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ABSTRACT: For species of conservation concern, somatic growth and age at maturation are key
parameters in models used to evaluate population dynamics, as spatial and temporal variability in
growth rates may be particularly important for predicting population recovery. Following an
oceanic juvenile developmental stage, endangered Kemp's ridley sea turtles Lepidochelys kempii
occupy neritic habitats in 2 primary regions, the Gulf of Mexico (GoM) and along the US Atlantic
coast. Results of prior studies suggest that somatic growth rates differ between these groups,
which has the potential to influence maturation trajectories and relative reproductive contribu-
tions. To determine the nature and extent of potential regional differences, we conducted skeletal
growth mark analysis (skeletochronology) with complementary annual bone growth increment-
specific stable nitrogen isotope analysis that allowed delineation of oceanic-to-neritic habitat
shifts for turtles stranded from 1993 to 2016. Results demonstrate that in the GoM, the oceanic-to-
neritic habitat transition is associated with younger ages and faster somatic growth rates than in
US Atlantic waters. Overall, US Atlantic somatic growth response was depressed relative to that
in the GoM throughout all juvenile life stages, and this disparity persisted for more than 20 yr. This
discrepancy translated into regional divergence in size-at-age relationships and maturation tra-
jectories, with the prediction that US Atlantic Kemp's ridleys would mature on average 2 to 3 yr
later than their GoM counterparts. These analyses provide important baseline information on
somatic growth rates and predicted age at maturation that can facilitate the evaluation of factors
contributing to recent fluctuations in reproductive output for this endangered population.
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1. INTRODUCTION sea turtle Lepidochelys kempii seems somewhat of

an anomaly (Pritchard 2007). This smallest and criti-

Sea turtles are generally thought of as paradig- cally endangered sea turtle species is estimated to
matic world travelers, widely distributed and highly have diverged fairly recently in evolutionary terms
migratory, and within this context, the Kemp's ridley from its closest relative, the olive ridley L. olivacea,
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following the closing of the Isthmus of Panama, which
separates Pacific and Atlantic ocean basins (~3 million
years ago; Bowen & Karl 1996, O'Dea et al. 2016).
While the olive ridley exhibits circumglobal distribu-
tion and nests on beaches throughout the Pacific,
Indian, and South Atlantic oceans, the current distri-
bution of Kemp's ridleys is conspicuously constrained
by comparison, with nesting occurring predominantly
on western Gulf of Mexico (GoM) beaches totaling
only around 60 km in length (Pritchard 2007, NMFS
et al. 2011). Correspondingly, Kemp's ridley sea tur-
tle hatchlings are predicted to remain primarily in
the GoM but with sporadic yet significant dispersal
of small juveniles through the Florida Straits into the
western North Atlantic (~5-30 % annually; Putman et
al. 2013, Caillouet et al. 2016).

Juveniles of the majority of cheloniid sea turtle
species are typically found in oceanic habitat (water
depth >200 m) at smaller sizes and later undertake
ontogenetic transitions to neritic habitat (water depth
<200 m) at larger sizes (Bolten 2003). Available data
indicate that within the GoM, small juvenile Kemp's
ridleys are found associated with epipelagic Sargas-
sum macroalgae, not just in waters typically charac-
terized as oceanic but also where the presence of
Sargassum extends into shelf waters <200 m deep
(Witherington et al. 2012). At an estimated 1 to 3 yr of
age (TEWG 2000), juvenile Kemp's ridleys transition
to neritic foraging habitats, and numerous studies
have documented the residency of individuals dur-
ing post-oceanic life stages along much of the GoM
coastline of the USA (e.g. Henwood & Ogren 1987,
Shaver 1991, Renaud 1995, Schmid & Barichivich
2005, Seney & Landry 2011, Lamont & Iverson 2018).
Along the US Atlantic coast, later-stage juveniles
occupy neritic habitats from Florida to as far north as
Massachusetts (e.g. reviewed by Morreale & Stan-
dora 2005, Braun McNeill et al. 2018, Griffin et al.
2019). Taken together, available information indica-
tes regular, long-term occurrence of juvenile Kemp's
ridleys in US Atlantic waters, yet questions persist as
to whether habitat in this region is sub-optimal for
the species (Hendrickson 1980), and if the proportion
of these individuals eventually returning to the GoM
is sufficient to contribute substantially to the repro-
ductive population (NMFS & USFWS 2015, Caillouet
et al. 2016).

Although the relative importance of the Atlantic
component of the Kemp's ridley population has
remained unresolved for decades, its potential rele-
vance to the future of the species has recently been
amplified. Following near extinction in the 1980s and
implementation of intensive conservation efforts,

Kemp's ridley nest numbers entered a prolonged
period of exponential increase, and until recently,
the population was anticipated to achieve recovery
goals specified under the US Endangered Species
Act within the current decade (Crowder & Heppell
2011, Shaver & Caillouet 2015). However, coincident
with the large-scale 2010 Deepwater Horizon oil spill
in the northern GoM, annual nest counts began to
fluctuate and decrease overall (NMFS & USFWS
2015, Caillouet et al. 2018, Caillouet 2019), and expo-
nential population growth did not subsequently re-
sume. Evaluation of potential causes underlying this
abrupt change has been impeded by a lack of base-
line demographic data, including key vital rates for
reproduction and age at maturation (NRC 2010, Gall-
away et al. 2016a,b, Caillouet 2019). As a result, fac-
tors influencing recent variability in nest numbers
remain unclear, introducing uncertainty into the re-
covery status for the species (NMFS & USFWS 2015,
Caillouet et al. 2018).

Prior studies have indicated that somatic growth
rates for US Atlantic Kemp's ridleys are lower than
those observed in the GoM, which could result in
diverging maturation trajectories, as well as discrep-
ancies in reproductive potential, for turtles inhabit-
ing the 2 regions (Zug et al. 1997, Snover et al. 2007b,
Avens et al. 2017). However, to date, data allowing
comprehensive regional comparison are available
only for calendar years prior to 2000, and given the
substantial temporal variability in somatic growth
rates reported for other sea turtle species (Bjorndal et
al. 2013, 2016, 2017), updated information is required
to determine whether potential differences persist
(Avens et al. 2017). Furthermore, additional charac-
terization of Kemp's ridley oceanic stage duration is
needed, particularly with respect to potential regio-
nal variability, to determine whether turtles recruit to
neritic Atlantic and GoM habitat at comparable ages,
and whether ontogenetic growth dynamics are simi-
lar in both geographic areas during this transition.
Timing of this ontogenetic transition and size at ner-
itic recruitment also have potential implications for
the duration of exposure and nature of interactions
with habitat-specific fisheries (e.g. Putman et al.
2020a). Over the past decades, skeletochronology
(i.e. skeletal growth mark analysis) has been estab-
lished as an analytical approach that can provide a
window back in time to characterize long-term size-
at-age relationships and somatic growth patterns for
sea turtle populations (Snover et al. 2007a, reviewed
by Avens & Snover 2013, Avens et al. 2015, 2017). In
addition, stable nitrogen isotope (815N) analyses of
bone tissue can be used to evaluate habitat shifts in
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sea turtles, including Kemp's ridleys (Snover 2002,
Ramirez et al. 2019), due to regional differences in
geochemical cycling in occupied oceanic and neritic
habitats. Combining age and somatic growth rate
estimates generated using skeletochronology with
complementary skeletal growth increment-specific
isotope data can therefore serve as a powerful tool
for determining ontogenetic stage durations and
growth dynamics associated with habitat shifts (Ra-
mirez et al. 2015, 2017, 2019, Turner Tomaszewicz et
al. 2017, 2018).

Our goal for the present study was to apply inte-
grated skeletochronology and stable isotope analy-
ses to characterize detailed, stage-specific Kemp's
ridley sea turtle growth patterns and size-at-age re-
lationships over an extended time frame in both the
GoM and US Atlantic. We first generated updated
size class-specific annual somatic growth rates for
turtles of all life stages in the GoM and Atlantic and
also modeled size- and age-associated growth pat-
terns for each region. We then evaluated whether ju-
veniles might exhibit regional differences in oceanic
stage duration and somatic growth rates associated
with the shift to neritic habitat. Finally, we character-
ized GoM and US Atlantic Kemp's ridley size-at-age
relationships using 2 different modeling approaches,
to gain insight into possible regional differences in
maturation trajectories.

