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ABSTRACT: Trace element analysis has emerged as a powerful tool to elucidate past movement
and habitat use in aquatic animals, but has been underutilized in studies of non-fish species.
When applied to sequentially deposited tissues (e.g. fish otoliths, sea turtle humerus bone), the
technique can be used to infer aspects of an individual’s ecology through time. The goal of this
study was to evaluate whether trace elements could be used to reconstruct transitions between
oceanic and neritic life stages in 2 species of sea turtle. We sampled the annual humerus bone
growth layers of loggerhead Caretta caretta and Kemp’s ridley Lepidochelys kempii sea turtles for
concentrations of 7 elements (Mg, Ca, Mn, Cu, Zn, Sr, Ba) using laser ablation-inductively coupled
plasma-mass spectrometry. Previous studies have demonstrated that stable nitrogen isotope (δ15N)
values can be used to reconstruct ontogenetic shifts between oceanic (offshore) and neritic (near-
shore) habitats in these species; therefore, bone δ15N data were also collected for comparison.
Bone strontium to calcium (Sr:Ca) and barium to calcium (Ba:Ca) ratios were significantly higher
in oceanic versus neritic life stages for both species. Changes in bone elemental ratios within indi-
viduals coincided with known changes in resource use, as indicated by δ15N values, and fell within
the range of body sizes and ages typical for oceanic-to-neritic ontogenetic shifts in each species.
We conclude that bone Sr:Ca and Ba:Ca ratios may identify oceanic versus neritic resource use in
sea turtles, but that additional studies are needed to identify the specific mechanisms underpin-
ning these differences.
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1.  INTRODUCTION

Long-distance migrations are a common life history
feature in higher-order marine taxa (Block et al. 2011,
Dodge et al. 2014), but they pose a unique challenge
for scientists interested in studying even the most ba-
sic aspects of a species’ ecology (e.g. sea turtle ‘lost’

years; Carr 1952, Reich et al. 2007). In recent
decades, biologging technologies and biogeochemi-
cal approaches have emerged as powerful tools for
tracking animal movements over various spatiotem-
poral scales (Rubenstein & Hobson 2004, Wilmers et
al. 2015). While biologging can provide highly de -
tailed movement and environmental data for individ-
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uals, it requires a considerable investment of time
and money per animal for tag deployment, and in
some cases reacquisition, that can restrict sampling
scope and inference. In contrast, biogeochemical ap -
proaches, which rely on habitat- or diet-specific
chemical differences being reflected in animal
tissues, can be employed at a reduced cost and gen-
erally do not require recapture of individuals. Once
validated, biogeochemical methods can provide a
rapid assessment of past habitat use, diet, or physiol-
ogy over days to years depending on the tissue that is
sampled (Peterson & Fry 1987).

Many biogeochemical techniques have been
underutilized in marine systems for the study of ani-
mal movement and habitat use (Rubenstein & Hob-
son 2004, Sturrock et al. 2012). For example, while
bulk stable carbon (δ13C) and nitrogen (δ15N) isotope
analyses are now commonly applied across marine
taxa (Hobson 2007, Michener & Kaufman 2007),
investigations using trace element analysis have
generally been restricted to fishes (Elsdon et al. 2008,
McMillan et al. 2017). Indeed, fish otolith chemical
records are routinely used to identify natal origin
(Thorrold et al. 2001, Brennan et al. 2015), discrimi-
nate populations (Edmonds et al. 1991, Campana
et al. 1994), and reconstruct migratory pathways
(Hamer et al. 2006, Baumann et al. 2015). In contrast,
trace element analysis has only been applied in a
handful of studies on marine mammals and sea tur-
tles, primarily to discriminate populations (Outridge
& Stewart 1999, Kunito et al. 2002, Born et al. 2003,
López-Castro et al. 2013, 2014, Botta et al. 2015,
Romero et al. 2017), but also to study trophic ecology
(Fontaine et al. 2007, Peek & Clementz 2012). Many
of these species have tissues analogous to fish
otoliths and elasmobranch vertebrae—tooth dentin
in marine mammals and bone tissue in sea turtles—
and, in many cases, are known to make distinct
changes in habitat use and diet throughout their
ontogeny. Therefore, there is the potential for greater
application of trace element analysis to life history
reconstruction for these taxa.

Most sea turtle species migrate between oceanic
and neritic habitats during their lifetime (Bolten
2003), although the amount of time spent in different
habitats varies by species, population, and life stage.
These ontogenetic shifts are particularly well charac-
terized in western North Atlantic loggerhead Caretta
caretta and Kemp’s ridley Lepidochelys kempii sea
turtles. Both species occupy oceanic habitats as small
juveniles, then recruit to and maintain long-term res-
idency in neritic habitats along continental margins
as medium-to-large juveniles and adults (Bolten

2003). This habitat shift is accompanied by a diet shift
from epipelagic to primarily benthic prey (Jones &
Seminoff 2013). Despite this shared life history strat-
egy, many other aspects of their ecology differ, such
as geographic location of each life stage, stage dura-
tion, size and age at maturation, and variation in tim-
ing and duration of the oceanic-to-neritic habitat
shift (Table 1). For example, Kemp’s ridley turtles
complete this habitat shift over a narrow age range
(1−3 yr; Zug et al. 1997, Turtle Expert Working Group
2000), but loggerhead turtles initiate this habitat shift
over a wide range of sizes (~40−70 cm straightline
carapace length, SCL) and ages (7−19 yr; Avens et al.
2013, Ramirez et al. 2015). Some loggerhead turtles
also oscillate between oceanic and neritic resources
for multiple years before recruiting to neritic habitats
(Witzell 2002, McClellan & Read 2007, Mansfield et
al. 2009, Ramirez et al. 2015).

