).

Defined categories were not mutually exclusive,
with many studies exploring questions that covered 2
or more categories. The most common pairings were
between studies that investigated both diet− tissue re-
lationships and inferred foraging habitats (habitat
discrimination) (16 studies). This was followed closely
by those that investigated the relationships between
diets (diet−tissue relationship) and multiple tissues
(tissue−tissue relationship) (15 studies) (Fig. 1).
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Fig. 1. Types of studies identified and the relationships be-
tween each type. Green hexagons = geographic studies.
Habitat: studies that distinguish between use of habitat
types; specific: studies that place turtles in specific geo-
graphic locations/foraging areas. Grey circles = method-
ological studies. Diet−tissue: investigations of the relation-
ship between isotope ratios in prey items and turtle tissues;
tissue−tissue: investigations of differences in isotope ratios
between various turtle tissues; turnover: investigations of
the rate of isotopic turnover in turtle tissues; prep & pre-
serve: investigations of the effect of methodological tech-
niques (preservatives and/or sample preparation methods)
on isotope ratios; fossil: analysis of isotope ratios from sea
turtle or epibiont remains >500 yr old. Arrows between cate-
gories represent the number of studies that were placed into
both categories, where thicker arrows mean more pairings

Tissue Sub-tissue Approximated residence time Study type: ecological applications Literature
type type Hatchling Juvenile Adult Geo- Food web Diet/resource Onto- examples

graphic analysis use geny

Skin 60−90 d1 37−55 d1 No sea turtle Y Y Y Y 1, 4, 5, 6,
Blood RBC 60−85 d1 33−43 d1 data. Likely Y Y Y Y 1, 4, 5, 15

Plasma 13−26 d1 17−50 d1,a longer than Y Y Y 1, 4, 9, 16
Whole blood 33−45 d1 24−55 d1,a juvenile stageb Y Y 1, 4

Scute 1 layer: Y Y Y Y 1, 2, 3, 7, 10, 17
1 layer: 1 layer: ~0.6 yr17

40−70 d1 15−63 d1,a All layers:
≤18 yr2

Egg N/A. Consistent through development14 Y Y Y 11, 12, 14

Muscle No sea turtle data. Likely med-longc Y Y 3, 4, 8, 13

Liver No sea turtle data. Likely shortc Y 4
aC and N show significantly different residence times in these tissues
bInferred from literature around juveniles and known changes in growth rate/turnover in other species. Not directly measured
cInferred from other animals

Table 1. Isotopic residence times for C and N in soft tissues, and the ecological applications each tissue type has been used for.
Examples are studies clearly showing applications or testing residence times, not a comprehensive list of all studies within a cate-
gory. Relevant  references can be found in Table S2 in the Supplement at www.int-res. com/ articles/ suppl/ m583 p259 _ supp. pdf.
Numbers in superscript match literature examples. Y: at least 1 study has used a tissue for that ecological application. Grey cells 

represent study types which have not been investigated using a particular tissue type. N/A: not applicable

http://www.int-res.com/articles/suppl/m583p259_supp.pdf
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Within the 7 categories, isotopes of 5 elements
have been analysed from 14 tissues (Fig. 2). C and
N isotopes were the most common (C: 84; N: 85;
both: 81). We focused an in-depth view of residence
times and ecological applications only on studies
using these 2 isotopes (Table 1). O was analysed in
7 studies; S and Pb in 2 each (Fig. 2). Deuterium
was also used in 3 studies, but always as a compo-
nent of doubly labelled water, which was injected
into turtles to measure metabolic rate (e.g. Wallace
et al. 2005). Deuterium is not discussed further here
because all other studies analysed naturally occur-
ring isotopic ratios within tissues. A single radioac-
tive isotope  species (14C) was also analysed from
hawksbills Eretmochelys imbricata (Van Houtan et
al. 2016).

C and N isotopes most likely dominate the litera-
ture because of well-understood relationships with
diet and trophic position across many taxa, well-
established processing methods, and lower analysis
costs compared with other isotopes. In marine turtles,
combined analyses of C and N isotopes have been
used to identify foraging habitat type and/or specific
geographical foraging areas, due to variation caused
by different geochemical properties and/or resource
use between locations (e.g. Hatase et al. 2010, Van-
der Zanden et al. 2015), or between life history
phases (Arthur et al. 2008).

