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1.  INTRODUCTION

Although the global distribution of the hawksbill
sea turtle Eretmochelys imbricata is predominantly
centered in tropical waters, its range in the western

North Atlantic also extends into sub-tropical areas
along the US Gulf of Mexico (GoM) and Atlantic
coasts (Wallace et al. 2010; Fig. 1). Within the conti-
nental USA, nesting has been characterized as rare
in the state of Florida, with 0–5 nests recorded per

© M. D. R., J. M. C., A. B. M., M. H. G., and outside the USA, the US
Government 2021. Open Access under Creative Commons by Attri-
bution Licence. Use, distribution and reproduction are un restricted.
Authors and original publication must be credited. 

Publisher: Inter-Research · www.int-res.com

*Corresponding author: Larisa.Avens@noaa.gov

Hawksbill sea turtle life-stage durations, 
somatic growth patterns, and age at maturation

Larisa Avens1,*, Matthew D. Ramirez2, Lisa R. Goshe1, Jamie M. Clark1,3, 
Anne B. Meylan4, Wendy Teas5, Donna J. Shaver6, Matthew H. Godfrey7,8,9, 

Lyndsey Howell10

1National Marine Fisheries Service, Southeast Fisheries Science Center, NOAA Beaufort Laboratory, Beaufort, NC 28516, USA
2University of Rhode Island, Graduate School of Oceanography, Narragansett, RI 02882, USA 

3Riverside Technology, Inc., Beaufort, NC 28516, USA
4Florida Fish and Wildlife Conservation Commission, Fish and Wildlife Research Institute, St. Petersburg, FL 33701, USA

5National Marine Fisheries Service, Southeast Fisheries Science Center, Miami, FL 33149, USA
6National Park Service, Padre Island National Seashore, Corpus Christi, TX 78418, USA

7North Carolina Wildlife Resources Commission, Beaufort, NC 28516, USA
8Duke Marine Laboratory, Nicholas School of Environment, Duke University, Beaufort, NC 28516, USA

9Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State University, Raleigh, NC 27607, USA
10National Marine Fisheries Service, Office of Protected Resources, NOAA Pascagoula Laboratory, Pascagoula, MS 39567, USA

ABSTRACT: Sea turtles exhibit complex life histories, encompassing intermittent use of multiple
spatially separated habitats throughout long lifespans. This broad scope presents challenges for
collecting comprehensive biological and ecological data, yet absence of such information compli-
cates evaluation of management strategies for populations at risk of extinction. Hawksbill sea tur-
tles Eretmochelys imbricata are endangered worldwide, primarily due to long-term, directed har-
vest. However, available information regarding life stage durations, somatic growth patterns, and
maturation attributes to enhance understanding of anthropogenic impacts and recovery potential
remains constrained. To address these data gaps in the western North Atlantic, we conducted
skeletochronological analysis for hawksbills stranded along US coastlines to generate straight-
line carapace length (SCL)-at-age and somatic growth data. Generalized additive mixed models
and bootstrapped von Bertalanffy growth curves were used to characterize age at maturation and
covariate influence on somatic growth. For a subset of turtles, annual bone growth increment-
 specific stable isotope and trace element analyses were incorporated to evaluate habitat use rela-
tive to age. Integration of these data sources indicated that juveniles transitioned from oceanic to
neritic habitat at 1−3 yr old and mean SCLs of 23−24 cm (range 15.7−35.0 cm). Initial ages at mat-
uration for this population at minimum nesting female SCLs were estimated at 15−25 yr. Somatic
growth varied significantly relative to size, age, and stranding location, while no association with
sex or calendar year was observed. Our results demonstrate the utility of these complementary
analytical approaches for generating baseline data fundamental to characterizing hawksbill sea
turtle population attributes.
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year from 1979 to 2019 (Florida Fish and Wildlife
Conservation Commission, Statewide Nesting Beach
Survey Database, see https:// myfwc. com/ research/
wildlife/ sea-turtles/ nesting/monitoring/) and as very
rare in Texas over a comparable time span (i.e. a sin-
gle documented nest, Shaver & Frandsen 2019). The
only other confirmed hawksbill nesting in the south-
eastern US involved a single female that deposited 2
clutches in North Carolina in 2015 (Finn et al. 2016).
Hawksbill distribution in the mainland US is most
extensively documented through records of individu-
als washing ashore (i.e. stranding), and these reports
also show that the species is observed with regularity
along the coasts of Texas and Florida, but with spo-
radic, minimal reports from all other US GoM and
Atlantic states (Sea Turtle Stranding and Salvage
Network [STSSN] unpubl. data). Stranding records
also indicate regional differences in size distribution,
with a larger proportion of post-hatchling hawksbills
being recovered in Texas waters (Amos 1989, Shaver
1998), and a broader size range documented for
Florida (Meylan & Redlow 2006). In contrast to this
relatively limited mainland distribution, US territo-
ries such as Puerto Rico and the US Virgin Islands in
the Caribbean Sea host more extensive foraging and
reproductive aggregations (NMFS & USFWS 2013).

Relative to other stranded sea turtle species, a
greater proportion of hawksbills are recovered alive
in the mainland USA, leading to the suggestion that

stranding locations may be more re-
flective of nearby habitat use (Meylan
& Redlow 2006). In fact, in Flo rida,
hawksbills regularly occur in near-
shore waters off the southeastern coast,
in the Florida Keys (in clu ding the Mar-
quesas and Dry Tortugas) and in GoM
waters off the west-central coast; how-
ever, they are rarely encountered
along the upper northwest coast or in
northeastern Florida (reviewed by
Meylan & Red low 2006). In-water sur-
vey, power plant entrapment, museum,
cold-stunning, and incidental capture
records in Florida have documented
the regular presence of juvenile and, in
some cases, adult-sized hawksbills
(Meylan & Redlow 2006, Eaton et al.
2008, Hart et al. 2013, Wood et al. 2013,
Gorham et al. 2014, Herren et al.
2018). Individuals in several foraging
areas in Florida as well as the US Vir-
gin Is lands have also exhibited site fi-
delity and ex tended residency over pe-

riods of more than 1 yr (Hart et al. 2012, 2013, Wood et
al. 2013, Gorham et al. 2014, Herren et al. 2018). Al-
though far less information is available to describe in-
water distribution in Texas, juvenile hawksbills have
been seen along jetties near Port Aransas (Rabalais &
Rabalais 1980), and 2 were captured in Mansfield
Channel (Shaver 1994, D. J. Shaver un publ. data). In
addition, hawksbills are regularly ob served at coral
reefs at the Flower Garden Banks National Marine
Sanctuary in the western GoM, approximately 200
km south of the Texas/ Louisiana state border (Office
of National Marine Sanctuaries 2008).

Given the paucity of hawksbill nesting in the main-
land USA, spatial patterns of juvenile size distribu-
tions and relative occurrence in US waters are
thought to reflect differential dispersal and recruit-
ment. Genetic data indicate recruitment predomi-
nantly from nesting beaches on the Yucatan Penin-
sula in Mexico, particularly for hawksbills found in
Texas (Bowen et al. 2007), but also from other popu-
lations including Barbados, Costa Rica, Cuba, Puerto
Rico, Antigua, and the US Virgin Islands (Meylan &
Redlow 2006, Blumenthal et al. 2009, Wood et al.
2013, Gorham et al. 2014; Fig. 1). Similar to early-
stage juveniles of other cheloniid sea turtle species,
hawksbills initially inhabit epi-pelagic Sargassum
macroalgae communities in the oceanic environment
(Carr 1987, Witherington et al. 2012). As part of
this association, hatchlings and post-hatchlings from
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Fig. 1. Spatial characteristics relevant for the current study within the geo -
graphic range occupied by the NW Atlantic hawksbill sea turtle population.
Generalized oceanic current paths are delineated by blue arrows. Red dots:
stranding locations for turtles from which samples were collected (over -
lapping in many cases, due to stranding density relative to map scale). 