Stable nitrogen isotope analyses can be used to
reconstruct oceanic-to-neritic habitat shifts in both
loggerhead and Kemp’s ridley sea turtles (Snover
2002, Snover et al. 2010, Avens et al. 2013, Goodman
Hall et al. 2015, Ramirez et al. 2015). Contrasting
sources of nitrogen for primary production between
occupied habitats (oceanic: N2 fixation; neritic: river-
ine nitrate input) yield lower δ15N values in the tis-
sues of oceanic-stage turtles relative to neritic-stage
turtles (Montoya et al. 2002, McKinney et al. 2010,
Dorado et al. 2012). While δ15N analyses have greatly
expanded our ability to characterize broad-scale pat-
terns of resource use in sea turtles, the method pro-
vides lower geographic and temporal resolution than
alternative methods (e.g. satellite telemetry) (Pear-
son et al. 2017), prompting interest in identifying
additional biogeochemical methods for geographic
location assignment. For example, López-Castro et
al. (2013, 2014) showed that a suite of elements can
be used to identify oceanic foraging grounds of green
sea turtles Chelonia mydas at greater spatial resolu-
tion (i.e. regions within ocean basins) than δ13C and
δ15N values alone.

Elements that substitute for Ca2+ in the hard parts
of animals (e.g. strontium [Sr] and barium [Ba]) typi-
cally reflect either water chemistry (otolith aragonite;
Walther & Thorrold 2006) or diet (bone hydroxyap-
atite; Schroeder et al. 1972). Ba and Sr, in particular,
have garnered widespread use as tracers of diadro-
mous fish migrations because their abundances tend
to relate to salinity (Campana 1999, Campana &
Thorrold 2001, Elsdon et al. 2008). Ba is generally
more abundant in freshwater, whereas Sr is gen -
erally more abundant in seawater (Coffey et al.
1997, Zimmerman 2005), although some freshwater
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sources can have Sr concentrations similar to sea -
water (Kraus & Secor 2004). Within fully marine sys-
tems, and particularly the open ocean, seawater Sr
and Mg concentrations are relatively homogeneous
and can be poor geographic tracers (de Villiers 1999,
Foster et al. 2010, Peek & Clementz 2012). Ba con-
centrations, in contrast, exhibit greater spatial het-
erogeneity (Peek & Clementz 2012, Sturrock et al.
2012). Multiple studies have observed increases in
otolith Ba:Ca ratios in fish that migrate from coastal
habitats to bays/estuaries (Hamer et al. 2006, Fowler
et al. 2016) or open ocean to coastal habitats (Hamil-
ton & Warner 2009, Baumann et al. 2015).

Both environmental and physiological factors can
influence elemental incorporation in complex and
sometimes multiplicative ways (Kalish 1991, Elsdon
& Gillanders 2003). Temperature and growth can
independently and jointly have strong effects (posi-
tive, negative, neutral) on otolith Sr and Ba incorpo-
ration (e.g. Bath et al. 2000, Elsdon & Gillanders
2002, DiMaria et al. 2010). Similarly, ontogenetic and
taxonomic effects can explain significant variation in
elemental ratios within and among fish species
(Walther et al. 2010, Chang & Geffen 2013). Direct
assessments of these and other factors are generally
lacking for elasmobranch vertebrae, marine mammal
teeth, and sea turtle bones (but see Smith et al. 2013).
Furthermore, discrimination against Sr and Ba rela-

tive to Ca during metabolic processing result in de -
creasing Sr:Ca and Ba:Ca ratios with increasing
trophic level (Burton et al. 1999, Peek & Clementz
2012). Therefore, variation in elemental ratios within
species that primarily obtain trace elements through
their diets, such as marine mammals and sea turtles,
may reflect differences in diet, habitat, or both.

In this study, we analyzed the humerus bones of
loggerhead and Kemp’s ridley sea turtles via laser
ablation-inductively coupled plasma-mass spectrom-
etry (LA-ICP-MS) to evaluate whether trace element
ratios can be used to reconstruct transitions between
oceanic and neritic life stages in sea turtles. The pri-
mary objectives of this study were to (1) quantify
within-species variation in elemental ratios relative
to turtle size and age and (2) determine if changes in
elemental ratios coincide with changes in δ15N values
reflecting oceanic-to-neritic movements. These spe-
cies make ideal candidates for this study because
they undertake distinct, well-studied transitions be -
tween oceanic and neritic habitats as juveniles
(Bolten 2003; Table 1). They also contain annual
chemical records in their bone tissue for multiple
years prior to death, although bone resorption usu-
ally prevents the reconstruction of complete life his-
tories for most individuals (Zug et al. 1986). In addi-
tion, previous studies have demonstrated that δ15N
values can be used to reconstruct the oceanic-to-
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Life history characteristic Species                                                      Sea turtle life stage
              Oceanic juvenile                 Neritic juvenile               Adult

Habitat usea Cc             Epipelagic; central             Benthic; US Atlantic           Benthic; US Atlantic 
              Atlantic Ocean,                 continental shelf                  continental shelf
              Sargasso Sea                                                                     

Lk             Epipelagic; central             Benthic; US Atlantic           Benthic; US Atlantic 
              Gulf of Mexico                   and Gulf of Mexico             and Gulf of Mexico 

                                                            continental shelf                  continental shelf

Life stage duration Cc             8−12b,c                                                 15−25d                                                   4−46d

(yr) Lk             1−3e,f                                   8−12g                                     1−10g

Approximate size range Cc             5−50                                   50−90                                   >90
(cm SCL) Lk             5−25                                     25−60                                   >60 

Approximate age range Cc             0−10                                     10−35                                   >35
(yr) Lk             0−2                                       2−10                                     >10 

Nesting location Cc             —                                         —                                           US Atlantic Coast; 
                                                                                                          Florida to North Carolina

Lk             —                                         —                                           Western Gulf of Mexico; 
                                                                                                          Texas and Mexico

aBolten (2003), bAvens et al. (2013), cBjorndal et al. (2000), dAvens et al. (2015), eZug et al. (1997), fTurtle Expert Working
Group (2000), gAvens et al. (2017)

Table 1. Summary of pertinent life history characteristics for western North Atlantic loggerhead Caretta caretta (Cc) and 
Kemp’s ridley Lepidochelys kempii (Lk) sea turtles. SCL: straightline carapace length
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 neritic habitat shift in these species (Snover 2002,
Snover et al. 2010, Avens et al. 2013, Goodman Hall
et al. 2015, Ramirez et al. 2015), providing a metric
for comparison between the 2 methods. LA-ICP-MS
has the potential for quantifying within-year chemi-
cal variation in sampled tissues, an advantage over
micromilling techniques used for stable isotope an -
alysis, which require integration over whole growth
layers (but see Moran et al. 2011). If trace elements
can be used to reconstruct habitat use in sea turtles,
and if factors influential to elemental incorporation in
tissues can be identified, this technique may provide
a means of assigning past geographic location for
animals at multiple spatial scales.