2. MATERIALS AND METHODS
2.1. Sample collection and preparation

For cheloniid sea turtles, including Kemp's ridleys,
the humerus bone is the most suitable structure for
skeletochronological analyses of age and growth
(reviewed by Avens & Snover 2013). As a result, we
coordinated with the US National Sea Turtle Strand-
ing and Salvage Network operating along the US
GoM and Atlantic coasts to collect humeri from
Kemp's ridley sea turtles that stranded dead or were
debilitated and later died. For each turtle from which
a humerus was collected, associated data included
carapace length, stranding date, and geographic
location (US state where stranding occurred). Given
that skeletochronological analysis of sea turtle age
and growth is typically premised on relationships
incorporating straightline carapace length (SCL), for
those turtles where only curved carapace length
(CCL) was reported, it was converted to SCL using
the equation provided by Avens et al. (2017): SCL =
0.9566(CCL) — 0.2105. The GoM sample set com-

prised humeri collected from 1993 through early
2010, as described in Avens et al. (2017), in conjunc-
tion with new samples collected later in 2010 through
2016. The Atlantic sample consisted of humeri col-
lected from 1993 through 2017, including a sub-set of
75 samples originally prepared and analyzed by
Snover et al. (2007b) that had degraded but were
suitable for re-processing to allow inclusion in the
present study.

Newly collected humeri were dissected and boiled
to remove adhering soft tissue, dried for at least 2 wk,
and then prepared for skeletochronology according
to methods reviewed by Avens & Snover (2013). To
summarize, the process involved cutting a 2 to 3 mm
thick cross-section using a low-speed Isomet saw
(Buehler), fixing and decalcifying the section (Cal-Ex
II, Fisher Scientific), and then using a freezing-stage
microtome (Leica) or cryostat (Thermo Scientific) to
obtain thin sections, 25 pm thick, which were stained
using modified Ehrlich's hematoxylin. Sections from
Snover et al. (2007b) were cleared of old, faded stain
via brief immersion in a dilute HCI solution (RDO,
Apex Engineering), re-stained as above, and then
evaluated to determine whether the re-processed
section exhibited stain distribution and tissue in-
tegrity of sufficient quality to allow analysis. All
stained thin sections were mounted on glass slides
in 100% glycerin under glass cover slips, to allow
images to be obtained using a compound microscope
(BX41, Olympus) in conjunction with a digital camera
and image acquisition software (DP26 and cellSens,
Olympus). Partial sequential images of stained cross-
sections were acquired at 4x magnification and were
then manually compiled using imaging software
(Adobe Photoshop) to yield calibrated digital images
of entire sections that could be used for further analy-
sis. Two to 3 qualified independent readers (L.A.,
M.D.R., A.G.H., M.LS., LR.G.) examined images to
identify the number and position of the darker lines
of arrested growth (LAGs) that demarcate the outer
edges of individual skeletal growth marks for each
turtle and, after initial reads were compared, worked
together to reach consensus when discrepancies oc-
curred. Once consensus was achieved, we used image
analysis software (cellSens, Olympus) to measure the
diameter of each LAG, as well as humerus section
diameter (HSD), for each sample.

2.2. Age estimation

Data yielded by previous studies support annual
LAG deposition in Kemp's ridley sea turtles (i.e. a
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rate of 1 LAG yr™!) with the first-year mark repre-
sented by a diffuse LAG termed the annulus (Snover
2002, Snover et al. 2007b, Avens et al. 2017). As a
result, for any turtle whose humerus retained an
annulus, age was equivalent to the consensus LAG
count. However, as sea turtles grow and age, expan-
sion of the metabolically active tissue at the bone's
core can result in destruction, or resorption, of early
LAGs toward the center of the bone, making it neces-
sary to estimate the number of LAGs lost to resorp-
tion for samples where the annulus was not
observed. To do this, we characterized the relation-
ship between LAG diameter and LAG number, start-
ing with the annulus, to generate correction factor
models (Avens et al. 2017) specific to each region. We
found that both correction factors took the form of 3¢
order polynomials, where yrepresents LAG diameter
and x represents LAG number:

Atlantic y = =0.0043x° + 0.0536x> +
1.0774x + 6.1916 (r? = 0.83) (1)

GoM y =0.018x3 + 0.418x2 + 4.2849x +
3.5402 (r* = 0.88) 2)

These equations were used to predict mean diame-
ter associated with each LAG number, and for each
humerus cross-section lacking an annulus, the diam-
eter of the innermost measurable LAG was used to
estimate the number of resorbed LAGs according to
equation predictions. This estimated number of re-
sorbed LAGs was then added to the number of ob-
served (i.e. not resorbed) LAGs to estimate total age.
Finally, age assignment for each LAG and final age
at the time of death for each turtle was adjusted to
the nearest 0.25 yr based on the timing of LAG depo-
sition (late winter/early spring) and stranding date
relative to mean hatch date for the population
(Snover et al. 2007b, Avens et al. 2017).

2.3. Growth

To evaluate somatic growth rates using skeleto-
chronology, it was first necessary to characterize re-
lationships between SCL and HSD in both the GoM
and US Atlantic. As reported in previous sea turtle
skeletochronology studies, this relationship for each
region was best described as allometric, with slope
(b) and proportionality coefficient (c) yielded as 3.26
and 0.93 for the GoM and 3.74 and 0.92 for the US
Atlantic, respectively. Incorporation of the body pro-
portional hypothesis, which accounts for individual

variability in the relationship between SCL and HSD
(Snover et al. 2007a), into the equation for each re-
gion made it possible to estimate prior SCLs for every
measurable LAG in each humerus. This, in turn,
allowed calculation of annual somatic growth rates
by taking the difference between successive SCL
estimates.

Annual somatic growth rates estimated from all
skeletal growth increments were separated by re-
gion and binned into 10 cm size classes to facilitate
comparison with prior studies. In addition, general-
ized additive mixed models (GAMMs; Wood 2006)
were applied to examine the potential influences of
region (GoM vs. US Atlantic), SCL, age, and calendar
year on somatic growth rates. GAMMs are suitable
for modeling longitudinal skeletochronology data, as
they can incorporate turtle ID as a random variable,
to accommodate random individual effects poten-
tially introduced by using multiple data points from
each turtle (e.g. Krueger et al. 2011). Studies of
animal populations have often revealed latitudinal
clines in growth resulting from the inverse relation-
ship between latitude and growth due to the influ-
ence of and adaptation to local temperature and
photoperiod regimes (Blanck & Lamouroux 2007). As
previous analyses of loggerhead sea turtle Caretta
caretta mark-recapture data in the western North
Atlantic indicated the potential for a latitudinal influ-
ence on somatic growth (Bjorndal et al. 2013), we
also evaluated this possibility for Kemp's ridleys
along the US Atlantic coast, where the latitudinal
span was greatest. This was accomplished by incor-
porating stranding state as a proxy for latitude, the
terminal back-calculated growth rate for each turtle
(anticipated to best associate with stranding location),
SCL, and age into simplified generalized additive
models (GAMs) that did not require specification of
individual random effects, as only a single data point
was used for each turtle.