Methodological studies

Methodological studies investigating variation in
isotopic signals in specific animals, tissues, and tech-
niques for preparing and/or preserving samples are
fundamentally important for allowing inferences into
the ecology of the target species (Rubenstein & Hob-
son 2004). Without understanding these drivers of
variation, it is not possible to infer broader ecological
patterns. Thus, this type of study is fundamentally
important to the use of SIA techniques. However,
identifying the RMUs used in these methodological
studies is less important to their outcomes and
broader implementation than it is for the geographic
studies we consider later. Therefore, we consider
methodological studies at the broader species level,
rather than the specific RMU in which the study was
conducted.

Diet−tissue relationship

Studies investigating the relationship between a
turtle’s diet and the isotopic values in their tissues
have accounted for a large proportion of the litera-
ture to date. We found 39 papers investigating this
relationship (Table 2) through sampling the isotopic
ratios of potential food sources and comparing
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Comm.: commensals. Further tissue types not represented here are: liver (3 studies), tendon (1), flipper scale (1)
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these to the signals in turtle tissues (e.g. McClellan
et al. 2010, Shimada et al. 2014), or by feeding cap-
tive turtles a diet of known isotopic composition
and measuring the effect this had on tissue ratios
(e.g. Seminoff et al. 2006, Reich et al. 2008). The
use of mixing models in this type of study allows
researchers to elucidate the proportional contribu-
tion of different prey items to an animal’s diet
based on isotope ratios from the consumer’s tissues
(see Phillips et al. 2014 for review of isotope mixing
models). In the sea turtle  literature, prominent mix-
ing model tools are IsoSource (e.g. Cardona et al.
2009), SIAR (e.g. Lemons et al. 2011) and MixSIAR
(e.g. Sampson et al. 2017).

These studies have provided valuable insights into
the feeding ecology of marine turtles. For example,
green turtles were once believed to be almost en -
tirely herbivorous after recruiting to neritic feeding
areas, but studies both within (e.g. Cardona et al.
2009) and beyond (e.g. Arthur et al. 2007) the isotopic
literature have revealed that animal prey can con-
tribute significantly to neritic green turtle diets. Sta-
ble isotopes have also been used to demonstrate reg-
ular switches between diet sources (e.g. macroalgae,
mangrove, and seagrass) in green turtles (e.g. Prior
et al. 2015), complimenting findings from other
 techniques such as stomach content analyses (e.g.
Limpus & Limpus 2000). Lastly, ontogenetic shifts in
resource and habitat use have been demonstrated
through analysis of sequential scute layers (e.g.
Reich et al. 2007), sequential blood sampling (Good-
man Hall et al. 2015) and across green turtle age
classes (Arthur et al. 2008).

Captive feeding studies have also
provided a valuable understanding of
the relationship between diet and tis-
sue isotopes. Seminoff et al. (2006) fed
captive green turtles a controlled diet
for 619 d and measured the effect on
various tissues. Isotopic discrimination
values were demonstrably different
be tween tissue types (skin, whole blood,
red blood cells, plasma). For example,
δ13C diet−tissue discrimination ranged
from −0.92 to 0.17‰ and δ15N from
0.57 to 2.80‰ across these tissues.
Comparing these values to those from
the same tissues in leatherbacks
(range: −0.58 to 2.25‰ for δ13C and
1.49 to 2.85‰ for δ15N) further demon-
strates differences in discrimination
values between species (Seminoff et al.
2009). This indicates a need to develop

a base-level understanding of isotopic discrimination
for each species prior to using stable isotopes in mar-
ine turtle geographic or food web studies. Diet−tissue
discrimination factors can also differ among life stages
(Reich et al. 2008, Vander  Zanden et al. 2012b).