TX: Texas; FL: Florida; NC: North Carolina; USVI: US Virgin Islands
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Mexico and nesting beaches farther south are carried
by currents into the GoM where the Loop Current
has a strong and variable influence, potentially
bringing them to Texas, or eventually taking them
eastward through the Florida Straits (Meylan & Red-
low 2006). In contrast, post-hatchlings from the east-
ern Caribbean may reach Florida via the Antilles
Current (Meylan & Redlow 2006). In either case,
early-stage hawksbills may continue northward in
the Florida Current (which transitions to the Gulf
Stream) and recruit to neritic foraging areas along
the southeastern Florida coast. Overall, the distribu-
tion of neritic hawksbills in Florida closely corre-
sponds to the location of the Florida Reef Tract,
which extends northward along the east coast to a
latitude of approximately 27° N, as well as to other
hard-bottom communities off the southwest coast
(Meylan & Redlow 2006).

Globally, all hawksbill sea turtle populations, in -
clu ding those in the western North Atlantic, are con-
sidered Critically Endangered (Mortimer & Donnelly
2008, NMFS & USFWS 2013). These populations re -
main depleted relative to historic abundances due
not only to cumulative impacts of the types of myriad
threats that affect sea turtles overall (e.g. bycatch,
entanglement, habitat degradation, pollution [espe-
cially oil and plastics], egg poaching), but also to
long-term, directed harvest of individuals for com-
mercial sale of their scutes as ‘tortoiseshell’ (Meylan
& Donnelly 1999). Encouraging signs of increased
nes ting numbers have been reported for some
 western North Atlantic populations (e.g. Garduño-
Andrade et al. 1999, Beggs et al. 2007, van Dam et al.
2008, Kendall et al. 2019), yet recovery objectives for
the species in this region have not been met as of the
most recent completed status review (NMFS &
USFWS 2013). To facilitate conservation and man-
agement efforts integral to the persistence of the
population, comprehensive biological and ecological
data are essential. Study of juvenile hawksbills has
recently been identified as a global priority within
the overall scope of sea turtle-related research (Wil-
dermann et al. 2018). In addition, as for any species,
an understanding of mean and variability in age at
sexual maturation (ASM) is needed to accurately
model hawksbill population dynamics and anticipate
outcomes of management actions (Crouse 1999, NRC
2010).

With respect to the western North Atlantic hawks-
bill population, mark−recapture studies have been
conducted for a number of neritic foraging aggrega-
tions in the Caribbean and South America (Boulon
1994, León & Diez 1999 Diez & van Dam 2002, Blu-

menthal et al. 2009, Bjorndal & Bolten 2010, Krueger
et al. 2011, Hart et al. 2013, Gorham et al. 2014,
Hawkes et al. 2014, Bjorndal et al. 2016, Bellini et al.
2019, Santos et al. 2019), as well as along the Florida
Atlantic coast (Wood et al. 2013) and in the Florida
Keys (Gorham et al. 2014, Herren et al. 2018). These
studies have yielded valuable somatic growth data
that can be used to make inferences regarding the
duration of the neritic juvenile life stage and evaluate
spatial and temporal trends in somatic growth. How-
ever, estimates of ASM remain uncertain because
data are lacking to determine the duration of the
oceanic stage preceding neritic recruitment (Diez &
van Dam 2002, Bjorndal & Bolten 2010, Bellini et al.
2019, Moncada et al. 2020). Furthermore, compila-
tion of region-wide neritic growth data has also indi-
cated long-term declines in somatic growth rates
potentially due to climate-related changes in ecosys-
tem productivity (Bjorndal et al. 2016), which could
increase variability in ASM. As a result, collection of
additional, broad-scale data would be beneficial for
con tinuing to characterize general patterns and
trends in somatic growth and ASM, as well as to im -
prove understanding of the role of US waters as feed-
ing and developmental habitat for hawksbill aggre-
gations.

In recent years, advances have been made in appli-
cation and validation of skeletal growth-mark analy-
sis (i.e. skeletochronology) for estimating ages and
somatic growth rates using bones of stranded, dead
sea turtles, including hawksbills (reviewed by Avens
& Snover 2013, Snover et al. 2013). Through collabo-
ration with stranding response networks (e.g.
STSSN), it has been possible to collect sea turtle
bones across large areas over long time periods,
allowing characterization of size-at-age relationships
and somatic growth patterns spanning decades (e.g.
Avens et al. 2015, 2017, 2020a,b, Ramirez et al.
2020a,b). Furthermore, refinement of methods to
conduct annual skeletal growth increment-specific
stable isotope and trace element analyses have made
it possible to integrate information about habitat use
with age and somatic growth data to define life stage
durations (Ramirez et al. 2015, Turner Tomaszewicz
et al. 2015, 2017, 2018, Avens et al. 2020b).

Here, we applied this integrated approach for the
first time to hawksbill sea turtles in the western
North Atlantic. First, we analyzed complementary
skeletochronology, stable isotope, and trace element
data to characterize the mean and variability sur-
rounding age at oceanic to neritic transition in this
region. In addition, we modeled the skeletochronol-
ogy age and growth data alone to estimate ASM for
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this sub-set of the hawksbill population. Finally, the
skeletochronology data were used to characterize
somatic growth rates and patterns for turtles inhabit-
ing US waters.

2.  MATERIALS AND METHODS

2.1.  Sample collection and preparation

We coordinated with the national STSSN along the
US Atlantic and GoM coasts to collect a front flipper
from hawksbill sea turtles that washed ashore dead,
or were debilitated and later died. Associated infor-
mation included stranding date and location, and a
measurement of carapace length (straight line from
the nuchal notch to posterior tip; SCL). In cases
where only curved carapace length (CCL) measure-
ments were available, both for turtles from which
samples were collected and where conversions of
measurement data from other studies were needed
for comparison, the following equations from Bjorn-
dal et al. (2016, their Table S1, https://esajournals.
onlinelibrary.wiley.com/action/downloadSupplement?
doi=10.1002%2Fecs2.1279&file=ecs21279-sup-0001-
AppendixS1.pdf) were applied:

SCLnotch-tip = 0.9326 × CCLnotch-tip

+ 0.4496 (adjusted R2 = 0.9971)

SCLnotch-tip = 0.9708 × CCLnotch-notch/min

+ 0.4336 (adjusted R2 = 0.9948)

When possible, sex of stranded turtles was deter-
mined via examination of gonads during necropsy.
Humerus bones were subsequently dissected away
from surrounding tissue and prepared for further
analysis according to the methods described by
Avens & Snover (2013). Briefly, each humerus was
boiled to remove soft tissue and then allowed to dry
for several weeks. A low-speed saw and diamond
wafering blade were then used to cut 2 sequential
cross-sections from the narrowest point of the diaph-
ysis, with one section to be used for skeletochronol-
ogy and the other for stable isotope and trace ele-
ment analyses.