2.  MATERIALS AND METHODS

2.1.  Sample collection and skeletochronology

Humerus bones were collected from dead stranded
turtles (1997−2011) through the US National Sea Tur-
tle Stranding and Salvage Network (https://www.
sefsc. noaa.gov/species/turtles/strandings.htm). Log-
gerhead bones (juvenile: n = 35, adult: n = 18) were
collected on beaches from North Carolina to New Jer-
sey and Kemp’s ridley bones (n = 44, all juvenile) were
collected on beaches from Texas to Virginia. Stranding
location, date, and SCL (measured as the straightline
distance from the nuchal notch to the posterior tip of
the carapace) were collected at time of stranding.
When only curved carapace length was measured,
SCL was estimated following Snover et al. (2010)
for loggerheads (n = 1) and Snover et al. (2007b) for
Kemp’s ridleys (n = 8). Maturity status was determined
through visual examination of gonads during necropsy

or was based on record of nesting using tagging data.
Sample characteristics of stranded turtles are pre-
sented in Table 2.

All turtle bones included in this study were his to -
logically processed in previous skeletochronology
studies (Snover et al. 2007b, 2010, Avens et al. 2013,
2017, Ramirez et al. 2015) using standard methods
(Avens & Snover 2013; see Text S1 in the Supple ment
at www. int-res. com/ articles/ suppl/ m608 p247 _ supp.
pdf). Briefly, 2 sequential cross-sections were col-
lected from each bone: 1 for skeletochronology and 1
for chemical analysis. Following histological process-
ing, digital images of each hematoxylin-stained bone
thin-section were examined by 2 independent read-
ers to determine the number and placement of lines
of arrested growth (LAGs), which delimit the outer
edges of each skeletal growth mark. LAGs are
deposited annually in these species (e.g. Avens et al.
2013, 2017).

An allometric relationship exists between humerus
section diameter (HSD) and SCL for both species
(Snover et al. 2007a, Avens et al. 2017). These rela-
tionships were combined with the body proportional
hypothesis (Francis 1990) to estimate SCL for every
measurable LAG, adjusted for turtle-specific SCL and
HSD at death. A mean SCL estimate was generated
for each growth layer and used for all analyses. In ad-
dition, we quantified age at stranding using either a
direct count of LAGs if the first-year annulus was still
visible (true age) or direct counts in combination with
a correction factor to estimate the number of LAGs
lost to resorption (estimated age; see the Supplement).
Age at stranding was then used to back-assign true or
estimated age to LAGs. True age was not known for
loggerhead turtles included in this study due to their
extended oceanic life stage and resorption of the first-

Species                                     Turtle                 SCL at stranding               Estimated age at Unique bone growth 
                                                sample                           (cm)                             stranding (yr)   layers sampled
                                                  size                 Mean ± SD (range)             Mean ± SD (range)                   δ15N             Me:Ca

Loggerhead, juvenile                 35                           66.9 ± 9.6                           16.85 ± 3.95                         228                 248
                                                                                  (51.2−86.8)                        (11.00−26.75)                                                  

Loggerhead, adult                                 18                           95.3 ± 5.1                         53.57 ± 12.54                         0a                  18b

                                                                                (84.9−103.0)                       (36.25−77.00)                                                           

Kemp’s ridley, juvenile              44                           41.6 ± 5.3                           4.69 ± 1.04                           124                 97
                                                                                  (30.6−50.5)                          (3.75−8.25)                                                    

aGrowth layers too narrow to sample individually for δ15N values
bData averaged across each ablation transect

Table 2. Sample characteristics for stranded sea turtles and sampled bone growth layers. Maturity status was determined 
through necropsy or observation of nesting. SCL: straightline carapace length, Me: metal

http://www.int-res.com/articles/suppl/m608p247_supp.pdf
http://www.int-res.com/articles/suppl/m608p247_supp.pdf
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year growth mark, thus ontogenetic comparisons for
loggerhead turtles were made based on size. In con-
trast, true age was known for most Kemp’s ridley tur-
tles sampled, so age was used for ontogenetic com-
parisons. Given that LAG depo sition occurs in late
winter/early spring and peak hatching occurs during
the summer (Snover & Hohn 2004), the first-year
growth mark denotes an age of ~0.75 yr, the next LAG
an age of 1.75 yr, and so on (see the Supplement).

2.2.  Stable nitrogen isotope analysis

Differences in nitrogen cycling between oceanic
and neritic habitats occupied by loggerhead and
Kemp’s ridley sea turtles yield divergent baseline
δ15N values that are transferred to consumers (Dorado
et al. 2012, McMahon et al. 2013). The principal
sources of nitrogen for primary production in occu-
pied oceanic and neritic habitats are N2 fixation and
riverine inputs, respectively (Montoya et al. 2002,
McKinney et al. 2010, Dorado et al. 2012). As N2 fixa-
tion reduces δ15N values, tissues collected from con-
sumers in western North Atlantic and central Gulf of
Mexico oceanic habitats tend to have lower δ15N val-
ues relative to conspecifics in neritic habitats (Wells &
Rooker 2009, Dorado et al. 2012). For loggerhead and
Kemp’s ridley sea turtles, these differences manifest
as sharp increases in δ15N values within tissues fol-
lowing the oceanic-to-neritic life stage transition
(Snover 2002, Snover et al. 2010, Avens et al. 2013,
Goodman Hall et al. 2015, Ramirez et al. 2015).
Therefore, δ15N values were used as a secondary
measure of individual resource use through time
against which trace element data were compared.