As prior analyses have demonstrated no sex-
specific differences in Kemp's ridley age and growth
(Avens et al. 2017), all data from females, males, and
turtles of unknown sex were combined for analysis in
the present study. Initial model runs demonstrated
high concurvity between SCL and age (0.95, with 1.0
being the worst-case scenario) in both the GoM and
the US Atlantic, making it necessary to incorporate
these 2 covariates into separate models. The GAMMs
and GAMs applied to evaluate somatic growth pat-
terns, as well as those used to characterize SCL-at-age
(Section 2.5), were implemented using the mgcv
package in R statistical software, version 3.6.1 (Wood
2006, R Core Team 2019).
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2.4. Oceanic-to-neritic transition

To estimate the age at which juvenile Kemp's rid-
leys transition from oceanic to neritic habitats, we se-
quentially sampled all visible humerus bone growth
layers of turtles stranded along the US Atlantic (n =
49) and GoM (n = 80) for §'°N ratios. Oceanic and
neritic habitats of the GoM and western North
Atlantic are geochemically distinct due to differences
in the mode of nitrogen cycling at the base of food
webs. N, fixation is a dominant mode of nitrogen cy-
cling in GoM oceanic habitats, yielding lower base-
line 8N levels than those found in neritic areas
where freshwater input and denitrification tend to
increase baseline 8'°N values (Montoya et al. 2002,
McKinney et al. 2010, Dorado et al. 2012). Impor-
tantly, these differences are transferred up food webs
such that the movements of carnivorous sea turtles
(e.g. loggerheads and Kemp's ridleys) between oce-
anic and neritic habitats/life stages manifest as sharp
increases in §'°N values within sequentially sampled
tissues (Snover 2002, Snover et al. 2010, Avens et al.
2013, Goodman Hall et al. 2015, Ramirez et al. 2015,
2019). While these habitat shifts are necessarily cou-
pled with changes in diet, the increases in §'°N val-
ues have primarily been attributed to isotopic chan-
ges at the base of the food web rather than changes
in foraging trophic level (Ramirez et al. 2015, 2019).
As a result, the age at which Kemp's ridleys move
between habitats can be identified through sequen-
tial sampling and analysis of §'°N values in bone dust
collected from individual annual humerus growth
increments (Snover 2002, Bean & Logan 2019, Rami-
rez et al. 2019).

Following Ramirez et al. (2015) and Turner Tom-
aszewicz et al. (2017), we used a computer-guided
micromill (ESI New Wave Research) in conjunction
with a 0.3 mm diameter carbide drill bit (Brasseler)
and transparencies of the digital skeletochronology
images to collect ~1.5 mg of bone dust from each vis-
ible humerus bone growth layer within each bone
cross-section. Only cortical bone tissue was sampled.
Bulk bone dust samples were then packaged into tin
cups and analyzed for 8'°N values via continuous-
flow isotope ratio mass spectrometry at the Oregon
State University Stable Isotope Laboratory (Corvallis,
OR). Atmospheric N, was used as the standard, and
internal standard IAEA-600 (caffeine; isotopic com-
position of 8N = 1.00%.) was calibrated at regular
intervals and used to correct for instrument drift and
linearity. Analytical precision was 0.05%0; %N and
%C were calculated using mass 28 and 44 peak
areas, respectively, and all samples had C:N ratios

below 3.5, characteristic of unaltered protein with
low lipid content (Post et al. 2007).

To identify the timing of the oceanic-to-neritic
habitat shift for individual turtles, it was necessary to
develop a classification system to objectively deter-
mine the age at which an ontogenetic shift was in-
itiated. Following Ramirez et al. (2015) and Turner
Tomaszewicz et al. (2017), we first characterized
oceanic resource use by analyzing the bone 8N
data associated with the age 0 growth layer (i.e. first
year of life) from all sampled turtles. Based on size
distributions of stranded Kemp's ridleys in the GoM
and along the US Atlantic (Ramirez 2019), we as-
sume that all Kemp's ridleys spend a minimum of
their first year in the oceanic life stage. Age 0 (i.e.
within the first year of life) bone sample §'°N data
expected to represent the oceanic environment were
collected from 52 turtles and ranged between 7.81
and 10.73%o (mean = 9.49%.). We used the upper
95 % quantile (10.32%o) as the threshold that must be
surpassed within each turtle's 8'°N value time series
to designate the initiation of a habitat shift. In other
words, the estimated oceanic stage duration for an
individual was the age associated with the inner
LAG of the first growth layer within a turtle's isotopic
dataset where the 8N value exceeded 10.32%o. To
ensure accurate characterization of Kemp's ridley
ontogenetic shifts, only turtles with isotopic data
starting with age 0 or 0.75 were included in this
analysis. The assumption of a minimum 1 yr oceanic
stage duration allows for the identification of ontoge-
netic shifts in turtles where a §'°N datum is absent for
the age 0 growth layer but present for the age 0.75
growth layer.

Oceanic stage duration estimates were then com-
pared between turtles stranding in the GoM and the
US Atlantic. Similarly, somatic growth rate data were
binned by region and oceanic stage duration to allow
evaluation of ontogenetic growth dynamics and com-
parison among turtles displaying alternative patterns
of resource use.

2.5. SCL-at-age models

Although the Fabens modified von Bertalanffy
(VB) growth curve is most often applied to charac-
terize sea turtle size-at-age using somatic growth
rate data (reviewed by Avens & Snover 2013), the
multiple data points generated for each turtle dur-
ing skeletochronological studies create autocorrela-
tion concerns and make this approach unsuitable
(Chaloupka & Musick 1997). To allow comparison
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with prior sea turtle growth models and yet avoid
autocorrelation or discarding useful information, we
instead repeatedly randomly re-sampled the com-
plete growth rate dataset 1000 times to allow VB
growth model fit during each re-sampling to a data
sub-set comprising a single randomly selected data-
point from each turtle. These nonparametric boot-
strap samples made it possible to accommodate the
uncertainty in the VB parameters and estimate re-
gion-specific growth coefficients (k) and asymptotic
SCLs (L..). VB fits require data with substantial rep-
resentation of all sizes/ages in a given population
(Chaloupka & Zug 1997), and as large juvenile and
adult Kemp's ridleys are rare along the US Atlantic
coast (i.e. turtles >50 cm SCL; Pritchard 2007), it is
perhaps not surprising that initial bootstrapped VB
model fitting attempts for the Atlantic-only dataset
failed.

Despite this initial result, continued exploration of
VB model fitting was desirable in the course of these
analyses, as this growth model is the one most often
applied for sea turtles, and as such yields the most
intuitive results for comparison with prior studies.
Given that tag returns indicate that at least some
females tagged as juveniles along the US Atlantic
coast return to the western GoM to nest (NMFS &
USFWS 2015, Caillouet et al. 2016, Caillouet 2019),
to contribute to the primary reproductive population
these Atlantic turtles would first need to transition to
GoM habitat prior to breeding and
nesting, making large juvenile and
adult GoM turtles a mix of Atlantic 180

migrants and life-long GoM residents.

Based on this premise, we combined 160
the >50 cm SCL somatic growth re- 140
cords from the GoM sample with the

US Atlantic dataset, to allow comple- 120
tion of VB model fit for this region and 3
comparison with results of the GoM- g 100
only VB model. Due to the potential o
bias introduced by pooling the US E 80
Atlantic and >50 cm SCL GoM data 60
for the VB model, region-specific size-

at-age relationships were also com- 40
pared by implementing a GAMM
approach to fit separate smoothing 20
splines and 95 % CIs to GoM-only and 0
US Atlantic-only SCL and age esti- 5

mate data. Age at sexual maturation
(ASM) was estimated as the age asso-
ciated with the mean size at sexual
maturation (SSM) for the population
(60-62 cm SCL; Avens et al. 2017).

3. RESULTS
3.1. Sample characteristics

In the GoM, 784 humeri were collected from
Kemp's ridley sea turtles whose SCL at stranding
ranged from 4.2 to 69.1 cm (mean = 41.0 + 12.5 SD;
Fig. 1), and age estimates ranged from 0 to 30.25 yr
(mean = 5 + 4.6 SD). Strandings occurred from 1993
through 2016, and were found in all US GoM states:
Texas (n = 201), Louisiana (n = 192), Mississippi (n =
185), Alabama (n = 62), and the Gulf coast of Florida
(n = 144). Back-calculating SCL for each measurable
LAG yielded 3632 SCL-at-age data points correspon-
ding with SCL estimates ranging from 4.2 to 69.1 cm
(mean = 36.9 + 17.5 SD) and age estimates 0 to
30.25 yr (mean = 5 + 5 SD) relating to the calendar
years 1988 through 2016 (mean = 2006 + 6 SD). In
addition, calculating somatic growth rates by taking
the difference between successive SCL estimates gen-
erated 2355 annual growth increments related to
mean SCLs spanning 8.5 to 69.1 cm (mean = 38.8 +
17.5 SD), age estimates of 0 to 28.75 yr (mean =5.2 +
5.3 SD), and calendar years 1988 through 2015
(mean = 2005 + 6 SD).