Each skeletochronology humerus section was fixed
and decalcified using a commercially available solu-
tion (Cal-Ex II), after which 25 μm thin sections were
cut using a freezing stage microtome (Leica). Thin
sections were stained using modified Ehrlich’s hema-
toxylin, and the section exhibiting optimal tissue
integrity and staining consistency was mounted in
100% glycerin using glass microscope slides and

cover slips. Sequential, partial images of each thin
section were taken at 4× magnification using a com-
pound microscope, digital camera, and image acqui-
sition software and then re-combined into a mosaic
using Adobe Photoshop software to form a calibrated
digital image of the entire humerus section. A mini-
mum of 2 individuals (L.A., L.R.G., and/or J.M.C.)
con ducted independent evaluation of the number
and placement of the lines of arrested growth (LAGs)
that delimit the outer edges of individual skeletal
growth marks within each humerus section image.
Once consensus was reached, diameter measure-
ments were taken of every LAG for which both
 lateral edges were visible, as well as of the entire
humerus section.

2.2.  Age estimation

Characterization of age using skeletal growth
mark counts relies on knowledge of early LAG
appearance and deposition patterns, including the
frequency with which LAGs form. The earliest LAG
deposited in sea turtle bones has been described as a
diffuse ‘annulus’ that manifests during the first late
winter/early spring of an individual’s life at an
approximate age of 0.75 yr (Snover & Hohn 2004,
Avens et al. 2013). Snover et al. (2013) analyzed
humeri of hawksbill sea turtles stranded in Hawaii
and observed the presence of a first-year annulus.
During initial evaluation of humerus sections from
small juveniles in the current study, we also noted
diffuse marks consistent in appearance with first-
year annuli, and therefore assigned an age of 0.75 yr
to these LAGs as a starting point for calculating age.
Furthermore, Snover et al. (2013) were able to indi-
rectly validate annual LAG deposition, providing fur-
ther support for application of skeletochronological
analysis for hawksbills in a manner similar to other
cheloniid species (e.g. Avens et al. 2012, 2015, 2017,
Turner Tomaszewicz et al. 2015).

In the bones of larger sea turtles, the earliest LAGs
(such as the annulus) can be destroyed, or resorbed,
due to developmental changes in core bone morphol-
ogy (Zug et al. 1986). Resorption of early LAGs then
necessitates development and application of models
(‘correction factors’) to estimate the number of LAGs
missing in bones where the annulus is not visible. As
in previous studies (e.g. Avens et al. 2012, 2015,
2017), we developed a stepwise correction factor for
western North Atlantic hawksbills by modeling the
relationship between LAG number and LAG diame-
ter, starting with the annulus. For this population, the
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relationship was best represented by a second-order
polynomial, where y is LAG diameter and x is LAG
number:

y = −0.0526x2 + 2.2641x + 2.8658 (R2 = 0.91) (1)

Resorption core diameter was then incorporated
into the model in place of LAG diameter to predict
the number of lost LAGs, which was then added to
the number of observed LAGs to yield a total age
esti mate for each turtle. This age estimate was then
adjusted to the nearest 0.25 yr based on stranding
date relative to hatch date for the primary presump-
tive source population. Specifically, genetic data
indicate that the majority of juvenile hawksbills for-
aging in mainland US coastal waters originate from
Mexico (Bowen et al. 2007, Wood et al. 2013) where
the mid-point of the nesting season occurs in July.
Given an incubation period of ~60 d (Kamel 2013),
the mid-point of the hatching season would therefore
occur during September. An age estimate was also
assigned to all visible LAGs within each humerus
sample, based on the starting point of 0.75 yr for the
annulus (i.e. subsequent LAGs would represent ages
of 1.75, 2.75, 3.75… etc.). In addition, each LAG was
assigned a calendar year relative to the year of
stranding.

2.3.  Somatic growth rate calculation

To make inferences regarding somatic growth
from bone growth when applying skeletochronology
to cheloniid sea turtles, it is first necessary to deter-
mine the relationship between the relevant bone
measure (humerus section diameter; HSD) and so -
ma tic measure (carapace length, in this case SCL)
(Snover et al. 2007). Similar to previous studies in -
volving other cheloniid species, we found close cor-
respondence between these measures for western
North Atlantic hawksbill sea turtles, and the relation-
ship was best characterized as allometric (e.g. Avens
et al. 2012, 2015, 2017). Integration of the body pro-
portional hypothesis that accounts for individual
variability in the HSD and SCL relationship with the
allometric equation yielded the following equation
that was then used to predict SCL for every measur-
able LAG in each humerus (Snover et al. 2007):

Linitial = [Lop + b(Dinitial − Dop)c] × [Lfinal] 
× [Lop + b(Dfinal − Dop)c]−1

(2)

where Linitial is the estimated initial SCL for the
growth increment; Lop is the minimum hatchling SCL
for the study population (4.1 cm); b is the slope of the

relationship (3.81); Dinitial is the initial LAG diameter
for the growth increment; Dop is the minimum hatch-
ling HSD for the study population (1.79 mm); c is the
proportionality coefficient (0.87); Lfinal is the SCL at
stranding; and Dfinal is the HSD at stranding.

Annual somatic growth rates (cm SCL yr−1) were
calculated by taking the difference between succes-
sive SCLs estimated from LAG diameters throughout
each humerus section. Somatic growth rate for the
first year of life was estimated by taking the differ-
ence between SCL estimated for the annulus and
minimum hatchling SCL available for the species in
this region (4.1 cm; van Buskirk & Crowder 1994).
Resulting growth rates were then binned by 10 cm
SCL size classes to facilitate comparison with data
presented similarly in the published literature. Each
growth rate data point was also related to the mean
SCL for the increment, as well as age estimate and
calendar year associated with the LAG representing
the beginning of the increment. In addition, for a
subset of the turtles, necropsy data made it possible
to differentiate between growth increments associ-
ated with males and females, vs. turtles of unknown
sex.

2.4.  Characterizing oceanic to neritic habitat shift

We used 2 complementary approaches, stable iso-
tope and trace element analysis, together with skele-
tochronology to reconstruct hawksbill sea turtle
ontogenetic habitat shifts and quantify oceanic stage
duration. Previous research has demonstrated that
stable nitrogen isotope (δ15N) values increase sub-
stantially within the tissues of loggerhead Caretta
caretta and Kemp’s ridley Lepidochelys kempii sea
turtles throughout the western North Atlantic Ocean
(i.e. US Atlantic and GoM for Kemp’s ridleys and US
Atlantic for loggerheads) following their oceanic-to-
neritic habitat transition, due to coupled shifts in
nitrogen cycling at the base of occupied food webs
(oceanic: N2-fixation, neritic: denitrification) and
changes in diet (Snover 2002, Snover et al. 2010,
Avens et al. 2013, 2020b, Goodman Hall et al. 2015,
Ra mirez et al. 2015, 2019, Bean & Logan 2019).
Although the causal mechanisms remain unclear,
barium to calcium (Ba:Ca) and strontium to calcium
(Sr:Ca) ratios appear to also track changes in oceanic
vs. neritic resource use in these species in the GoM
and along the US Atlantic (Ramirez et al. 2019). Im -
portantly, Ba:Ca and Sr:Ca ratios may provide a bet-
ter tool for studying ontogenetic shifts in turtles that
occupy neritic habitats in south Florida or the West
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Florida Shelf, where δ15N values may less reliably
reveal oceanic-to-neritic habitat shifts. Specifically,
the presence of the N2-fixing cyanobacterium Tri-
chodesmium along the West Florida Shelf reduces
baseline δ15N values such that they are more similar
to those found in oceanic habitats of the GoM than
the average coastal marine habitat (e.g. Ceriani et al.
2014, Vander Zanden et al. 2015).