Only juvenile turtles were sampled for δ15N values,
given that adult growth layers were too narrow to
sample individually. Bone dust (~1.6 mg) was col-
lected from each annual growth increment using a
micromill (ESI New Wave Research) and analyzed
for δ15N values by a continuous-flow isotope-ratio
mass spectrometer at Oregon State University, Cor-
vallis, OR (see Text S1 in the Supplement). Trans-
parencies of the digital skeletochronology images
were used to guide drilling of cortical bone to a depth
of ≤1.0 mm. A 0.4 mm diameter carbide drill bit (Bras-
seler) was used to ensure sampling of individual
growth layers. Each sample was considered an inte-
gration over each growth year, and bulk bone δ15N
values were assumed to reflect that of bone collagen
(Turner Tomaszewicz et al. 2015). C:N ratios were
below 3.5, characteristic of unaltered protein (Koch
et al. 1994) with low lipid content (Post et al. 2007).

Loggerhead isotopic data herein were previously
presented by Ramirez et al. (2015) to characterize the
loggerhead oceanic-to-neritic ontogenetic shift, but
are used here to gain novel insight into the use of
additional chemical tracers to reconstruct this life
stage tran sition.

2.3.  Trace element analysis

Following micromilling, bone cross-sections were
polished (240−1200 grit sandpaper, lapping film, and
AlO2 powder), cleaned ultrasonically in Nanopure
water, and mounted onto glass slides. Bone 24Mg,
43Ca, 55Mn, 65Cu, 66Zn, 86Sr, and 138Ba were quanti-
fied using a Thermo Elemental X-Series II ICP-MS
coupled with a New Wave DUV193 excimer laser at
Oregon State University’s WM Keck Collaboratory
for Plasma Spectrometry in Corvallis, OR. The laser
was set at a pulse rate of 5 Hz with a spot size of
15−20 µm and a travel rate of 10 µm s−1 for juvenile
bones (both species) and 5 µm s−1 for adult bones
(loggerhead). All transects were pre-ablated at a
pulse rate of 2 Hz with a spot size of 85 µm to remove
surface contamination. Trace element profiles were
collected from the inner part of the bone (older
growth layers) to the outer part of the bone (newer
growth layers; Fig. 1).

Background levels of analytes were measured for
45 s prior to bone ablation and subtracted from count
rates measured during ablation. Count rates for each
analyte were normalized to 43Ca to account for varia-
tion in instrument sensitivity and ablation rate. NIST
612 standard glass was used to convert normalized
ion ratios to elemental ratios and to quantify preci-
sion (Kent & Ungerer 2006, Miller 2007, Jochum et al.
2011). Bone metal to calcium ratios (Me:Ca) are
reported in mg g−1. The mean percent relative stan-
dard deviations for NIST 612 glass during data col-
lection were 24Mg = 12.0%, 55Mn = 7.9%, 65Cu =
12.5%, 66Zn = 18.3%, 86Sr = 6.9%, and 138Ba = 8.4%.
A calcium carbonate standard of known composition
prepared by the United States Geological Survey
(USGS MACS-1) provided an estimate of accuracy.
Measured values differed from known values by
9.6 ± 1.3% (mean ± SE) for Mn:Ca, 0.2 ± 3.0% for
Cu:Ca, 45.0 ± 6.6% for Zn:Ca, 1.0 ± 0.8% for Sr:Ca,
and 8.2 ± 1.5% for Ba:Ca. Mg:Ca is not homogeneous
in MACS−1 and was therefore not evaluated.

Following LA-ICP-MS, ablation transects were dig-
itally imaged. Digital post-ablation images for each
bone were overlaid onto ‘skeletochronology’ images
in Adobe Photoshop (Adobe Systems). The distance
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from the start of the ablation line to each LAG was
then measured and used to assign segments of each
elemental profile to individual growth increments.
For sampled juveniles, mean elemental ratios (Me:Ca)

were calculated for each growth increment to allow
for comparison with δ15N, size, and age data. For
sampled adults, growth layers were too compressed
to allow for the accurate assignment of data to indi-
vidual growth increments, so data were averaged
across whole transects.

2.4.  Statistical analyses

All statistical analyses were implemented in R ver-
sion 3.4.4 (R Core Team 2018). Before statistical tests
were performed, data were tested for normality and
homogeneity of variances using Shapiro-Wilk and
Levene’s tests. In most cases, elemental ratios were
log10-transformed to meet parametric assumptions
(Table 3, and see Table S1 in the Supplement). Gen-
eralized additive mixed models (GAMMs) were used
to initially characterize relationships between ele-
mental ratios and body size (loggerhead) or age
(Kemp’s ridley). As described previously, we used
body size for loggerhead analyses and age for Kemp’s
ridley analyses because true age was un known for
sampled loggerhead turtles but known for most sam-
pled Kemp’s ridley turtles (see Section 2.1). Within
each species, separate models were built for each ele-
mental ratio using the ‘mgcv’ package that in cluded
either size or age as a fixed effect, turtle- specific ran-
dom effects, and first-order autoregressive [AR(1)]
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Model                            N   numDF denDF    F           p

Loggerhead sea turtles
δ15N ~ size class         228       5         188   15.74   <0.001
Mg:Caa ~ size class   248       5         208   4.00   0.002
Sr:Ca ~ size class       248       5         208   5.90   <0.001
Ba:Caa ~ size class     248       5         208   6.14   <0.001