Along the US Atlantic, the total sample comprised
432 humeri collected from Kemp's ridleys ranging
from 19.3 to 66.7 cm SCL (mean = 33.8 = 9.4 SD;
Fig. 1) and whose age at stranding was estimated to

m US Atlantic
0 GoM

15 20 25 30 35 40 45 50 55
SCL-tip (cm)

60 65

Fig. 1. Size distributions for those Kemp's ridley sea turtles stranded along US
coastlines from which humeri were collected, measured as straightline cara-
pace length (SCL) from the nuchal notch to the longest posterior tip (SCL-tip).

GoM: Gulf of Mexico
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be between 1 and 18.75 yr (mean =4 + 2.7 SD). These
Atlantic turtles stranded from 1993 through 2017 in
the states of Florida (Atlantic coast; n = 16), Georgia
(n = 15), South Carolina (n = 5), North Carolina (n =
237), Virginia (n = 68), Delaware (n = 1), New Jersey
(n =4), New York (n =4), and Massachusetts (n = 68),
in addition to some for which the state was unrepor-
ted (n = 14). Back-calculation of SCL resulted in 2061
SCL-at-age data points, corresponding with age esti-
mates from 0 to 18.75 yr (mean = 2.9 + 2.7 SD), SCL
estimates spanning 4.2 to 66.7 cm (mean = 26.2 +
12.9 SD), and the years 1991 through 2017 (mean =
2006 + 6 SD). Somatic growth rate back-calculations
yielded 1271 annual increments associated with ages
0to 17.75 yr (mean = 2.5 + 2.7 SD), mean SCLs 9.2 to
66.7 cm (mean = 26.2 £ 5.2 SD), and calendar years
ranging from 1991 through 2015 (mean = 2006 =+
6 SD).
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3.2. Somatic growth

Size class-specific annual somatic growth rates in
the current study were lower overall along the US
Atlantic than in the GoM (Fig. 2a, Table 1). Despite
inclusion of more recent growth data in the present
study relative to the time frame reflected by the
US Atlantic Kemp's ridley samples in Snover et al.
(2007b), growth data for the size classes encom-
passed by both studies are very similar (Table 1). By
contrast, size class-specific GoM somatic growth
rates reported in the present study that span a
decades-long time frame are variably higher and
lower than previously reported values, perhaps re-
flecting shorter time periods for the prior studies and
differences in sample sizes (Table 1).

Quantitative comparison of regional somatic growth
through implementation of GAMMs that included

b)
o) 05 - [ T—
1)
c
o
&
O 00
-
=
=
o
5 -05
=
= ——
S -10 '
— ] —
US Atlantic GoM

d)

20

— GoM

O R e US Atlantic
S, 15
e
S !
S \
- H
= '
2 '
S 5}
0] S

0 T T — T T ]

0 5 10 15 20 25 30
Age (yn)

Fig. 2. Comparison of somatic growth for Kemp's ridley sea turtles in the Gulf of Mexico (GoM) and along the US Atlantic

coast. (a) Data aggregated by 10 cm straightline carapace length (SCL) size classes with bars representing means (horizontal

lines) = 1 SD for data; (b) generalized additive mixed model (GAMM) graphical output for regional growth response showing

means (solid horizontal lines) and 95 % credible bands (whiskers), and relative sample sizes for the two regions denoted by

extent of continuous rugplots (black rectangles) along horizontal axis; (c,d) GAMM-predicted mean annual somatic growth
rates relative to SCL (c) and age (d)
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Table 1. Summary of straightline carapace length (SCL) size class-specific annual somatic growth rate estimates for Kemp's

ridley sea turtles, for comparison with results of previous skeletochronology and mark-recapture studies along the US Atlantic

coast and in the Gulf of Mexico (GoM). Von Bertalanffy growth parameters for US Atlantic and GoM Kemp's ridleys are
provided at the bottom of the table, for additional comparison. (-) Categories for which no data were available

Mean SCL Growth rate (cm yr?)
size class (cm) Skeletochronology —— Mark-recapture —
Present study: Present study and Snover et al. Schmid Barichivich
Atlantic Ramirez et al. (2020Db) (2007b): Atlantic (1998): (2006):
(1991-2015) GoM (1988-2015) (pre-2000) GoM GoM
<19.9 13.9+4.3SD 15.3+2.6 SD 16.7 - -
0.7-21.2 1.8-22.5
n =345 n =381
20-29.9 4.0+2.28SD 7.2+3.1SD 44 +0.3SE - 3.42 +2.64 SD
0.1-11.3 0.0-15.4 0.0-8.26
n=>515 n =427 n=12
30-39.9 4.7 +2.2SD 5.5+3.0SD 5.1+0.5SE 46+28SD 55+298SD
0.1-9.9 0.0-13.1 1.2-9.4 1.25-8.92
n =210 n =461 n="7 n=_8
40-49.9 4.7+ 2.2 8D 54 +24SD 5+1.0SE 6.2 +3.7SD 3.3
1.5-7.5 0.0-12.1 2.9-13.0 na
n =281 n=294 n=13 n=1
50-59.9 2.8+1.5SD 2.7+ 1.7SD - 4.6+2.5 -
0.1to 7.4 0.0-8.3 2.2-7.9
n =46 n =424 n=4
>60.0 1.0+ 0.9 SD 0.6 £ 0.8 SD - - -
0.0-3.0 0.0-5.7
n=12 n =368
Von Bertalanffy growth curve parameters
Growth coefficient k 0.23 0.27 0.12 - -
Asymptotic length (L..) (cm) 61.9 62.6 74.9 - -
Time to maturation (yr) 15.1 11.8 10-17 - -

multiple covariates (region, SCL, age, and calendar
year) demonstrated significantly higher growth re-
sponse overall in the GoM (Fig. 2b, Table 2). Growth
rates exhibited a significant association with SCL and
age as well (Fig. 2c,d, Table 2); small juveniles in the
US Atlantic displayed lowest growth response be-
tween 20 and 25 cm SCL, which corresponded with
ages of 1 to 2 yr. By contrast, GoM juveniles did not
demonstrate a similar decrease in growth rates until
they attained ~35 cm SCL, and even then, growth re-
mained faster than in the US Atlantic (Fig. 2c). Inter-
estingly, both groups displayed elevated growth re-
sponse through ~40 to 45 cm SCL before declining
again as the turtles approached SCLs associated with
maturation (Fig. 2c). However, consistent with the
slower observed US Atlantic juvenile growth, a second-
ary peak in somatic growth occurred around 45 cm
SCL and 8 yr of age for Kemp's ridleys in this region,
whereas peak growth for GoM turtles occurred at an
earlier age of about 5 yr and smaller SCL of around
40 cm (Fig. 2d). Finally, calendar year was a significant
predictor of GoM growth response (Table 2), indica-

ting a general decrease in growth rates toward the
end of the study period. However, a detailed quantita-
tive comparison of temporal trends for region- and
size class-specific somatic growth rates, particularly
in light of potential impacts of the 2010 Deepwater
Horizon oil spill within focal Kemp's ridley habitat,
falls outside the scope of the present study and
instead can be found in Ramirez et al. (2020b). GAMs
revealed no significant association between growth
response and stranding state along the US Atlantic
coast (Table A1 in the Appendix; p > 0.05 in all cases),
indicating that Kemp's ridleys do not exhibit a latitu-
dinal gradient in somatic growth rates.