To collect bone dust for isotopic analysis, we used a
computer-guided micromill (ESI New Wave Resear -
ch) to sample the annual humerus bone growth lay-
ers of turtles that stranded along the Florida (n = 25)
and Texas (n = 21) coastlines. Bone dust (~1.6 mg)
was analyzed for δ15N and δ13C values by a continu-
ous-flow isotope-ratio mass spectrometer at Oregon
State University. Stable isotope ratios of samples rel-
ative to the standard are presented in the standard
delta (δ) notation [δX = (Rsample/Rstandard) − 1], where X
is 15N or 13C and R is the ratio of heavy to light iso-
topes (15N/14N or 13C/12C) in the sample and stan-
dard, respectively. Rstandard was atmospheric N2 for
δ15N and Vienna Pee Dee Belemnite for δ13C. The
internal standard IAEA-600 (caffeine; isotopic com-
position of δ15N = 1.00‰ and δ13C = −27.77‰) was
calibrated at regular intervals against the interna-
tional standards. Analytical precision was 0.09‰ for
δ15N and 0.07‰ for δ13C. C:N ratios (%C divided by
%N) calculated using mass 28 and mass 44 were
below 3.5, characteristic of unaltered protein with
low lipid content (Koch et al. 1994, Post et al. 2007).
δ13C data were not included in the analysis but are
presented uncorrected, along with the δ15N data in
Table S1 in Supplement 1 at www.int-res.com/articles/
suppl/n045p127_supp1.xlsx.

Trace element ratios were collected via laser abla-
tion-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) following Ramirez et al. (2019). Briefly,
bone cross-sections were polished, cleaned ultrason-
ically, and then mounted onto glass slides. We then
used a Thermo Elemental X-series II ICP-MS cou-
pled with a New Wave DUV193 excimer laser to col-
lect counts of 25Mg, 43Ca, 51V, 52Cr, 55Mn, 59Co, 60Ni,
65Cu, 66Zn, 86Sr, 112Cd, 138Ba, and 206−208Pb (Oregon
State University WM Keck Collaboratory for Plasma
Spectrometry, Corvallis, OR). All samples were
ablated along a transect running from the interior of
the bone (older growth layers) to the exterior of the
bone (newer growth layers; pulse rate: 5 Hz, spot
size: 85 μm, travel time: 15 μm s−1). Prior to data col-
lection, samples were pre-ablated to remove surface
contamination along the ablation transect (2 Hz, spot
size: 100 μm). Count rates were normalized to 43Ca,
and NIST 612 standard glass was used to convert

normalized ratios to elemental ratios and quantify
precision (Kent & Ungerer 2006, Miller 2007, Jochum
et al. 2011). USGS MACS-1 was also measured and
provided an estimate of accuracy (see Table S2 in
Supplement 1 for measures of accuracy and preci-
sion). Bone metal to calcium ratios (Me:Ca; mg g−1)
were then averaged across individual humerus bone
growth layers to allow for comparison with δ15N, size,
growth, and age data (see Table S1). Before statisti-
cal analyses were performed, data were tested for nor-
mality and homogeneity of variances using Shapiro-
Wilk and Levene’s tests. In most cases, elemental
ratios needed to be log-transformed to meet para-
metric assumptions. Only Sr:Ca ratios and log(Ba:Ca)
displayed distinct ontogenetic changes, resulting in
the exclusion of the other trace element data from
further analysis.

We used 2 classification systems to determine the
age at which an ontogenetic shift occurred. The first
considered only the δ15N data while the second con-
sidered only the Sr:Ca and log(Ba:Ca) data. For the
first metric, oceanic resource use was first character-
ized by analyzing the bone δ15N data associated with
the age-0 growth layer (first year of life) from all sam-
pled turtles. Based on data indicating that juvenile
hawksbills begin to inhabit neritic habitat at SCLs of
20−26 cm in Florida (Meylan & Redlow 2006) and
23−25 cm throughout the Caribbean (Meylan 1988),
we assume that hawksbills in US waters spend at
least the first year of their life in the oceanic life
stage. Age-0 δ15N data were collected from 23 indi-
viduals and ranged between 5.45 and 9.41‰ (mean ±
SD: 7.81 ± 1.25‰). Given these observations, we
used an estimate of 9.5‰ as the upper threshold for
the hawksbill oceanic life stage. The δ15N chronology
of each turtle was then examined, and the first datum
that surpassed 9.5‰ was assigned the year/age of
ontogenetic shift. For the second metric, turtle-spe-
cific chronologies of Sr:Ca ratios and log(Ba:Ca) were
visually examined to identify the year/age where an
abrupt decrease occurred in at least 1 elemental data
transect (sensu Ramirez et al. 2019). Ramirez et al.
(2019) observed significant declines in these elemen-
tal ratios that coincided with increases in δ15N values
for Kemp’s ridley sea turtles that occupy neritic habi-
tats in the GoM and along the US Atlantic. As the
mechanisms underpinning the Sr:Ca and log(Ba:Ca)
patterns remain unknown and are likely linked to
individual physiology, this metric relied on consider-
ation of individual turtle data alone rather than pop-
ulation-wide thresholds. Consideration of these
 additional data allowed for identification of likely on -
to genetic shifts in turtles where δ15N data (1) could
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not be collected due to sampling limitations (i.e.
when growth layers were too narrow; n = 2) or
(2) were ambiguous (e.g. some Florida turtles where
no shift in δ15N was observed; n = 2). Only turtles
with isotopic or elemental data starting at age 0 or
0.75 yr were included in both of these analyses so as
not to bias the results.

2.5.  SCL-at-age and somatic 
growth models

To estimate ASM, we modeled the relationship be -
tween age and SCL using 2 approaches that could ac-
commodate the multiple SCL-at-age data points for
individual turtles generated by skeletochronological
analysis and yet avoid autocorrelation. First, we used
a generalized additive mixed modeling (GAMM) ap-
proach to fit a smoothing spline directly to the SCL-
at-age data (Avens et al. 2015, 2017) that incorporated
turtle ID in the model as a random, individual-specific
effect. In addition, to allow comparison with prior
studies reporting results of parametric growth models
such as the von Bertalanffy (VB) growth curve most
often applied for sea turtles, we bootstrapped individ-
ual annual somatic growth increments to fit Faben’s
modified VB curve 1000 times and estimate the mean
SCL-at-age relationship (Avens et al. 2015, 2017).
ASM was estimated using both model fits for compar-
ison and was predicted as the range of ages associ-
ated with minimum SCLs reported for nesting
females in the region (69.5− 78.8 cm) (Carr et al. 1966
[74.9 cm, Costa Rica], Bjorndal et al. 1985 [72.4 cm,
Costa Rica], Boulon 1994 [78.8 cm, US Virgin Islands],
Lagueux et al. 2003 [73.5 cm, converted from 70.5 cm
SCLmin, Nicaragua], Beggs et al. 2007 [71.5 cm, con-
verted from 76.2 cm CCLmin, Barbados], Meylan et
al. 2011 [71.8 cm, Puerto Rico], Bellini et al. 2019
[69.5 cm, converted from 74.0 cm CCL, Brazil]). To
evaluate potential regional differences, GAMM
splines were also fit separately to the back-calculated
SCL-at-age data for turtles stranded in Texas and
Florida; however, due to limited sample sizes, it was
not possible to fit location-specific VB growth curves
for each state.