CSIA is also a powerful tool for food web studies
that allows separation of the effects caused by
trophic level and baseline differences in primary pro-
ducers, something that is difficult to achieve using
bulk tissue isotopes alone (McClelland & Montoya
2002). This is possible by targeting specific amino
acids which, in some cases, retain the isotopic ratios
from the primary producer at the base of the food
web (e.g. phenylalanine), while others increase with
trophic level (e.g. glutamic acid) (McClelland & Mon-
toya 2002, Seminoff et al. 2012). Comparing the two
can allow identification of baseline values and
trophic level without the need to sample a wide vari-
ety of potential food sources necessary for mixing
models. We found 3 studies that used CSIA tech-
niques on sea turtles (Seminoff et al. 2012, Vander
Zanden et al. 2013, Arthur et al. 2014) that have each
provided valuable insights into the feeding ecology
and/or  foraging location of sea turtles.

Tissue−tissue relationship and isotopic turnover

We defined the tissue−tissue relationship category
as studies that evaluated isotopic ratios from more
than one tissue, including those that investigated the
isotopic signals in both mother and offspring. We
found 24 studies that investigated this relationship
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Species Diet– Tissue– Isotopic/ Preserve/ Fossil Total
tissue tissue metabolic prep isotopes

Flatback − − − − − 0
Green 22 10 1 5 1 39
Hawksbill 3 1 − − − 4
Kemp’s ridley 1 − − − − 1
Leatherback 5 6 1 − 1 13
Loggerhead 15 16 1 6 1 39
Olive ridley 3 4 1 1 − 9

Table 2. Number of methodological studies per species. Diet−tissue relation-
ship: studies that compare stable isotope values in sea turtle tissues to those of
potential diet sources. Tissue−tissue relationship: studies that compare stable
isotope values between different tissue types from the same turtle, including
those that compare between mother and egg or hatchling. Isotopic/metabolic
turnover: studies that evaluate the residence time of isotopes within turtle
 tissues. Sample preservation and preparation: studies which test the effect of
different preservative and/or preparation methods on isotopic signals. Fossil
 isotopes: studies that have investigated isotopes from turtle and epibiont re -
mains >500 yr old. A single study that falls into multiple categories will be 

represented multiple times in both rows and columns
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across 5 species (Table 2). We further defined the iso-
topic turnover category as studies that investigated
the residence time of isotopes within various turtle
tissues (see Table 1 for combined C and N values).
While both categories are different, we combined
them in this section because they are generally
investigated simultaneously (e.g. Reich et al. 2008).

The tissue selected for isotopic analyses is impor-
tant because of variations in turnover rate/residence
time and isotopic ratios among tissues (Seminoff et
al. 2006, Reich et al. 2008). Isotope residence time
within specific tissues affects the length of isotopic
history that can be inferred, and tissue−tissue dis-
crimination affects the ability to identify the under -
lying driver behind isotopic variability, and the eco-
logical inferences that can be gleaned from analyses.
For example, Reich et al. (2008) demonstrated that
isotopic assimilation into tissues varies with age class
and tissue type. In hatchling and juvenile loggerhead
turtles, skin and red blood cells (RBCs) showed the
longest isotopic residence time, and blood plasma the
shortest (Table 1). Individual scute layers and whole
blood were intermediate (Reich et al. 2008). No stud-
ies investigated residence times in sea turtle muscle
or liver (Table 1).

Growth rate is expected to be a major driver of iso-
topic residence time in animal tissues, with faster
growing life stages exhibiting the shortest residence
times (Rubenstein & Hobson 2004). However, Reich
et al. (2008) surprisingly showed that hatchlings had
longer residence times for some tissues than juvenile
turtles (Table 1). Adult turtles presumably turn over
stable isotopes at a slower rate than hatchling and
juveniles based on relationships between growth
rate, body size, and tissue turnover in other taxa
(Rubenstein & Hobson 2004). However, the residence
time in adult sea turtle tissues has not been studied
for any species (Table 1). Given that the relative res-
idence times for hatchlings and juveniles somewhat
conflict with findings for other taxa, this is an im -
portant gap in the literature.