3.3. Oceanic-to-neritic habitat shift

We sampled between 1 and 7 (median = 3) hume-
rus bone growth layers from 129 Kemp's ridley tur-
tles stranded between 1997 and 2015, yielding a total
of 370 growth increment-specific 8'°N values which
ranged from 6.99 to 19.83%. Mean 8N values
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Table 2. Summary statistics for generalized additive mixed models applied to evaluate potential influence of stranding region

(US Atlantic or Gulf of Mexico [GoM]), straightline carapace length (SCL), age, and calendar year on somatic growth response

for Kemp's ridley sea turtle annual growth rates back-calculated using skeletochronology. AIC: Akaike's information criterion;

Edf: estimated df; Prob(F): significance level of smooth terms in models; Pr>|tl: significance level of parametric terms in models;
(-) absence of parametric coefficients in a given model

Model n Adjusted AIC Smooth terms Parametric coefficients
r? Variable Edf F Prob(F) Variable Estimate SE t  Pr>ltl

Growth~Region 3626  0.81 16193 SCL 898 1432 <0.001 Region 1.5 0.1 65 <0.001

+ SCL + Year Year 5 7 <0.001 GoM vs.

US Atlantic

Growth~Region 3626  0.80 16570 Age 9 1454 <0.001 Region 1.2 0.1 13 <0.001

+ Age + Year Year 4 9 <0.001 GoM vs.

US Atlantic

GoM
Growth~SCL 2355 0.81 10391 SCL 9 815 <0.001 - - - - -

+ Year Year 4 6 <0.001 - - - - -
Growth~Age 2355  0.82 10527 Age 9 1005 <0.001 - - - - -

+ Year Year 3 7 <0.001 - - - - -
US Atlantic
Growth~SCL 1271 0.85 5459 SCL 9 817 <0.001 - - - - -

+ Year Year 1 0 0.67
Growth~SCL 1271 0.85 5455 SCL 9 820 <0.001 - - - - -
Growth~Age 1271 0.83 5603 Age 8 742 <0.001 - - - - -

+ Year Year 2 2 0.11
Growth~Age 1271 0.83 5602 Age 8 741 <0.001 - - - - -

before and after the oceanic-to-neritic
ontogenetic shift were 9.53 + 0.57 and
12.94 + 1.85 SD %o, respectively, and
were significantly different (p < 0.001,
Wilcoxon rank sum test). Post-shift §'°N

Table 3. Initial age and size (straightline carapace length) for the growth in-
crement during which the oceanic to neritic shift occurred for juvenile Kemp's
ridley sea turtles by stranding region (Gulf of Mexico [GoM] or US Atlantic)
based on mean bone growth increment stable nitrogen isotope (8'°N) values

(mean + SD [sample size])

values did not differ between GoM

0 . Shift age n Pre-shift Post-shift Proportion
(1296 + 1.96 /)o) and Atlantic (1291 + (YT) SN (%0) SISN (%0) of turtles (%)
1.68%o) stranded turtles (p = 0.97, Wil-
coxon rank sum test). GoM stranded turtles
- 0.75 57 9.63 + 0.59 (17) 12.91 + 1.83 (57) 84

All sampled stranded Kemp's ridleys | "7 9 9.15 + 0.57 (9) 13.38 + 2.74 (9) 13
exhibited oceanic stage d1.1rat'1ons b.e- 275 2 9.71 + 0.85 (2) 12.51 + 2.70 (2) 3
tween 0.75 .and 2.?5 yr, aligning w1th Atlantic stranded turtles
stage duration estimates from previ- 0.75 21 9.50 + 0.57 (12) 12.53 + 1.81 (21) 47
ous studies (TEWG 2000). However, 1.75 22 9.61 + 0.52 (22) 13.23 + 1.59 (22) 49
our data revealed strong regional dif- 2.75 2 9.35+0.82 (2) 13.51£0.80 (2) 4

ferences in oceanic stage duration for
juveniles that stranded in the GoM vs.
the Atlantic (Table 3). For GoM stranded turtles, 84 %
recruited to neritic habitats at age 0.75, whereas 13 %
recruited at age 1.75, and only 3 % recruited at age
2.75 (Table 3). In contrast, 47% of US Atlantic
stranded juveniles recruited to neritic habitats at age
0.75, 49% at age 1.75, and 4 % at age 2.75 (Fig. 3b,
Table 3). Regardless of region, age-specific growth
rates were not strongly related to the age at which
the transition to neritic habitat occurred (Fig. 3).

As evidenced by overlapping 95 % ClIs, age-specific
growth rates within each region did not differ among

turtles with varying oceanic stage duration, i.e. dif-
ferences in ontogenetic patterns of resource use did
not translate to differences in growth rates (Fig. 3).
While the data are the most robust for turtles with
0.75 and 1.75 yr oceanic stage durations, this pattern
appears to extend to turtles with 2.75 yr oceanic stage
durations as well. Although growth rates did not vary
with duration of the oceanic life stage, the previous
observation of a divergence in somatic growth rates
between GoM and Atlantic turtles early in life per-
sisted (Figs. 2c,d & 3), suggesting that the causes of
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a) Goml b) US Atlantic plementation with data from >50 cm
— 20 SCL GoM individuals so that all size
T w“? 0, Age'oa:‘”i" classes were adequately represented,
= 5 é{g 2 §§ e T this introduced the potential for the
% o 8. 215 GoM data to bias the US Atlantic fit
*@' 7 . upward. Even so, the combined US At-
£ 10 »]q ) lantic and >50 cm SCL GoM curve con-
2 @* o 17 o 2o sistently remained slightly, but contin-
5 5 %’{ % 3 *O * {ﬁ% uously, lower than and behind that of
§ o % the GoM-only sample (Fig. 4a). Cor-
S ol respondingly, the estimated growth
coefficient for the Atlantic and >50 cm

3 0 i
Age (yr)

Fig. 3. Sequential annual somatic growth rates relative to age for Kemp's ridley
sea turtles that undertook the oceanic-to-neritic habitat shift at age 0.75, 1.75,
or 2.75 yr in (a) the Gulf of Mexico (GoM) and (b) along the US Atlantic coast
(mean + 95% CI). Circles denote mean growth rates, whiskers span 95% ClIs,
and numbers above whiskers represent sample sizes. For each transition age
category (0, 1, 2, or 3), sample size represents a sub-set of the total number of
turtles in that category in Table 3 for which it was possible to back-calculate a
somatic growth rate associated with that age

regional Kemp's ridley growth variation are not linked
to oceanic stage duration.

3.4. SCL-at-age models

As indicated by significant differences in regional
growth response yielded by the GAMMs (above),
size-at-age relationships diverged between the GoM
and US Atlantic as well. Although it was not possible
to quantitatively compare bootstrapped VB fits, cur-
ves for the 2 regions never intersected. As a successful
US Atlantic bootstrapped VB model fit required sup-

—GoM
----- US Atlantic

0 10 20

Age (yr)

40

SCL (cm)

SCL GoM dataset was lower than that
for GoM-only turtles, translating to a
difference in estimated time to matu-
ration between the regions of 3.4 yr
(Table 1). GAMM splines fit to GoM
and Atlantic SCL and age estimate
data were significant (p < 0.001 for
both) and reveal region-specific fluctu-
ations in the relationship between SCL
and age (Fig. 4b). Individual random
effects were also significant for both spline fits (p <
0.001, log-likelihood ratio test). Comparing the 2
splines and 95 % CIs demonstrates overall divergence,
with the Atlantic curve remaining well below the
GoM curve, until ages and sizes associated with mat-
uration were attained (Table 4), resulting in time to
maturation estimates approximately 2 yr later for US
Atlantic turtles than for those in the GoM (Fig. 4b,
Table 4). This discrepancy is similar to that yielded by
the bootstrapped VB curve fits, despite the potential
for bias toward faster growth introduced by the need
to combine the Atlantic dataset with data from larger
GoM turtles.