We then applied a multi-level modeling approach
to evaluate the potential influence of different covari-
ates on somatic growth rates. The first model in vol -
ved a subset of the data comprising only the outer-
most, ‘terminal’ growth increment for each turtle, as
these were thought to best represent potential forag-
ing habitat near stranding locations, and might
therefore offer insight into regional growth patterns.

As this model only incorporated a single growth in -
crement per individual, a mixed modeling approach
was not required and instead a simplified general-
ized additive model (GAM) was used that included
stranding state as a proxy for location. Sex-specific
growth patterns were modeled using another sub-set
of the data obtained from the samples for which sex
was determined through necropsy, this time using
the GAMM approach to accommodate multiple data
points for individual males and females. Similarly,
GAMMs were then also applied to the broader data-
set to characterize overall associations between
growth and SCL, age, and calendar year.

All age and growth analyses were carried out
using the statistical software program R version 3.6.1.
(R Core Team 2019). GAMs and GAMMs were im -
ple mented using the packages ‘mgcv’ and ‘nlme,’
and each incorporated an identity link and robust
quasi-likelihood error function (Wood 2006, Pinheiro
et al. 2017). Significance of model factors was evalu-
ated using t-ratio statistical inference for nonpara-
metric covariates (stranding location, sex) and non-
parametric F-ratio tests for continuous covariates
(age, SCL, year).

3.  RESULTS

3.1.  Sample collection

Humeri were collected from 94 hawksbill sea tur-
tles that stranded along the US coastline (Fig. 1) from
1989 through 2012, ranging in size from 7.5 to
80.8 cm SCL (mean ± SD: 33.6 ± 18.2 cm). Stranding
locations included northern sites in North Carolina
(n = 2) and Georgia (n = 1), but the majority of sam-
pling occurred in Texas (n = 47) and Florida (Gulf n =
11; Atlantic n = 32) (Fig. 2), with 1 turtle for which
stranding state was unknown. Of these turtles, 30
were determined to be female, 13 male, and 51 were
of unknown sex.

3.2.  Age estimation

Skeletochronological age estimates at stranding for
all turtles spanned 0.25 to 25.75 yr (mean ± SD: 4.9 ±
5.3 yr). Back-calculation yielded a total of 451 SCL
and age estimate data pairs, with SCL ranging from
4.1 to 80.8 cm (34.8 ± 20.6 cm) and age from 0 to
25.75 yr (5.7 ± 5.6 yr). Of these data pairs, 172 were
associated with females, 53 with males, and 226 with
turtles of unknown sex.
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3.3.  Somatic growth rate calculation

Back-calculation also yielded 283 annual somatic
growth rate increments (cm SCL yr−1) associated with
age estimates of 0 to 24.75 yr (mean ± SD: 6.0 ±
5.7 yr), SCLs from 7.7 to 80.6 cm (37.4 ± 20.6 cm), and
calendar years 1987 to 2011 (2002 ± 6). Of the growth
rates, 115 were from females, 26 from males, and 142
from turtles of unknown sex. Growth rates were
binned by 10 cm SCL size class and compared with
other studies for which comparable data were avail-
able (Table 1). Size class-specific means and SDs
were equivalent to results reported from Florida
waters (Wood et al. 2013) and comparable to growth
rates measured at a number of other sites throughout
the Caribbean (Table 1).

3.4.  Characterizing oceanic to neritic habitat shift

δ15N data were collected from a total of 153 growth
increments in 46 hawksbill humeri (1−7 samples per
humerus, mean = 3) from turtles measuring 17.6−
68.1 cm SCL at stranding and ranged from 4.97 to
17.91‰. Trace element data were collected from a
total of 131 growth increments in 35 humeri from tur-
tles ranging from 22.3 to 68.1 cm SCL at stranding.
Transition ages could be estimated for 22 turtles, 18
using the 9.5‰ δ15N value threshold and 20 using the
Sr:Ca and log(Ba:Ca) elemental profiles. Based on
this reduced dataset and the combined interpretation

of the 2 ontogenetic shift metrics, the
overwhelming majority of hawksbills
recruited from oceanic to neritic habi-
tat prior to 2.75 yr of age (Fig. 3, Table
2; see also Fig. S1 in Supplement 2 at
www.int-res.com/ articles/suppl/ n045
p127_ supp2 . pdf). The total range of
estimated tran sition ages was 0.75−
3.75 yr. Estimates derived from each
metric differed slightly, with the δ15N
metric suggesting that the majority
(56%) of juvenile hawksbills transi-
tioned during the 0.75 yr age class and
the Sr:Ca and log(Ba:Ca) metric sug-
gesting the majority (70%) of juvenile
hawksbills transitioned during the
1.75 yr age class. In most cases, shifts
in Sr:Ca ratios and log(Ba:Ca) coin-
cided with shifts in δ15N values ±1
growth increment. For turtles where
transition age could be estimated
using both metrics (n = 16/22 turtles),

age estimates matched in 9 turtles (56%). In the
remaining 7 turtles, age estimates derived using the
elemental metric tended to be higher than the δ15N
metric (1 yr, n = 4; 3 yr, n = 1). For turtles with δ15N
chronologies that spanned the ontogenetic shift (i.e.
2 sequential growth layers), the mean ± SD changes
in δ15N values before and after the oceanic-to-neritic
ontogenetic shift were 1.18 ± 1.32‰ (0.12−3.34; n =
5) and 2.37 ± 1.10‰ (0.90− 4.02, n = 8) for hawksbills
stran ded in Florida and Texas, respectively. Mean
SCL associated with habitat transition was 22.7 ± 5.2
cm (range 15.7−33.2 cm) as predicted by isotope data
and 24.4 ± 4.9 cm (range 18.8−35.0 cm) for trace ele-
ment data.