Sample preservation and/or preparation

A range of techniques has been utilised throughout
the turtle isotope literature, making comparisons be-
tween studies problematic. Within species, age classes,
and tissue types, the choice of preservative and
preparation techniques can alter isotopic signals, in-
dependent of any natural influences. It is therefore
necessary to establish the effects of different preserv-
atives and preparation methods on the isotopic

signals of each species and tissue prior to inferring
any ecological meaning from isotopic analyses. We
identified 10 studies that investigated the effect of
various preservation and preparation techniques on
the stable isotopic signals of different sea turtle tissues
(e.g. Barrow et al. 2008, Medeiros et al. 2015) (Table 2).
Almost all focused on loggerhead and/or green turtle
tissues (e.g. Kaufman et al. 2014, Bergamo et al. 2016)
with only one study looking at olive ridley  tissues
(Carpena-Catoira et al. 2016). Similarly, all focused on
the effect of these techniques only on C and N iso-
topes. The most thoroughly investigated turtle tissue
in these studies is skin (5 studies) followed by bone
(3), muscle (2), and one each for egg, flipper scale, and
blood (whole blood, RBC, and plasma, separately).

Barrow et al. (2008) tested the effect of 5 common
preservatives on the isotopic signals in loggerhead
and green turtle epidermis. Preservation in ethanol
or saturated NaCl solution did not yield significantly
different C or N ratios (after 60 d) from simply dry-
ing in a 60°C oven. In many field situations, imme-
diately drying in an oven is likely to be impractical,
leaving ethanol or saturated NaCl solution as the
most ap propriate techniques for preserving tissue
from sea turtles. Surprisingly, a significant differ-
ence was noted at the 60 d mark for samples kept
frozen at −10°C. Preservation in a dimethyl sulfoxide
(DMSO)− ethylenediaminetetraacetic acid (EDTA)
buffer (a common preservative in genetics analyses)
also re sulted in significantly different isotopic re -
sults, suggesting that this preservative should not
be used on turtle skin in isotopic studies (Barrow et
al. 2008). However, the effect of a particular preser-
vative on one tissue cannot necessarily be extrapo-
lated across other tissue types and species. For
example, ethanol was demonstrated to significantly
alter the C isotopic signal in loggerhead egg yolk
(Kaufman et al. 2014).

Various studies have also investigated the effect
of lipid extraction (e.g. Carpentier et al. 2015), with
some specific focus on isotopic signals in eggs (Kauf-
man et al. 2014), epidermis (Vander Zanden et al.
2014), and bone collagen (Medeiros et al. 2015).
Kaufman et al. (2014) found that lipid extraction sig-
nificantly altered C isotopes in loggerhead egg yolk,
while Vander Zanden et al. (2014) found no effect
from this practice in loggerhead skin. This is not
 surprising given the low concentration of lipids in
skin tissue (Vander Zanden et al. 2014) and the well-
established linear relationship between lipid content
and δ13C across many taxa (Post et al. 2007). Lipid
extraction from turtle bone collagen elevated C ratios,
but had no effect on N (Medeiros et al. 2015). How-
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ever, Turner Tomaszewicz et al. (2015) found no
effect of lipid extraction on bone samples. These con-
trasting findings within and between tissue types
again highlights the need for species- and  tissue-
specific validation of preparation methods.

Other studies have investigated various aspects of
sample preparation for isotopic analyses. Decomposi-
tion (skin and muscle samples collected periodically
from carcasses decomposing out-of-water at ambient
temperature for up to 62 d) was shown to have no
effect on C and N isotope ratios (Payo-Payo et al.
2013). However, Frankel et al. (2012) reported a sig-
nificant effect of decomposition in loggerhead hatch-
lings. Lemons et al. (2012) suggested that sodium-
heparin is the best choice of blood anticoagulant as
it has no observable effect on the C or N ratios in the
most commonly studied green turtle blood tissues
(plasma and RBC). However, sodium-heparin did
cause some change to N ratios in whole blood. Other
anticoagulants (such as acid citrate dextrose [ACD]
and EDTA) altered either C or N isotope ratios in 2 of
the 3 blood tissues tested (Lemons et al. 2012). Lastly,
2 studies combined to present recommended prepa-
ration (Turner Tomaszewicz et al. 2015) and extrac-
tion (Turner Tomaszewicz et al. 2016) methods for
isotopic analysis of turtle cortical bone. These studies
recommend that chemical treatment (e.g. acidifica-
tion) is not necessary prior to SIA for green or logger-
head turtle bone layers.