Maturation SCL

---- US Atlantic

0 T T T T 1
10 15 20 25

Age (yr)

Fig. 4. Growth models fit to back-calculated annual somatic growth rate data obtained from Kemp's ridley sea turtles in the

Gulf of Mexico (GoM) and along the US Atlantic. (a) Bootstrapped Fabens modified von Bertalanffy growth curves (US

Atlantic data here incorporate growth rates from GoM turtles >50 cm straightline carapace length (SCL) to allow model con-
vergence; see Section 3.4 for details); (b) generalized additive mixed model spline fits.
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Table 4. Mean straightline carapace lengths (SCL) for Kemp's ridley sea tur-

4.1. Early ontogenetic transitions

tles in the Gulf of Mexico (GoM) or along the US Atlantic from ages 1 to 20 yr

predicted from generalized additive mixed model spline fits (Spline) and boot-
strapped Fabens modified von Bertalanffy (VB) growth curves

Like many other marine organisms,
sea turtles undertake habitat shifts

4. DISCUSSION

Neritic juveniles of the endangered Kemp's
ridley sea turtle species are sub-divided into 2
primary regional foraging populations (GoM and
US Atlantic) that exhibit significant differences in
somatic growth rates, possibly due to disparities
in environmental conditions, anthropogenic in-
fluences, prey composition and availability, and/or
exposure to particular predators and pathogens.
These varying experiences could then potentially
translate into a divergence of timelines for growth
and maturation. Correspondingly, our results demon-
strate that previously indicated discrepancies in
somatic growth rates and size-at-age for Kemp's
ridleys in the GoM and along the US Atlantic have
persisted over decades, through the recent time
frame. The differences indicated by our models
would result in an expected maturation trajectory
for neritic juveniles foraging along the US Atlantic
coast that is ultimately delayed by 2 to 3 yr
relative to their GoM counterparts. As this diver-
gence could influence the relative reproductive
contribution for the US Atlantic population sub-set
(Ramirez 2019), we explore potential causes and
implications below.

] ] over the course of their lives that are
éff)e SplliD;ZdICted size (cm SCL) VB associated with developmental transi-
GoM  95%CI USAtlantic  95% CI  GoM US Atlantic | tons (i.e. ontogenetic habifat shifts;
Dahlgren & Eggleston 2000, Snover
1 209  20.8-30.0 21.2 21.0-214 178 16.0 2008), with most species spending the
2 306 30.5-30.7 26.3 26.1-26.5 282 25.3 first years of their lives in oceanic ha-
3 36.0 35.9-36.1 28.3 28.1-28.5 36.2 32.8 . . .
4 395 39.4-39 6 329 32.0-32.4 424 38.7 bitats before later moving to neritic
5 43.0  42.8-43.2 37.0 36.8-37.2 47.1 43.4 zones as larger juveniles (Musick &
6 47.1 46.9-47.3 41.2 41.0-41.4 50.7 47.2 Limpus 1997). Characterizing durations
7 512 51.0-51.4 447 44.4-450 535 50.2 of life stages spent in different habitats
8 5.0 49.8-55.2 47.9 47.6-482 55.6 52.6 is important for understanding popula-
9 57.8  57.6-58.0 51.1 50.7-51.5 57.2 54.5 5 1np , Hng pop!
10 59.6  59.4-59.8 541 53.6-54.6 58.5 56.0 tion dynamics, as these time periods
11 60.6  60.4-60.8 57.0 56.5-57.5 59.4 57.2 relate to the extent of exposure to stage-
12 61.1  60.9-61.3 59.4 58.8-60.0  60.2 58.2 or habitat-specific threats that can
13 61.6 61.3-61.9 61.3 60.5-62.1 60.7 58.9 . . . .
14 622 61.9-62.5 625 616-634 612 595 differentially influence demographic
15 62.9  62.6-63.2 63.2 62.0-64.4 615 60.0 rates (Heppell et al. 2002). Factors un-
16 63.5 63.2-63.8 63.5 62.1-64.9 61.8 60.4 derlying the timing of ontogenetic
17 64.1  63.8-64.4 63.9 62.2-65.6  62.0 60.7 habitat shifts are thought to primarily
18 64.4 64.0-64.8 64.2 62.2-66.2  62.1 60.9 involve maximizing the somatic growth
19 64.6 64.2-65.0 64.5 61.2-67.8 62.2 61.1 . . S L.
20 64.7 64.2-65.2 64.7 574-799 623 61.3 potential while minimizing the proba-
bility of predation/mortality (Werner

& Gilliam 1984, Werner & Hall 1988,
Dahlgren & Eggleston 2000). Maximiza-
tion of somatic growth does not appear to be a primary
factor underlying variability in juvenile loggerhead
sea turtle oceanic stage durations and shift strategies
in the western North Atlantic (i.e. discrete vs. faculta-
tive; McClellan & Read 2007, Ramirez et al. 2015, 2017).
However, variability in manifestation is anticipated,
given that individual-specific genetic, biological,
and environmental influences (e.g. size- and habitat-
related predation risk, foraging efficiency, and/or
density-dependent factors [Snover 2008]) will combine
to produce unique outcomes (Ramirez et al. 2015).
Results from the present study indicate that while
the majority of GoM oceanic stage juvenile Kemp's
ridleys transitioned to neritic habitats quickly, within
1 yr of hatching, along the US Atlantic this shift was
predominantly undertaken later, closer to 2 or even
3 yr of age. Although oceanic stage juvenile sea tur-
tles exert significant influence on their movement tra-
jectories relative to ocean currents (Putman & Mans-
field 2015), differences in age at transition between
regions could at least partly relate to inter-annual
variability in prevailing current regimes during hatch-
ling dispersal. Shifts in bulk flow patterns might influ-
ence whether hatchlings and small juveniles are more
likely to remain in the GoM closer to the nesting
beach or travel longer distances through the Florida
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Straits to the Gulf Stream and northward along the US
east coast (Putman et al. 2013, 2020b, Caillouet 2019).
Based solely on passive transport, Putman et al. (2013,
2020b) predicted that oceanic juvenile Kemp's ridleys
could reach the northeastern GoM and US Atlantic in
as little as 0.5 yr but with more arriving later, by the
ages of 1.5 to 2.5 yr. Correspondingly, in the current
study, 84 % of juveniles in the GoM appeared to have
transitioned to neritic habitat by 0.75 to 1.75 yr of age.
The preponderance of US Atlantic Kemp's ridleys
shifting later, closer to 1.75 to 2.75 yr of age, might re-
late to the need to travel farther to reach the most
proximal suitable neritic habitat once turtles had
moved outside the GoM. Within each region, somatic
growth rates did not differ among juvenile Kemp's
ridleys relative to transition age, suggesting that
similar to the loggerheads inhabiting the western
North Atlantic, constraints on somatic growth are not
a driving factor influencing timing of habitat transition
(Ramirez et al. 2015, 2017).

Despite the lack of transition age-related growth
differences within regions, overall early juvenile
growth for turtles shifting to neritic habitat in the US
Atlantic was slower than that of small juveniles in the
GoM, perhaps establishing an ontogenetic disconti-
nuity in regional growth trajectories (Lorenzen 2016).
Early influences on condition and growth can trans-
late into life-long consequences, with juveniles ex-
posed to optimal conditions benefiting from life-long
silver spoon effects, and those exposed to more ad-
verse conditions being put at a long-term disadvan-
tage (Madsen & Shine 2000). While bursts of high
compensatory or catch-up growth that could offset
such a discrepancy have been documented in ocea-
nic stage loggerhead sea turtle juveniles (Bjorndal et
al. 2003), a similar effect has not been demonstrated
for Kemp's ridleys (Snover et al. 2007b). Moreover, it
is possible that accelerated growth under the scena-
rio of inadequate resources is a risky approach for
optimizing life-history strategy, as it has been asso-
ciated with increased tissue damage and reduced
longevity, potentially compromising overall fitness
(Mangel & Munch 2005, Dmitriew 2011). As a result,
initial depression of individual US Atlantic Kemp's
ridley size-at-age trajectories may be difficult to
overcome, possibly placing these turtles at a life-long
disadvantage relative to GoM conspecifics.