3.5.  SCL-at-age and somatic growth models

The GAMM spline fit to all back-calculated SCL-
at-age data was significant (p < 0.005, adjusted R2 =
0.95) and demonstrated non-monotonic growth
(Fig. 4A). Random, individual effects in the model
were significant (log-likelihood ratio test p < 0.0001).
Region-specific GAMM spline fits were also signifi-
cant (Texas: p < 0.001, R2 = 0.96; Florida: p < 0.001,
R2 = 0.94), although prediction of SCL at any given
age was smaller in Texas than in Florida (Table 3).
The bootstrapped Faben’s modified VB curve fit
yielded a growth coefficient (k) of 0.12 and asymp-
totic adult length (L ) of 81.9 cm SCL. VB parameters
and curve fit from the current study were compara-
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Fig. 2. Size distribution of US-stranded hawksbill sea turtles from which sam-
ples were collected relative to straight-line carapace length (SCL; cm) and
stranding state. FL(FA): Florida Atlantic coast; FL(FG): Florida Gulf of Mexico 

coast; TX: Texas 

http://www.int-res.com/articles/suppl/n045p127_supp2.pdf
http://www.int-res.com/articles/suppl/n045p127_supp2.pdf
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ble to other VB curves fit using
mark−recapture data from different
Caribbean study sites, as well as the
GAMM spline fit also from the current
study (Fig. 4B). Lack of larger turtles
in the sample for the  current study
prevented estimation of ASMs corre-
sponding with some lar ger mean sizes
for nesting females re ported for poten-
tial source populations, which are
often >80 cm SCL (Witzell 1983, Diez
& van Dam 2002, Beggs et al. 2007).
However, at minimum sizes for mature
females repor ted in the literature, as
well as smaller mean sizes (Carr et al.
1966, Witzell 1983, Bjorndal et al.
1985, Boulon 1994, La gueux et al.
2003, Beggs et al. 2007, Meylan et al.
2011, Bellini et al. 2019), GAMM and
VB predictions were similar, indica-
ting that at SCLs ranging from 69.5 to
78.8 cm, ASM estimates range from 15
to 25 yr of age (Table 3).

The first somatic growth model in -
corporated only the final, ‘terminal’
growth increment for those turtles
stranded along the Florida (Atlantic
and GoM) and Texas coasts (n = 71);
data from individuals stranded in
those states where only 1 or 2 samples
were recovered (Georgia, North Car-
olina) were not retained for this first
analysis. As the response variable for
each predictor variable in GAMs (and
by extension GAMMs) is conditioned
on other covariates in the model (e.g.
SCL, age; Chaloupka & Limpus 1997),
this approach could therefore accom-
modate differences in stranding size
distribution in the 2 regions (Fig. 1).
Re sults of this GAM incorporating
stran ding location indicated signifi-
cantly lower somatic growth rates dur-
ing the year prior to stranding in Texas
than in Florida (both GoM and At -
lantic coasts) (Fig. 5A,Table 4), reflect-
ing the depressed SCL-at-age GAMM
spline fit for Texas relative to Florida
(Table 3). For the GAMMs, high levels
of concurvity between SCL and age
during initial model runs (0.96, with
1.0 representing the worst-case sce-
nario) made it necessary to separate
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these factors into different models (Table 4). For the
subset of turtles for which sex was known, GAMM
output indicated no significant difference in growth
response between males and females (n = 141
growth increments, Table 4). However, GAMM out-
put did de monstrate that growth response declined
significantly overall with age and size, while no sig-
nificant association was found with calendar year (n
= 283 growth increments, Fig. 5B,C, Table 4).

4.  DISCUSSION

Through integration of multiple analytical approa -
ches, we generated the first empirically derived esti-
mates of juvenile hawksbill oceanic stage durations
in the western North Atlantic, with turtles transition-
ing from oceanic to neritic habitats between the ages
of ~1 and 3 yr and SCLs centered around 23−24 cm

(range 16−35 cm). Furthermore, despite constraints
on the number of samples available for analysis (par-
ticularly from adult-sized turtles), these methods also
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Fig. 3. Mean (large open circles) ± SD (vertical lines) for (A) δ15N, (B) Sr:Ca ratio, and (C) log(Ba:Ca) values for hawksbill sea
turtles by age and stranding state (TX: Texas; FL: Florida) showing region-specific differences in isotope and elemental sig-
nals denoting a shift in habitat use. Data presented (small points) are for all sampled humerus bone growth layers and are jit-
tered to allow for better visualization. In (A), the dashed line denotes 9.5‰ threshold used to identify the timing of an oceanic-

to-neritic ontogenetic shift. See Section 3.4 for details regarding sample size

Shift age Proportion of turtles (%)
(yr) n δ15N n Me:Ca nagree

0.75 10 56 5 25 4
1.75 6 33 14 70 5
2.75 2 11 – – –
3.75 – – 1 5 –

Table 2. Age at oceanic-to-neritic habitat shift for juvenile
hawksbill sea turtles by parameter estimation method. δ15N
used a δ15N threshold of 9.5‰ for the oceanic life stage to
assess transition from oceanic to neritic habitats. Me:Ca
ratio-based transition estimates based on changes in the
Sr:Ca ratio and log(Ba:Ca) ablation transects for each turtle.
nagree: number of turtles that had similar age at ontogenetic
shift estimates for both metrics. Note that this only includes
turtles for which age at ontogenetic shift could be estimated 

for both metrics (n = 16/22 turtles)

Fig. 4. (A) Generalized additive mixed model (GAMM)
smoothing spline fit and 95% credible interval for straight-
line carapace length (SCL)-at-age data generated through
skeletochronological analysis of US-stranded hawksbill sea
turtles. (B) spline fit in (A) (Spline) and bootstrapped Faben’s
modified von Bertalanffy growth model (VB) with von Berta-
lanffy growth curves previously published for other hawks-

bill foraging aggregations in the Caribbean
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made it possible to characterize a span of initial ASM
for the study population ranging from 15 to 25 yr, ad-
dressing a major data gap in supporting assessments
for the species in this region. Finally, results of these
methods offer novel insight into growth patterns for
juvenile hawksbill sea turtles inhabiting US coastal
waters, including potential regional differences, and
we explore possible underlying causes below.

4.1.  Oceanic stage duration and age at maturation

Predictions of early SCL-at-age and mean oceanic
stage duration generated using different approaches
in the current study corresponded with one another,

as well as with other available information for the
species. Snover et al. (2013) identified the first-year
‘annulus’ LAG for Hawaiian hawksbills and esti-
mated a mean SCL of 17.5 cm at the age at which this
initial skeletal growth mark is deposited. Similarly,
the GAMM spline presented herein, which approxi-
mated early size-at-age data more closely than the
VB curve, predicted a mean SCL of 16.5 cm at annu-
lus deposition for US Atlantic hawksbills. Mark−
recapture efforts have documented that juvenile
hawksbills recruit to neritic habitat in the western
North Atlantic and Brazil at sizes ranging from 17.6
to 35 cm SCL (Meylan et al. 2011, Bjorndal et al.
2016, Bellini et al. 2019), and these sizes correspond
with approximately 1.5−4 yr of age from GAMM
spline and VB curve fits to age and growth data. The
means (23−24 cm) and ranges (16−35 cm) of SCLs
estimated at transition based on the isotopic and ele-
mental data were also comparable to SCLs observed
for the smallest juvenile hawksbills in neritic US for-
aging grounds (Meylan & Redlow 2006). In addition,
isotope and trace element data indicated that virtu-
ally all turtles would transition between the ages of
~1 and 3 yr, coinciding with predictions of ages at
transition SCLs from our models. Finally, size-at-age
estimates based on particle drift models that incorpo-
rated swimming behavior for hawksbill hatchlings
dispersing from Brazilian beaches to Ascension
Island predicted recruitment at around 4.5−5.5 yr of
age (Putman et al. 2014). The smallest juveniles at
Ascension Island foraging grounds are 33.5 cm SCL
(Weber et al. 2017), which our models predicted to
correspond with 4−5 yr of age, coinciding closely
with these previous estimates (Putman et al. 2014).