Kemp’s ridley sea turtles
δ15N ~ age class         124       5         79   15.65   <0.001
Mg:Caa ~ age class     97        5         60   0.92   0.478
Sr:Ca ~ age class         97        5         60   8.54   <0.001
Ba:Caa ~ age class       97        5         60   7.56   <0.001

aData were log10-transformed prior to analysis

Table 3. Statistical output for linear mixed models (LMMs)
used to examine the effect of back-calculated straightline
carapace length (SCL) 10  cm size class (juvenile logger-
heads, n = 35) or age class (juvenile Kemp’s ridleys, n = 44)
on bone isotopic (δ15N) and elemental ratios. General model:
lme(δ15N ~ size or age class, random = ~1|Bone_ID, correla-
tion = corAR1(form = ~1| Bone_ID)). Results of Tukey’s post
hoc multiple comparisons presented in Table S2. N: number
of unique bone growth layers included in the analysis,
numDF (denDF): numerator (denominator) degrees of 

freedom. Bold: significant

Fig. 1. (a) Loggerhead sea turtle bone cross-section sampled
for δ15N values (micromilled lines) and trace element ratios
(dashed line above arrow). (b,c) Example elemental profiles
for 3 loggerhead turtles. The small oceanic juvenile (red
points) displayed consistently low bone δ15N values (<11.0‰),
indicative of consistent oceanic habitat use in the years prior
to death, whereas the large neritic juvenile (blue points) dis-
played consistently high bone δ15N values (>13.0‰), indica-
tive of consistent neritic habitat use in the years prior to
death. (Note that the oceanic-to-neritic shift was likely not
observed in this turtle due to bone resorption of transitional
growth layers.) The ontogenetic-shifter juvenile (black
points) displayed a marked increase in bone δ15N values con-
sistent with the oceanic-to-neritic life stage transition. Black
arrows denote the midpoint of the growth increment associ-
ated with the start of the ontogenetic shift based on change 

in δ15N values
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covariance structure (Wood 2006). These initial mod-
els revealed changes in some trace element ratios
with increasing size (loggerhead) or age (Kemp’s
 ridley; Fig. 2, Table S1).

To allow for more precise statistical comparisons
among sizes and ages, data were binned by 10 cm
size class (loggerhead) or annual age class (Kemp’s
ridley) and compared using general linear mixed
models (GLMMs) and post hoc Tukey’s multiple com-
parisons tests. As is common practice for sea turtle
studies, loggerhead growth increments and their
associated data were binned into size classes (30 to
80 cm SCL) based on the mean back-calculated SCL
for each growth increment (i.e. 30 cm size class
includes data for growth increments with mean
back-calculated SCL between 30.0 and 39.9 cm).
Kemp’s ridley growth increments and their associ-
ated data were binned into annual age classes based
on turtle age at the beginning of the growth incre-
ment (i.e. 1.75 age class is the growth layer from age
1.75 to 2.75). As with the GAMMs, separate models
were built for each elemental ratio that included
 turtle-specific random effects and AR(1) covariance
structure. GLMMs and multiple comparison tests
were implemented using the ‘nlme’ and ‘multcomp’
packages in R (Hothorn et al. 2008, Pinheiro et al.
2018).

Because elemental data collected for adult logger-
heads were at lower resolution than for juveniles, 2
additional sets of linear mixed models were devel-
oped to compare elemental ratios among life stages
within each species (e.g. oceanic juvenile vs. neritic
juvenile vs. adult). To this end, species-specific mod-
els were generated with juvenile data binned into life
stages based on δ15N values for loggerhead turtles
and ages for Kemp’s ridley turtles. Loggerhead bone
δ15N values <11.0 and >13.0‰ are generally consis-
tent with oceanic and neritic resource use, respec-
tively (Ramirez et al. 2015). These thresholds were
used to assign individual growth increments to
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Fig. 2. Generalized additive mixed model (GAMM) esti-
mated smoothing curves (solid lines) and 95% confidence
intervals (dashed lines) for models comparing isotopic (δ15N
values) and elemental ratios and back-calculated straight-
line carapace length (SCL; loggerhead, left column) or age
(Kemp’s ridley, right column). Points are data for individual
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tered to allow for better visualization. Statistical output is
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oceanic (‘Cc oceanic juvenile’) or neritic juvenile life
stages (‘Cc neritic juvenile’). Kemp’s ridley turtles
generally transition between oceanic and neritic
habitats between the ages of 1 and 3, thus growth
increments with age assignments of 0.00 were as -
signed to the oceanic juvenile life stage (‘Lk oceanic
juvenile’) and growth increments with age assign-
ments ≥2.75 were assigned to neritic juvenile life
stages (‘Lk neritic juvenile’). Classification based on
age was chosen for Kemp’s ridley sea turtles given
the narrow range of ages at which they are expected
to transition to neritic habitats, and because no previ-
ous classification based on δ15N values has been
developed.

Lastly, correlation analyses were used to charac -
terize the relationship between δ15N values and
trace element ratios. Because our data were non-
independent, a repeated measures correlation analy-
sis (rmcorr) was performed using the ‘rmcorr’ pack-
age in R (Bakdash & Marusich 2017). The technique
uses analysis of covariance (ANCOVA) to account for
between-turtle variation, a distinction from other cor-
relation analyses (e.g. Pearson, Spearman), and gen-
erates a common regression slope and best linear fits
for each turtle with the same slope but different inter-
cepts. As with the Pearson correlation coefficient (r),
the rmcorr coefficient (rrm) quantifies the strength of
the linear relationship between 2 continuous vari-
ables and ranges from  −1 to 1.

3.  RESULTS

3.1.  Stable nitrogen isotope data

Stable nitrogen isotope values ranged from 7.31 to
18.61‰ for juvenile loggerhead sea turtles and from
7.92 to 19.83‰ for juvenile Kemp’s ridley sea turtles.
No adult turtles were sampled for δ15N values. Log-
gerhead δ15N values exhibited a pronounced in -
crease in the 50 cm SCL size class (Fig. 2), which
aligns with current estimates of mean size at transi-
tion between oceanic and neritic resources in this
species (~45−55 cm SCL; see Avens et al. 2013 for
review). Kemp’s ridley δ15N values similarly in creased
in the 0.75 and 1.75 age classes and plateaued after
the 2.75 age class, aligning with a presumed oceanic
residence of 1−3 yr for this species (Zug et al. 1997,
Turtle Expert Working Group 2000). These increases
in δ15N values with size and age conform with ex -
pected changes in turtle tissue δ15N values as turtles
migrate from oceanic habitats with relatively low
baseline δ15N values to neritic habitats with relatively

high baseline δ15N values within the North Atlantic
Ocean and Gulf of Mexico (Dorado et al. 2012,
McMahon et al. 2013, Ramirez et al. 2015).