4.2. Growth and maturation trajectories

In the present study, we present Kemp's ridley sea
turtle age and somatic growth data spanning more

than 2 decades, and find that there are consistent,
continued differences between the GoM and US
Atlantic components of the population. Throughout
their lives, growth dynamics relative to both size and
age exhibit pronounced disparities between regions
in both the timing and extent of fluctuations. For ex-
ample, in contrast to GoM juveniles, those along the
US Atlantic exhibited a secondary period of peak
growth following the transition to neritic habitat that
centered around 8 yr of age and approximately 45 cm
SCL. Interestingly, this timing corresponds with a
previously reported growth spurt at age 8 and at
46 cm SCL for the US Atlantic population (Chaloup-
ka & Zug 1997) and a decrease in Atlantic strandings
starting at age 7 and 50 cm SCL (Ramirez 2019) that
could correspond with a shift to GoM habitat.
Related to the discrepancy in somatic growth
dynamics, both the VB growth models and GAMM
spline fits for the 2 regions demonstrated that US
Atlantic size-at-age is reduced relative to that ob-
served in the GoM throughout all life stages. Taken
together (and assuming that turtles from the 2 re-
gions exhibit comparable SSMs), these data indicate
that US Atlantic Kemp's ridleys might mature on
average 2 to 3 yr later than their GoM counterparts.
However, this difference remains less than the over-
all 5 to 6 yr range between minimum and mean ASM
estimates for the broader population (Avens et al.
2017). Furthermore, such intra-population variability
in life-history traits is not uncommon, particularly in
marine species that inhabit highly variable environ-
ments (Blanck & Lamouroux 2007, Stawitz & Essing-
ton 2019). In fact, the possible scope of these charac-
teristics for marine fish species often spans much
broader ranges than those reported herein (Blanck &
Lamouroux 2007), leading to the proposal that plasti-
city in somatic growth response is a fundamental bio-
logical characteristic (Lorenzen 2016). Available data
for other sea turtle populations indicate similar vari-
ability (Bjorndal et al. 2013, 2016, 2017), with ASM
estimates for turtles of the same genetic origin differ-
ing by as much as 15 yr (Hawaii; Balazs & Chaloupka
2004) to 25 yr (Australia; Chaloupka et al. 2004).
Such extensive differences in somatic growth rates
for marine species have been attributed to many fac-
tors, including the combined effects of genetics,
migrations, habitat type, and/or foraging ecology, as
well as latitudinal clines (Yamahira & Conover 2002,
Blanck & Lamouroux 2007, Woodland & Secor 2011,
Bourret et al. 2016, Stawitz & Essington 2019).
Similar to other marine organisms, these proximate
factors might contribute to the long-term divergence
in somatic growth patterns for GoM and US Atlantic
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Kemp's ridleys. Captive growth studies have demon-
strated wide ranges of ASM and SSM for individual
Kemp's ridley sea turtles reared under the same
environmental conditions, suggesting significant ge-
netic influence on somatic growth and maturation
trajectories (Bjorndal et al. 2014). In addition, regio-
nal differences in energetic costs accrued during sea-
sonal migrations and movements within foraging
areas could limit the relative extent of resources
available to devote to somatic growth. Available te-
lemetry data suggest that Kemp's ridley seasonal
migrations are more extensive along the US Atlantic
than in the GoM (reviewed by Morreale & Standora
2005), potentially requiring greater energy expendi-
ture. However, the possibility of an inverse relation-
ship between movement and growth requires further
investigation, as in some fish populations, increased
migration distance and duration actually correspond
with elevated somatic growth rate during the re-
maining (albeit shortened) annual growing season
(Dmitriew 2011).

Growth dynamics might also be affected by factors
influencing foraging ecology such as prey composi-
tion and distribution, as well as intra- and inter-spe-
cific competition. Diet studies support a historic pre-
dominance of portunid and walking crabs in the diet
of Kemp's ridleys in the western GoM, mid-Atlantic,
and northeastern US waters (Seney & Musick 2005,
Seney 2016). However, more recent studies have
observed significant consumption of additional prey
in some regions, such as tunicates, polychaetes, and
fishery discards, potentially affecting growth pat-
terns (discussed in Ramirez et al. 2020a). While prey
depletion combined with increased juvenile recruit-
ment corresponding with an upturn in nesting num-
bers through 2009 could serve to exacerbate density-
dependent effects on somatic growth, results of
recent growth modeling efforts suggest that this
might not be the case in either the GoM or US
Atlantic (Ramirez et al. 2020b). It is also possible that
inter-specific competition for prey could play a part
in regional somatic growth differences (Caillouet et
al. 2018, Caillouet 2019), as loggerhead sea turtles
also occupy GoM and US Atlantic neritic habitat and
are thought to consume at least some of the same
invertebrate species (Seney & Musick 2005, Wallace
et al. 2009). Unfortunately, while diet studies indicate
that such overlap is possible, few fine-scale habitat
use data are available to determine whether spatial
and temporal convergence, as well as direct compe-
tition, actually occurs. However, some segregation of
habitat use between neritic juvenile loggerheads and
Kemp's ridleys has been reported both in inshore

waters along the US Atlantic (Keinath et al. 1987,
Byles 1988) and in the northeastern GoM (Lamont &
Iverson 2018).

Finally, somatic growth of ectotherms such as tur-
tles is generally strongly and positively related to
temperature, which in turn is inversely related to lat-
itude (Snover et al. 2015). Correspondingly, Bjorndal
et al. (2013) reported a latitudinal cline in growth
response for loggerhead sea turtles 50 to 80 cm SCL
in the western North Atlantic, consistent with this
expectation. Yet, for green sea turtles in Australia
(Chaloupka et al. 2004) and Hawaii (Balazs & Cha-
loupka 2004), latitudinal growth clines were absent,
a result more similar to the Kemp's ridleys in the
present study where no relationship was observed
between somatic growth and stranding state (a proxy
for latitude). Given that on a broader scale, annual
mean Atlantic coastal water temperatures are cooler
than those in the GoM (NOAA NCEI: https://www.
nodc.noaa.gov/dsdt/cwtg/all_meanT.html, accessed
20 March 2020), it remains possible that this overall
environmental differential could reduce growth po-
tential for US Atlantic juvenile Kemp's ridleys rela-
tive to their GoM counterparts. However, pheno-
types of some fish populations at higher latitudes
reflect adaptation to local conditions to allow in-
creased growth rates during shorter annual growing
seasons and at lower water temperatures, which
could act to reduce regional variability (reviewed by
Blanck & Lamouroux 2007). As a result, further de-
tailed study, possibly involving the use of skeletal
growth increment-specific isotopic indicators of tem-
perature exposure (e.g. phosphate oxygen; Coulson
et al. 2008), will be required to address this possi-
bility for Kemp's ridleys, as well as other sea turtle
populations.

4.3. Riddle of the Atlantic ridley

Juvenile Kemp's ridley sea turtles have been con-
sistently documented in the waters of different states
along the US Atlantic coast as far north as Massa-
chusetts for well over a century, even during the
species’ near extinction (Coker 1906, Carr 1952,
Bleakney 1965, Lazell 1980, Morreale & Standora
2005 [review], Pritchard 2007, Braun McNeill et al.
2018, Griffin et al. 2019). Despite their long-term,
extensive residency and capacity to feed and grow in
the region, the question of the extent to which
Kemp's ridleys along the US Atlantic coast return to
the GoM and contribute to the overall population has
been extensively debated (reviewed by Morreale &
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Standora 2005, Pritchard 2007, Caillouet et al. 2016,
2018, Caillouet 2019). The US Atlantic is sometimes
characterized as a type of sink habitat for the Kemp's
ridley population, with the perception that stochastic
juvenile dispersal results in a greater proportion of
immigration and deaths relative to the GoM source
population where births and emigration predominate
(Heinrichs et al. 2015). However, this characteriza-
tion relies at least in part on the assumption that their
dispersal is solely passive (reviewed by Putman &
Mansfield 2015). Yet, hatchling loggerheads exhibit
stereotypical orientation responses to magnetic fea-
tures (Putman et al. 2015), and small juvenile logger-
head, green, and Kemp's ridleys orient their move-
ments in ways that would result in modification of
movement paths to increase the overall probability of
remaining in suitable conditions within North Atlan-
tic and GoM current systems (Putman & Mansfield
2015). And while perhaps hatchling and small juve-
nile sea turtles are not able to directly counter strong
currents at small size, Kemp's ridleys have exhibited
positive rheotaxis in captivity (Stabenau et al. 1992),
and models presented by Scott et al. (2012) indicate
that small shifts in orientation can ultimately mani-
fest in larger differences in ultimate destination.