Future methodological research priorities

Methodological studies are necessary to enable
other study types (e.g. geographic or food web stud-
ies) and the broader ecological understandings they
provide. Therefore, methodological studies should
take priority over geographic studies for species in
which they are limited or absent. We suggest that
diet−tissue studies focused on flatback and Kemp’s
ridley turtles should be the highest priority in future
isotope studies, given the complete lack of assess-
ment of isotopes in these species (Table 2). Further-
more, developing a better understanding of the iso-
topic residence time in adult sea turtles would be of
great benefit to future sea turtle isotope studies.

Management relevance of SIA studies

Many SIA studies have important management im-
plications beyond pure methodological validation. For
example, diet−tissue studies allow for analysis of food

webs and identification of baseline resource require-
ments (e.g. McClellan et al. 2010, Burkholder et al.
2011), or timing of ontogenetic habitat shifts (e.g.
Arthur et al. 2008, Goodman Hall et al. 2015). This al-
lows managers to make decisions that preserve im-
portant habitat types at different life stages to support
the food webs in which sea turtles feed. Similarly,
analyses that investigate the degree of over lap between
turtle diets and commercial fisheries/ discards (e.g.
Wallace et al. 2009) provide valuable insights that can
inform fisheries managers in an effort to further sup-
port sea turtle conservation. Lastly, inferences from
SIA about geographic locations (including how these
change at the population level within and between
nesting seasons) appear to provide a cost effective
and high throughput alternative to satellite telemetry
and tag recovery when environmental conditions al-
low for distinction be tween areas. For this reason, we
consider SIA to be an important tool for management
of threatened  populations that should be used along-
side tagging, satellite telemetry, and genetic studies
to optimise conservation outcomes.

Geographic studies

In this section we separated the studies that
derived geographic information from stable isotopes
into individual RMUs, a spatial resolution that is
 relevant to managers (Table S3). The stable isotopes
of turtle tissues or their commensal barnacles have
been used to assign specific foraging areas to turtles
in 20 studies (specific location), with a further 33 dis-
tinguishing between feeding habitats (habitat dis-
crimination). Studies in the specific location category
are those that aimed to assign geographic locations
to turtles using SIA (e.g. Pajuelo et al. 2012, Vander
Zanden et al. 2014). These almost all rely on a con-
current use of satellite telemetry to allow investiga-
tors to develop baseline signals that can then be used
to develop isoscapes and assign untracked turtles to
foraging areas. Habitat discrimination studies almost
all separate turtles into those feeding in oceanic
(>200 m depth) versus neritic (<200 m depth) areas
(e.g. Hatase et al. 2010). This is possible due to inher-
ently different isotopic ratios among primary produc-
ers and the trophic levels at which turtles feed in
these areas (Hatase et al. 2010). Habitat discrimina-
tion studies have identified the feeding habitats
of adults, but also the timing of ontogenetic shifts in
habitat use across age classes (e.g. Arthur et al.
2008), or across carapace layers, which are able to
store a temporal record across a relatively long
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period, estimated to be up to 18 yr (Vander Zanden et
al. 2016) (Table 1).

While most employ multiple isotopes (usually C
and N), some studies find one isotope more useful
than another. Some areas may have insufficient dif-
ference in isotopic ratio between geographic areas to
allow for assignment of foraging areas based on
 isotopic values alone. For example, Vander Zanden
et al. (2013) found wide variation in C and N isotopes
in green turtles nesting at Costa Rica, but insufficient
differentiation between areas to enable geographic
assignment. Zbinden et al. (2011) also found insuffi-
cient geographic pattern in C isotopes in the Medi-

terranean Sea to be of use in assigning foraging
areas to nesting turtles, but was able to do so using
only N isotopes.