3.2.  Ontogenetic changes in elemental ratios 

GAMMs characterizing the relationship between
bone trace element ratios and body size (loggerhead)
or age (Kemp’s ridley) showed significant non-linear
trends for Sr:Ca and Ba:Ca ratios in both species, and
for the Mg:Ca ratios in juvenile loggerheads only
(Table S1, Fig. 2). While δ15N values increased with
size or age, Mg:Ca, Sr:Ca, and Ba:Ca ratios generally
decreased. Inflection points in these relationships
tended to occur at similar sizes and ages, suggesting
inverse relationships between δ15N values and Mg:
Ca, Sr:Ca, and Ba:Ca ratios (see below). Relation-
ships between juvenile loggerhead body size and
Cu: Ca and Zn:Ca ratios were also statistically signif-
icant (<0.05; Table S1), but further analysis revealed
that these relationships were driven by outliers in the
data. For this reason, and because 95% confidence
intervals tended to overlap with increasing size or
age (Fig. 2), Cu:Ca and Zn:Ca, along with Mn:Ca
 ratios, were excluded from further analysis. Full
 elemental profiles for Mg:Ca, Sr:Ca, and Ba:Ca ratios
for all individual turtles sampled are presented in
Figs. S1−S3.

Tukey’s post hoc multiple comparison tests re -
vealed significant differences in mean bone elemen-
tal ratios among sea turtle size and age classes
(Fig. 3, Table S2). As with the δ15N data, mean Mg:Ca,
Sr:Ca, and Ba:Ca ratios began to decrease in the
50 cm SCL size class for loggerhead turtles and the
0.75 and 1.75 yr age class for Kemp’s ridley turtles
(Fig. 3, Table S3; Tukey’s post hoc p < 0.05). Elemen-
tal ratios were consistently higher in the size (30 and
40 cm SCL) and age (0.00 yr) classes preceding this
shift and consistently lower in the size (60 to 80 cm
SCL) and age (2.75 to 4.75 yr) classes following this
shift, inverse to changes in mean δ15N values with
size and age class (Fig. 3). The Ba:Ca ratio exhibited
the greatest ontogenetic changes in both species, re -
ducing in mean value by approximately half through-
out ontogeny. With the exception of Sr:Ca in logger-
head turtles, declines in Mg:Ca and Sr:Ca ratios were
less distinct for both species.

Within loggerhead turtles, Tukey’s post hoc multi-
ple comparison tests showed that bone elemental
ratios did not differ between neritic juvenile and
adult life stages (Fig. 4; pMg:Ca = 0.28, pSr:Ca = 0.98,
pBa:Ca = 0.34). This was expected, given that they co-
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occur and forage on similar resources in neritic habi-
tats. Bone elemental ratios were significantly differ-
ent between oceanic and neritic life stages within
each species (Fig. 4; Tukey’s post hoc p < 0.05). Inter-
estingly, the maximum Ba:Ca ratio observed in
Kemp’s ridley turtles was near the minimum Ba:Ca
ratio observed in loggerhead turtles (Figs. 3 & 4), which
suggests differences in environmental availability or
elemental uptake between the 2 species. The species
otherwise had similar Mg:Ca and Sr:Ca ratios.

3.3.  Relationship between δ15N values and 
trace element ratios 

Given the apparent inverse patterns in δ15N values
and Mg:Ca, Sr:Ca, and Ba:Ca ratios, correlation
analyses were used to quantify their relationships
(Fig. 5, Table S4). For loggerhead turtles, δ15N values
exhibited a strong negative correlation with the
Sr:Ca ratios and log(Ba:Ca) (rrm = −0.74 and −0.70)
and a moderate negative correlation with log(Mg:Ca)
(rrm = −0.48). For Kemp’s ridley turtles, δ15N values
exhibited a moderate negative correlation with the
Sr:Ca ratios (rrm = −0.50) but no correlation with
log(Mg:Ca) and log(Ba:Ca) (rrm = −0.09 and −0.19).

4.  DISCUSSION

We observed pronounced decreases in bone Sr:Ca
and Ba:Ca ratios, and in some cases the Mg:Ca ratios,
with increasing body size in loggerhead sea turtles
and age in Kemp’s ridley sea turtles. These changes
coincided with increases in bone δ15N values, an
indicator of oceanic versus neritic resource use for
these species, and occurred at sizes and ages typical
of the oceanic-to-neritic shift. Bone δ15N values and
elemental ratios were distinct between life stages,
plateauing at either high (δ15N values) or low (trace
element) values following the perceived ontogenetic
shift. Ontogenetic changes in elemental ratios were
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greater in loggerhead turtles than Kemp’s ridley tur-
tles. Taken together, these results demonstrate the
potential utility of Sr:Ca and Ba:Ca, and possibly
Mg:Ca, ratios to reconstruct oceanic versus neritic
resource use in these species, particularly for logger-
head turtles. Although our analyses uncovered novel
relationships between biogeochemical and ontoge-
netic data in sea turtles, considerable variation in iso-
topic and elemental ratios remains unexplained in
our analyses, highlighting the need to identify and
investigate other factors influential to elemental in -
corporation in bone for these species.