Results presented herein indicate that the relative
utility of the isotopic and elemental predictors (Sr,
Ba) of habitat transitions varies. For example, al -
though δ15N values have elucidated sea turtle
oceanic-to-neritic resource shifts in both the Atlantic
and Pacific Oceans (e.g. Avens et al. 2013, Ramirez et
al. 2015, 2019, Turner Tomaszewicz et al. 2017), we
demonstrate that δ15N values poorly characterize
hawksbill recruitment to Florida nearshore habitats
where there is a propensity for δ15N values to remain
below 10‰ throughout the juvenile life stage
(Fig. 3A). Other studies have observed similarly low
δ15N values in fish and sea turtles that inhabit the oli-
gotrophic West Florida Shelf (e.g. Radabaugh & Pee-
bles 2014, Vander Zanden et al. 2015), where the
cyanobacterium Trichodesmium contributes sub-
stantially to primary production (Mulholland et al.
2006, Holl et al. 2007). Through nitrogen fixation,
these diazotrophs produce isotopically depleted
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Age Predicted size (cm SCL)
(yr) Spline — all VB — all Spline means

Mean 95% CI Mean Florida Texas

1 16.5 16.0−17.0 13.1 18.0 16.1
2 23.1 22.7−23.5 21.1 24.0 22.6
3 27.1 26.7−27.5 28.2 27.9 26.7
4 31.0 30.5−31.5 34.4 32.6 30.0
5 36.0 35.5−36.5 39.9 37.7 33.4
6 41.3 40.7−41.9 44.8 42.6 36.8
7 46.3 45.7−47.0 49.1 46.8 40.2
8 50.2 49.5−50.9 52.9 50.4 43.6
9 53.1 52.4−53.8 56.2 53.3 46.9
10 55.5 54.8−56.3 59.2 55.6 50.4
11 57.8 57.0−58.6 61.9 57.7 54.1
12 60.5 59.0−61.3 64.2 59.8 57.9
13 63.3 62.5−64.1 66.2 62.0 61.6
14 66.2 63.4−67.0 68.1 64.4 64.9
15 68.7 67.8−69.6 69.7 67.0 67.3
16 70.8 70.0−71.6 71.1 69.9 68.6
17 72.4 71.5−73.3 72.3 73.1 69.3
18 73.6 72.6−74.6 73.4 76.5 69.8
19 74.6 73.6−75.6 74.4 79.9 70.5
20 75.3 74.2−76.4 75.3 – 71.6
21 75.9 75.6−77.3 76.1 – 72.8
22 76.5 74.9−78.1 76.7 – 74.3
23 77.1 75.3−78.9 77.3 – 75.9
24 77.8 75.8−79.8 77.9 – 77.4
25 78.4 76.4−80.4 78.3 – 78.6

Table 3. Mean straight-line carapace lengths (SCL, cm) for
US-stranded hawksbill sea turtles at ages 1 through 25 yr,
pre dicted using the generalized additive mixed model
(GAMM) smoothing spline (with 95% credible interval [CI])
and bootstrapped Faben’s modified von Bertalanffy growth
curve (VB) fit to the skeletochronology SCL-at-age and
somatic growth rate data. Sample sizes refer to the number
of back-calculated SCL and age estimate data pairs, with n =
451 for full GAMM and VB models, n = 213 for the Florida-
only model, and n = 212 for the Texas-only model. Dashes
represent cells where predicted SCLs exceeded the upper
end of the range for samples available for the study. All: 

combined data from all US stranding locations
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organic matter that depresses baseline δ15N values
relative to the average marine habitat (Montoya
2007). In contrast, diazotrophs are less common in
coastal Texas habitats, yielding higher baseline δ15N
values (Holl et al. 2007). Interestingly, post-transition
δ15N values for hawksbills in Texas are higher than
would be expected for a δ15N baseline difference
alone. This observation, combined with the diver-
gence in region-specific log(Ba:Ca) values following
the oceanic-to-neritic ontogenetic shift (i.e. >2 yr old;
Fig. 3C), may indicate differences in tro phic ecology,
environmental barium source, or both between
hawksbill turtles that inhabit Florida vs. Texas
waters. Hawksbills are generally considered sponge
specialists, but little is known about their diet in
Texas. If Texas hawksbills are generalist bottom
feeders like Kemp’s ridleys in the same region, which

forage on a variety of benthic invertebrate prey (i.e.
higher δ15N values), they may also consume higher
levels of sediment (and thereby baryte) that would
lead to elevated Ba:Ca ratios (Peek & Clementz
2012). Additional research is ultimately needed to
clarify mechanisms underpinning variability in sea
turtle bone elemental ratios. Nevertheless, our re -
sults suggest log(Ba:Ca) provides a more reliable
metric than δ15N values to evaluate ontogenetic shifts
for sea turtles that recruit to Florida.

Furthermore, our predictions of 15−25 yr ASM at
smaller nesting female SCLs of 69.5−78.8 cm also
agree with data previously reported for hawksbills in
the Caribbean. Most notably, VB growth curves fit to
extensive juvenile mark−recapture data from Puerto
Rico yielded an estimated mean of 14.7 yr to grow
from size at neritic recruitment (20−30 cm SCL) to
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Fig. 5. Generalized additive mixed model (GAMM)
output representing relationships between somatic
growth response and (A) stranding state with CI
[FL(FA): Florida Atlantic coast; FL(FG): Florida Gulf
of Mexico coast; TX: Texas], (B) straight-line cara-
pace length (SCL, cm) as measured from the nuchal
notch to the longest posterior tip (SCL-tip [cm]), and
(C) age (yr). The short, vertical lines in (A) (‘rugs’)
above the x-axis represent the number and distribu-
tions of covariate values. In (B) and (C) solid lines
denote mean spline fit, and dashed lines correspond 

with 95% credible bands
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sizes associated with maturity (Diez & van Dam
2002). Interestingly, the mean size of 23 cm SCL at
the start of these VB curves for several Puerto Rico
study sites (Diez & van Dam 2002) corresponds with
approximately 2 yr of age according to our models.
Considering this adjustment and shifting the Puerto
Rico hawksbill mean SCL-at-age VB model fit
accordingly results in a curve that integrates remark-
ably well with predictions from models in the current
study (Fig. 4B). Similarly, extrapolation of mark−
recapture data from Yucatan waters has resulted in
predictions of 14 yr ASM at minimum nesting sizes of
80 cm SCL and 24 yr at 90 cm SCL (Garduño-
Andrade et al. 1999). Genetic inference has also been
used to estimate generation times for nesting females
in Antigua, and results are comparable to results of
the current study, with ASM predictions of 14−24 yr
(mean = 19 yr) (Levasseur et al. 2020). Finally, other
lines of correspondence stem from compilation of
long-term re-sighting records reported from myriad
tag and recapture locations for western North At -
lantic hawksbill aggregations. For example:

(1) Ordoñez Espinosa et al. (2010) presented data
for a 26.1 cm SCL juvenile hawksbill tagged in
Puerto Rico that was observed nesting in Panama
15 yr later. Added to our estimate of 2−3 yr at initial
size, this would result in an estimated age at nesting
of 17−18 yr.

(2) Moncada et al. (2020) described a 40.7 cm SCL
juvenile tagged in Cuba that was observed nesting in

Barbados at 85.8 cm SCL after an interval of ~13.6 yr.
Given that our models predict ~6 yr of age at initial
size, this would result in an age estimate of 19−20 yr
at nesting.