Mismatch between geographic isotope studies and
conservation priority

Critically Endangered hawksbill turtles, and Data
Deficient flatback turtles have not been the subject
of any geographic isotope studies while the also Crit-
ically Endangered Kemp’s ridley turtles have only
recently received attention in their first isotope study
(Reich et al. 2017; see Table S3 in the Supplement).
Similarly, until recently, no geographic isotope stud-
ies had been conducted in the Indian Ocean, with the
first (focused on leatherback turtles) published in early
2017 (Robinson et al. 2016). The Atlantic is the most
studied ocean (particularly the northwest; Fig. 3B).

Approximately 69% of geographic isotope studies
fall within RMUs with IUCN assessments. However,
only 4 Critically Endangered RMUs have been  studied:
3 leatherback RMUs (Seminoff et al. 2012, Robinson
et al. 2016) and 1 Kemp’s ridley RMU (Reich et al.
2017). Conversely, RMUs considered to be of Least
Concern have been the subject of 39 geographic iso-
tope studies (~74% of geographic studies; Fig. 3A,
Table S3) at 6.5 papers per RMU. This is more than 6
times higher than the next most studied threat cate-
gory, Endangered, at 1 paper per RMU (Fig. 3A) and
approximately 13 times higher than all threatened
categories combined (at 0.5 studies per RMU). There
are a further 19 geographic isotope studies across the
39 unassigned RMUs (0.46 studies per RMU).

This mismatch between the effort applied to
Threatened versus Least Concern RMUs could be a
symptom of more robust science and management
initiatives in the Least Concern populations, thus
driving population recovery. Alternatively, it could
have been driven by funding or ease-of-access. It
could also be because there has been an abundance
of satellite telemetry studies in these areas, allowing
for isoscapes to be established more readily. Regard-
less of the cause, these findings suggest a need to
guide future research towards the more threatened
RMUs. As mentioned, recent publications indicate
that this shift may have already begun, with the
 number of geographic studies on Threatened popu-
lations doubling (from 2 to 4) in 2017 (Eder et al.
2012, Seminoff et al. 2012, Robinson et al. 2016,
Reich et al. 2017).

Even in the most studied species (loggerheads),
29 of the 30 geographic isotope studies were on
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Fig. 3. Number of geographic isotope studies conducted per
regional management unit (RMU) of each IUCN Red List
threat level. (A) Mean (±SE) number of studies globally per
RMU of each threat level. (B) Number of sea turtle RMUs of
each threat status versus the number of geographic isotope
studies within each threat type in the 4 major oceans in
which sea turtles occur. Note: only 18 of 58 RMUs have had
IUCN assessments, but these 18 account for 69% of all geo-
graphic isotope studies. DD: Data Deficient; LC: Least Con-
cern; NT: Near Threatened; VU: Vulnerable; EN: Endan-

gered; CE: Critically Endangered; UN: Unassigned
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Least Concern RMUs, and none at all in a Critically
Endangered RMU (Table S3). We note that Arthur
et al. (2014) did evaluate isotopes in south Pacific
loggerhead tissues, which is listed as Critically
Endangered, but with only 2 individuals from a
similar  location, this study did not attempt to dis-
criminate be tween locations. Instead, Arthur et al.
(2014) focused on diet, trophic level, and compari-
son to green and olive ridley turtles in different for-
aging areas. Given the sampling locations for each
species, we consider this study to be a geographic
isotope study for green turtles only, excluding it
from the loggerhead Critically Endangered sub-
population analysis.

Ecological significance and limitations of
geographic studies

While it is clearly important to understand resource
use for management of foraging populations (e.g. the
relative importance of seagrass/mangrove/algae),
arguably the largest contribution that SIA can make
to marine turtle conservation and management is
through assigning foraging grounds for adults sam-
pled in nesting or mating areas. This allows identifi-
cation of critical habitats, and therefore for targeted
management of specific threats within them. The cor-
relation between the home foraging area of satellite
tracked turtles and the isotopes in their tissues ap -
pears strong and has allowed numerous studies to
assign foraging areas to untracked turtles once base-
line foraging area signals have been established (e.g.
Zbinden et al. 2011, Pajuelo et al. 2012, Vander Zan-
den et al. 2014). This is possible with, at times, high
within-study accuracy (e.g. 88 to 91% in Vander
 Zanden et al. 2015).