The observed elemental patterns do not fully con-
form to expectations based on global chemical pat-
terns in aquatic systems. Mg and Sr concentrations
are generally homogeneous within the surface ocean
(de Villiers 1999, Foster et al. 2010), and would thus
be expected to be similarly homogeneous in surface-
dwelling marine consumers, such as sea turtles, if
elemental deposition were primarily a function of

environmental availability. The declines in Sr:Ca
ratios with increasing size/age observed herein were
thus unexpected and suggest either that neritic-stage
loggerhead turtles occupy habitats with significant
freshwater inputs (e.g. estuaries) or that Sr incorpora-
tion in turtle bone is either fully or partially under
physiological control (e.g. growth and diet effects). Sr
is generally more abundant at higher salinities (Zim-
merman 2005), although some freshwater end-mem-
bers can have Sr concentrations approaching or sim-
ilar to those in seawater (Kraus & Secor 2004). Thus,
migrations from marine to estuarine habitats could
manifest as decreases in tissue Sr:Ca ratios if an ani-
mal moved deep into estuarine waters (i.e. salinity
<10 psu). Although such a pattern has been docu-
mented in Indian catfish Plicofollis tenuispinis that
migrate from coastal to estuarine habitats (Kubota et
al. 2015) and is evident in comparisons of otolith
Sr:Ca ratios between estuarine and marine teleosts
(Secor & Rooker 2000), this is unlikely to explain the
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declines in Sr:Ca ratios observed in sea turtles.
 Neritic-stage sea turtles are not estuarine dependent,
and are regularly documented throughout all parts of
the US continental shelf (Mansfield et al. 2009,
Shaver et al. 2013).

Ba, in contrast, exhibits greater spatiotemporal
 heterogeneity in the surface ocean, providing greater
potential for discrimination of marine habitats, and is
generally more abundant in freshwater versus salt-
water (Coffey et al. 1997, Peek & Clementz 2012).
Species migrating from marine to estuarine habitats
may thus display the opposite pattern of Sr:Ca ratios,
exhibiting increased Ba:Ca ratios with movements to
nearshore habitats. Such patterns are evident in some
fish species that migrate from coastal habitats to
bays/ estuaries (Hamer et al. 2006, Fowler et al. 2016)
or open ocean to coastal habitats (Hamilton & Warner
2009, Baumann et al. 2015). These patterns were at-
tributed to the input of Ba-rich freshwater or upwelled
deep-water along continental margins. We thus ex-
pected the Ba:Ca ratios to possibly increase with
movements from oceanic to neritic habitats, but in-
stead observed decreases similar to the Sr:Ca ratios.
To our knowledge, no other study has ob served such
patterns in the Ba:Ca ratios in species occupying the
surface ocean. Sr:Ca and Ba:Ca ratios very often ex-
hibit inverse relationships in fish oto liths. The fact
that they are trending together in our study suggests
that one or both are under strong physiological con-
trol, which may complicate their use as an environ-
mental tracer of habitat use in sea turtles.

4.1.  Trace element incorporation in bone tissue

Both environmental and physiological mechanisms
can independently or synergistically control elemental
deposition in the tissues of consumers, with tempera-
ture, growth, and diet having proven particularly 
influential. In fish, temperature can have positive,
negative, and neutral effects on otolith Sr and Ba
 incorporation (e.g. Bath et al. 2000, Elsdon & Gillan-
ders 2002, DiMaria et al. 2010). Similar studies are un-
common for calcium phosphate structures (e.g. bone),
but both positive (fish bone; Balter & Lécuyer 2010)
and negative (elasmobranch vertebrae; Smith et al.
2013) effects of temperature on Ba and Sr incorpora-
tion have been observed. Although similar studies are
lacking for sea turtles, the observed patterns could be
explained by positive temperature effects on elemen-
tal incorporation in turtle bone. Mansfield et al. (2014)
found that thermal energy retention in Sargassum
mats — habitats occupied by oceanic stage turtles —

can raise local water temperatures by up to 6°C, well
above those experienced in neritic stages. When com-
bined with their float-and-wait foraging strategy
(Witherington 2002, Witherington et al. 2012), this
likely increases body temperatures and promotes
food digestion and growth during the oceanic life
stage. If we assume that temperature positively af -
fects elemental incorporation in sea turtle bone, then
we might expect increased Mg, Sr, and Ba uptake rel-
ative to Ca during the oceanic life stage similar to that
observed in this study. Species-specific studies are
needed to better understand the effect of temperature
on elemental deposition rates in sea turtle bone.

The relationship between growth rate and elemen-
tal deposition in bone tissue is not well studied to
date, and is confounded with temperature in ecto-
therms. In fish otoliths, higher growth rates have
been associated with reduced Sr (Sadovy & Severin
1992, Walther et al. 2010, Sturrock et al. 2015) and
possibly Ba (Miller 2011) uptake relative to Ca, but
with increased Mg incorporation rates (Martin &
Thorrold 2005, Sturrock et al. 2015, Limburg et al.
2018). Smith et al. (2013) compared vertebral elemen-
tal incorporation and somatic growth in elasmo-
branchs but found no significant relationships; thus,
the temperature effects on Ba and Sr incorporation
that they observed were independent of growth.
Whether similar growth effects or non-effects occur in
sea turtles is unknown. Nevertheless, it is unlikely
that growth effects are the primary cause of the ob-
served de creases in elemental ratios with size and
age in these turtles, because growth rates are gener-
ally similar before and after the oceanic-to-neritic
transition within each species, albeit with the excep-
tion of elevated growth during the year of transition
in loggerhead turtles and the first year of life in
Kemp’s ridley turtles (Avens et al. 2017, Ramirez et al.
2017). However, growth effects may partially explain
the differences in elemental ratios between species.
Juvenile Kemp’s ridley turtles grow twice as fast as
juvenile loggerhead turtles of similar life stage
(Avens et al. 2013, 2017). Therefore, if growth is neg-
atively correlated with elemental incorporation rates
in turtle bone as in fish otoliths, we would expect ele-
mental ratios to be lower in Kemp’s ridley turtles rela-
tive to loggerhead turtles, which we observed most
clearly for Ba:Ca ratios at all life stages and Mg:Ca
and Sr:Ca ratios during the oceanic life stage. Consid-
ering that neritic-stage loggerheads and Kemp’s rid-
leys have overlapping spatial distributions, yet dis-
played different Ba:Ca ratios, there is the potential for
growth effects or other species-specific factors to con-
tribute to the observed differences between species.
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Unlike fish, which deposit trace elements in otolith
aragonite in proportion to what is present in the envi-
ronment (Walther & Thorrold 2006), air-breathing an-
imals deposit trace elements into bone hydroxy apatite
in relation to what is present in their diet (Schroeder
et al. 1972). Within both marine and terrestrial sys-
tems, physiological mechanisms discriminate against
Sr and Ba during metabolic processing, resulting in
decreasing Sr:Ca and Ba:Ca ratios with increasing
trophic level (Burton et al. 1999, Peek & Clementz
2012). Therefore, an increase in foraging trophic level
could also explain the decreases in elemental ratios
observed herein. Although the simul taneous increases
in δ15N values would seem to  support this idea, previ-
ous isotopic analyses have attributed this pattern pri-
marily to differences in δ15N values at the base of the
food web rather than a shift in foraging trophic level
(Ramirez et al. 2015). Loggerhead and Kemp’s ridley
sea turtles consume a primarily invertebrate diet that
can be supplemented with fish discards from fisheries
(Jones & Seminoff 2013), so diet effects could con-
tribute to differences among individuals with diver-
gent diets during neritic life stages. Nevertheless,
trophic position estimates are lacking for these spe-
cies, and more precise as sessments of sea turtle diet
and trophic ecology are needed to determine whether
these patterns are related to changes in diet.