As Kemp's ridley nesting outside the western GoM
is relatively uncommon (NMFS & USFWS 2015),
characterization of US Atlantic waters as sink habitat
would then also depend on whether individuals ini-
tially inhabiting this region succeed in eventually
returning to the GoM to reproduce. Pritchard (2007)
notes that strandings of Kemp's ridleys >50 cm SCL
along the US Atlantic coast are rare, and suggests
that turtles in this region that survive to reach larger
sizes transition to the GoM. Published records of
fewer than 20 tag returns from Kemp's ridleys origi-
nally caught as juveniles in US Atlantic waters that
were subsequently documented nesting in the west-
ern GoM provide direct evidence that some individ-
uals have returned to rejoin the reproductive popula-
tion (Caillouet et al. 2015). Although the number of
published reports is seemingly not large, it is worth-
while to also consider the many factors minimizing
the possibility that such returns would be observed.
These include the comparatively small proportion of
juvenile Kemp's ridleys leaving the GoM each year
(Putman et al. 2013), as well as constraints on the
spatio-temporal scope of tagging efforts along the US
Atlantic coast north of Florida (Morreale & Standora
2005, Braun McNeill et al. 2018), along with tag loss
(McNeill et al. 2013) and relatively low probability of
detection during nesting events (Eckert et al. 1994).
In this context, even the limited number of obser-

vations reported in the published literature seems
notable.

One hypothetical possibility is that instead of rep-
resenting solely a sink, continued recruitment of ju-
venile Kemp's ridleys to neritic habitat along the US
Atlantic coast might reflect a life-history strategy of
diversified bet-hedging, related to a phenomenon
termed developmental instability. This strategy is
thought to have evolved along with delayed matura-
tion and iteroparity as a mechanism to maximize off-
spring success in the face of stochastic environmental
influences on survival and dispersal, in which plasti-
city in an individual genotype can give rise to multi-
ple phenotypes (Reilly & Reilly 2009, Kain et al.
2015). Under the scenario of developmental instabil-
ity, phenotypic expression generated by a genotype
is contingent on the environment encountered by the
individual, in turn allowing optimization of mean off-
spring fitness relative to the conditions in which they
find themselves (Reilly & Reilly 2009, Kain et al.
2015), contributing to population stability and resili-
ence (Bourret et al. 2016). In the case of Kemp's rid-
leys, this could theoretically be framed in the context
of different phenotypes for orientation behavior and/
or timing for initiation of the shift from oceanic to ner-
itic habitat that would influence whether juveniles
either remain in the GoM or transit to the US Atlan-
tic. If the environmental variability experienced by a
population is high, models indicate that this ap-
proach can become a type of evolutionarily stable
strategy where the predominant genotype allowing
manifestation of diverse phenotypes cannot be dis-
placed by random mutations resulting in simpler ge-
notype/phenotype combinations that enhance suc-
cess only under a narrow range of conditions (i.e.
adaptive tracking; Sasaki & Ellner 1995, Reilly &
Reilly 2009, Kain et al. 2015). However, if signifi-
cantly deleterious dispersal scenarios arose from de-
velopmental instability, such genetically based char-
acteristics could be acted upon by natural selection
(Scheiner 2014). And given that the 100+ yr docu-
mented presence of Kemp's ridleys in this region en-
compasses multiple generations (Avens et al. 2017),
if US Atlantic dispersal were severely deleterious,
then reduction or elimination of this strategy in the
population over time would be expected, yet this has
not occurred.

However, even if the US Atlantic Kemp's ridley for-
aging population does in fact represent a sink stem-
ming from deleterious stochastic impacts on oceanic
juvenile dispersal that are difficult to counter, as
opposed to an alternate viable life-history strategy,
its contribution to the population remains in ques-
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tion. Given the lower proportion of neritic juvenile
and adult Kemp's ridleys occurring outside the GoM,
it is of course likely that the relative importance of
the US Atlantic component of the population is re-
duced in comparison to the proportion that remains
in the GoM (Ramirez 2019). Nevertheless, caution
has been urged when attempting to characterize the
conservation value of perceived source vs. sink habi-
tats, as under some circumstances, sink populations
can be beneficial for population persistence despite
the appearance of sub-optimality (e.g. Heinrichs et
al. 2015). Similarly, Caillouet (2019) suggests that the
US Atlantic Kemp's ridley component might be con-
sidered a safety net in the face of persistent uncer-
tainty regarding the future of the broader population.

5. CONCLUSIONS

The present study demonstrates delayed recruit-
ment and long-term persistence of slower neritic
Kemp's ridley growth in the US Atlantic, potentially
leading to a maturation trajectory for this sub-set of
the population delayed by 2 to 3 yr relative to those
individuals inhabiting the GoM. While deferred mat-
uration could be detrimental, the discrepancy is not
unusual in the scope of intra-population variability
in maturation reported for other sea turtle species.
Despite the insights provided by the present study,
additional investigation is required to truly evaluate
the role of juvenile Kemp's ridleys foraging along the
US Atlantic in the broader population. Future popu-
lation models might benefit from consideration of
region-specific threats that are likely to influence rel-
ative survival rates (e.g. cold stun events and fishery
interactions). Furthermore, inclusion of year-specific
oceanographic components in these models, as per
Putman et al. (2013), could improve predictions of
bulk influences on oceanic juvenile cohort dispersal,
as well as survival and neritic recruitment. Also, stu-
dies of orientation and navigation behavior for the
species could shed light on the extent to which
hatchling and oceanic juvenile Kemp's ridleys detect
and respond to environmental cues such as magnetic
features in a way that could allow them to modify
their dispersal trajectories. Finally, increased hume-
rus collection and analyses of skeletal growth incre-
ment-specific chemical signatures signifying the use
of different US Atlantic vs. GoM habitats for both
juveniles and adults could provide valuable data re-
garding movement within and between these areas,
particularly with respect to the true extent of region-
specific reproductive recruitment (Ramirez et al.

2019, 2020b). Incorporation of this information into
refined age and somatic growth models would in
turn provide better understanding of possible re-
gional differences in size at maturation, as well as
longevity, which could potentially offset discrepan-
cies in reproductive contributions (Mangel & Munch
2005).
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Appendix

Table Al. Summary statistics for generalized additive models (GAMs) applied to evaluate potential influence of stranding
state (as a proxy for latitude), straightline carapace length (SCL) and age on somatic growth response for US Atlantic Kemp's
ridley sea turtles. AIC: Akaike's information criterion; Edf: estimated df

GAM Adjusted r?  AIC Smooth terms Parametric coefficients
Variable Edf F  Prob(F) Variable Estimate SE t Pr>ltl
Growth~ 0.79 1744 SCL 9 159 <0.001 Stateya -0.08 2.2  -0.04 0.97
SCL + State Staten; -2.48 24 -1.01 0.31
(n =394) Stateya 1.05 2.2 0.48 0.63
Statenc -0.97 2.2 0.44 0.66
Stategc 2.7 2.4 1.13 0.26
Statega 0.93 2.3 0.41 0.68
Staterp 1.08 2.3 0.47 0.64
Growth~ 0.79 1759 Age 8 166 <0.001 Stateya 0.63 2.2 0.28 0.78
Age + State Stateyy -1.61 2.5 -0.65 0.52
(n =394) Stateya 2.16 2.2 0.97 0.33
Statenc 1.47 2.2 0.66 0.51
Stategc 2.9 2.4 1.19 0.23
Statega 1.81 2.3 0.79 0.43
Stater, 1.61 2.3 0.69 0.49
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