Critical to the ability to assign foraging areas to
 turtles using SIA is that the variation in isotopic
 values of turtles within an RMU is greater between
foraging areas than within a foraging area (i.e. from
different diet choices). Whether diet or location is
more influential is yet to be fully understood and may
still be unachievable through SIA of turtle tissues
due to the foraging behaviour of marine turtles. For
example, individual loggerheads often have diverse
diets within a foraging area (Limpus et al. 2001),
which would likely lead to high within-area variation
of isotope ratios. This has recently been demonstrated
using isotopes, where areas with higher prey diver-
sity for loggerhead turtles returned higher isotopic
variation (Pajuelo et al. 2016). Thus, to assign forag-
ing areas using soft-tissue isotopes in future studies,

it will be important to first evaluate the relative con-
tributions of diet versus location to isotope ratios in
each foraging area. If variation in isotope ratios (dri-
ven by diet) is greater within an area than the differ-
ences between areas, then area assignment accuracy
is likely to be low.

It is possible, with validation, that isotopes from
individual layers of barnacle shells may provide an
alternative to soft-tissue analysis for assigning forag-
ing areas to nesting turtles. Killingley & Lutcavage
(1983) demonstrated that movement between estuar-
ine and marine waters can be understood by evaluat-
ing changes in C and O isotopes across shell layers
of the commensal barnacle Chelonibia testudinaria.
In theory, this analysis provides a diet-independent
view of water chemistry history (changes in tempera-
ture and salinity over time), and could potentially be
used to recreate migratory pathways over larger dis-
tances. However, more recently Detjen et al. (2015)
were unable to delineate large-scale oceanic move-
ment using much smaller commensal barnacles Platy -
lepas sp. from green turtles. This highlights that
the applicability of this method across species and
regions will rely on robust methodological validation
at the barnacle species level, as well as appropriate
regional conditions. Knowledge of the growth rate of
barnacles is required to apply a temporal reference
to isotopic ratios and a robust understanding of how
isotopic species are incorporated into shell material is
vital. Furthermore, target species must be present on
large proportions of the turtle population, and there
must be sufficient differences in isotope ratios be -
tween geographic areas. Some of this information
exists for barnacle species beyond the turtle isotope
literature (e.g. Killingley & Newman 1982), though
much is yet to be understood at a level that allows
successful implementation of the method for this
 purpose.

CONCLUSIONS

Stable isotope analyses have provided insights into
the feeding ecology and geographic distributions of
sea turtles throughout the world. To date, SIA has
aided in understanding the resource and foraging
habitat use of some species in limited RMUs. SIA
appears to be useful as a complimentary technique to
other methods, and could be used to fill knowledge
gaps that remain despite extensive research and
monitoring of some populations using other tech-
niques. Isotopes are rarely useful for identifying spe-
cific shape, size, and location of foraging areas on
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their own, and to date have been used to ‘multiply’
results using other tools (predominantly satellite
telemetry). For an equivalent cost, SIA can allow
analysis of foraging distributions across many more
individuals than satellite telemetry, but with lower
geographical resolution, and with faster turnaround
times than mark−recapture (which may take decades
to achieve a similar level of understanding).  Soft-
tissue SIA, with minimal extra effort, can also be used
in combination with mark−recapture to understand
resource use and food-web structure (e.g. Lemons et
al. 2011). Thus, SIA can drastically expand the poten-
tial outcomes of other ecological investigations for
minimal cost.

SIA will be more useful for some species than oth-
ers due to differences in their ecology (e.g. leather-
backs are not known to remain in defined foraging
areas, minimising usefulness). There also remain
critical gaps in knowledge, especially for flatback
turtles, isotopic residence times in adult tissues, the
effect size of diet-choice versus home feeding area,
and for geographic studies on threatened sub-popu-
lations. The pioneering work in sea turtle isotope
ecology remains valuable and important, especially
in terms of the methodological studies, but could now
be better targeted with geographic studies aimed at
species and RMUs under more serious threat of
extinction.
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