Clearly, further analyses are needed to better un-
derstand elemental deposition rates in sequentially
deposited bone tissue. Cortical bone, the tissue sam-
pled herein, has low turnover rates (~2% yr−1; Parfitt
2002), so it is presumed that sea turtle humerus bone
growth layers maintain stable chemical composition
following bone formation until they are resorbed into
the metabolically active core years later (Zug et al.
1986). However, the assimilation rate of diet con-
stituents into consumer bone tissue is not well re-
solved. Two experimental studies in mammals pro-
vide some evidence that Sr deposition in bone occurs
on the order of weeks to months. Bone Sr levels
plateaued after 4 wk in continuously dosed rats (Dahl
et al. 2001), whereas macaque Macaca fascicularis
bone Sr levels only halved 10 wk following cessation
of Sr treatment (Farlay et al. 2005). Although similar
studies are lacking for reptiles, δ15N values of
yearling loggerhead scute tissue, a sequentially de-
posited tissue similar to bone, may take 2−4 mo to
equilibrate with diet (Reich et al. 2008). We do not
make any assumptions regarding elemental deposi-
tion rates in this study. However, applications of these
methods for a more precise estimation of resource
shifts will need to consider this and other influential
factors when interpreting data.

4.2.  Potential applications to life history 
reconstruction

In the future, trace element analyses conducted via
LA-ICP-MS may provide a means of more precisely
identifying the timing of ontogenetic shifts in sea
 turtles and possibly other marine megafauna. Recent
bone stable isotope analyses (δ13C, δ15N) have im -
proved stage duration estimation in sea turtles (Avens
et al. 2013, Ramirez et al. 2015, Turner Tomaszewicz
et al. 2017), but sample requirements necessitate inte-
gration of isotopic—and life history—information
over an entire growth year. LA-ICP-MS, on the other
hand, can provide a sub-annual chemical record that
may further improve precision for life stage duration
estimation if mechanisms underpinning elemental in-
corporation can be identified. For example, future
studies could identify specific points within sea turtle
bone growth layers where sharp chemical changes
occur, to determine when within a growth year an in-
dividual transitioned between oceanic and neritic life
stages. This would be possible because individual ele-
mental profiles often exhibit distinct changes (Fig. 1,
and see Fig. S2) that are masked in population-wide
comparisons due to intraspecific variation in the tim-
ing of ontogenetic shifts. This could be valuable for
understanding mi gration patterns between summer
and winter foraging areas, or even identifying the fre-
quency of reproduction for adults. Translating such
information to calendar months or seasons will re -
quire a greater understanding of seasonal growth pat-
terns and elemental incorporation rates, but could
greatly expand our understanding of variation in re-
source use within and among life stages.

Additional studies are needed to confirm our re -
sults, investigate factors influencing elemental de -
position in bone, and expand our understanding of
chemical heterogeneity in marine habitats. Given the
difficulty of studying highly migratory marine mega -
fauna, controlled studies of captive marine animals
or closely related terrestrial species will be key to un-
raveling the effects of environmental and physiologi-
cal factors on elemental incorporation rates in bone
tissue. Studies of natural populations will re quire
novel integrations of new and existing technologies
and methods in cross-discipline collaborations, such
as in this study. Combining trace element analyses
with geolocation tools and additional biogeochemical
analyses (e.g. δ18O, Pb, compound-specific isotope
analysis) could expand the utility and applicability of
this method, as will further devel opment of and inte-
gration with regional isoscapes (McMahon et al. 2013,
Vander Zanden et al. 2015, Ceriani et al. 2017).
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4.3.  Conclusion

Trace element analysis and LA-ICP-MS are well-
established methods for reconstruction of habitat use
and movement in aquatic systems, but fewer studies
have extended these methods to non-fish species.
Here we outline the first application of trace element
analysis conducted via LA-ICP-MS to the study of
ontogenetic resource use in marine reptiles. We
demonstrate the potential value of multiple elemen-
tal ratios, but particularly Ba:Ca and Sr:Ca ratios, to
the reconstruction of oceanic-to-neritic on togenetic
shifts in loggerhead and Kemp’s ridley sea turtles
within the North Atlantic Ocean. Additional research
is needed to quantify the effect of environmental and
physiological factors on elemental incorporation
rates in these species. Expanded study of elemental
ratios in Kemp’s ridley bones is also needed, particu-
larly during the oceanic life stage, to clarify relation-
ships in this species. Although we conducted this work
on sea turtles, we believe these methods may be
applicable to the study of other highly migratory mar-
ine animals, such as marine mammals, that migrate
between coastal and open ocean habitats.
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