(3) Bjorndal et al. (2008) reported a maximum inter-
val of 9.4 yr to grow from 45.1 cm SCL to maturation
for a juvenile tagged in the Bahamas and later
observed nesting in Tobago. Our estimate of 6−7 yr
of age at the initial size of 45.1 cm SCL would yield
an age estimate at nesting for this turtle of 15.4−
16.4 yr.

Looking outside the Caribbean, our SCL-at-age
and ASM predictions were also consistent with
results of studies conducted in the South Atlantic.
At a foraging ground in Brazil, models of mark−
recapture somatic growth data estimated that a mean
of 13 yr would be required for hawksbills to grow
from 28.4 cm CCL at recruitment to 74 cm CCL min-
imum nesting female size (Bellini et al. 2019). Adding
this estimate to recruitment ages of 3−4 yr predicted
by our models (after converting size at recruitment to
SCL as per Bjorndal et al. 2016) yields an initial ASM
estimate for this population of 16−17 yr. This predic-
tion is also supported by re-sightings of larger tagged
juveniles from another Brazilian study site that were
later reported nesting after intervals of 8.9−18.0 yr
(Santos et al. 2019). Initial sizes of these juveniles
ranged from 51.7 to 60.1 cm SCL (converted from
CCL as per Bjorndal et al. 2016) and were predicted
to correspond with mean ages of 8−13 yr according to

139

Model n Adjusted AIC Smooth terms Parametric coefficients
r2 Variable Edf F Prob(F) Variable Estimate SE t Pr>|t |

Growth~SCL+ 71a 0.39 341 SCL 5 8 <0.001 FL(FG) 0.5 0.96 0.56 0.58
State TX −1.6 0.78 −2 0.05

Growth~Age+ 71a 0.34 344 Age 1 23 <0.001 FL(FG) 6.1 0.98 0.73 0.47
State TX −1.0 0.73 −1.38 0.17

Growth~SCL + 141b 0.60 715 SCL 4 21 <0.001 Sex 0.6 0.67 1 0.35
Year + Sex Year 1 1 0.45

Growth~Age + 141b 0.60 722 Age 8 20 <0.001 Sex 0.6 0.67 0.94 0.35
Year + Sex Year 1 0 0.88

Growth~SCL + 283b 0.47 1418 SCL 6 33 <0.001 − − − − −
Year Year 1 1 0.77

Growth~SCL 283b 0.47 1414 SCL 6 33 <0.001 − − − − −
Growth~Age + 283b 0.57 1392 Age 8 45 <0.001 − − − − −

Year Year 1 0 0.90
Growth~Age 283b 0.57 1388 Age 8 45 <0.001 − − − − −

aNumber of turtles; bNumber of skeletal growth increments

Table 4. Summary statistics for generalized additive mixed model (GAMM) fits to US-stranded hawksbill sea turtle somatic
growth rate data back-calculated using skeletochronology to evaluate potential influence of size, age, sex, and stranding loca-
tion on growth response. SCL: straight-line carapace length; AIC: Akaike’s information criterion; edf: estimated degrees of
freedom; FL(FG): Florida Gulf of Mexico coast; TX: Texas. Dashes denote absence of results for models that only included 

continuous covariates. Significant results (p < 0.05) are highlighted in bold
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our models, which would result in estimates of age at
nesting for these individuals of 18−31 yr. Although
somewhat higher than our ASM estimates, it should
be noted that these turtles were not known to be
first-time nesters at re-sighting and therefore time
intervals reported for these turtles represent maxi-
mum ASM. Finally, based on mean growth rates of
hawksbills ranging from 38 to 69 cm CCL at a forag-
ing site near Ascension Island, Weber et al. (2017)
estimated that it would take resident juvenile hawks-
bills 16−17 yr to grow to adult size. Adding this stage
duration estimate to ages of 4−5 yr at recruitment
predicted by our growth models (above) and results
of particle drift modeling (Putman et al. 2014) yields
ASM estimates of 20−22 yr for this population.

In the Pacific, growth models based on skeleto -
chronology data from Hawaiian hawksbills that
assumed maturation at 78.6 cm SCL yielded mean
ASM predictions of 17−22 yr, similar to Atlantic esti-
mates in the current study, but the total possible
range of estimates was very broad, from 11 to 38 yr
(Snover et al. 2013). However, these results contrast
sharply with data from mark−recapture studies in the
South Pacific, where mean ASM predictions for
hawksbills in Australian waters range from ~30 to
40 yr (Limpus & Miller 2008, Bell and Pike 2012).
Delayed maturation in this region is thought to per-
haps relate to longer oceanic stage durations, as
juveniles undertake the neritic shift at much larger
sizes in Australia than in the Caribbean and exhibit
much slower subsequent neritic growth (Bell & Pike
2012, NMFS & USFWS 2013).

While the broad agreement between our results
and those of many other studies is encouraging, we
recognize that our analyses were impeded by lower
representation from larger turtles >80 cm SCL more
typical of mean nesting female size, limiting infer-
ence regarding the total range of possible ASMs.
Size at sexual maturation (SSM) within sea turtle
populations can vary widely both within and be -
tween the sexes, including possibly for hawksbills
(Meylan et al. 2011), which can in turn correspond
with a broad scope for ASM as well (Avens et al.
2015, 2017, 2020a). In reptiles and amphibians, mat-
uration is associated with an abrupt decrease in
somatic growth, which corresponds with a significant
decrease in LAG spacing, termed ‘rapprochement’
(reviewed by Avens et al. 2015). LAG compaction
consistent with rapprochement has been identified in
adult female and male loggerhead, Kemp’s ridley,
and leatherback Dermochelys coriacea sea turtles,
allowing estimation of ASM and SSM as the ages and
SCLs associated with rapprochement LAGs, as well

as post-maturation longevity from LAG counts
 following rapprochement (Avens et al. 2015, 2017,
2020a). Encouragingly, Kawazu et al. (2015) docu-
mented a significant reduction in somatic growth
associated with maturation in captive hawksbills,
which should manifest as a significant decrease in
LAG spacing, given the interrelatedness of SCL and
HSD (Avens et al. 2012, 2015, 2017, this study).
Unfortunately, lack of samples from larger turtles in
the current study did not allow for comprehensive
analysis of rapprochement-related characteristics,
and as a result, our estimates of initial ASM (15−
25 yr) may be skewed lower than the true range of
total possible ASMs for the population as a whole. As
a result, future hawksbill skeletochronology studies
would benefit from increased representation of large
juvenile and adult life stages, to expand the predic-
tive scope of age and growth models, as well as to
enhance understanding of sex-specific maturation-
related attributes.

4.2.  Somatic growth

The geographic extent of the current study falls
toward the margin of the circumtropical range typi-
cally expected for hawksbill sea turtles. However,
growth data for hawksbills in US coastal waters
reported in this study are consistent with those from
numerous sites in the Caribbean and Brazil and
agree with available data from mark−recapture stud-
ies in Florida waters (Wood et al. 2013, Gorham et al.
2014). Size class-specific means for small juveniles
from a few Caribbean locations were higher than
those we calculated for comparably sized juveniles in
US waters; nevertheless, for each juvenile size class,
the total range of our growth rates either approached
or encompassed the measured and extrapolated
annual rates reported for other Atlantic Ocean basin
studies (Table 1). Furthermore, the skeletochro nology
growth data for hawksbills >80 cm SCL in the cur-
rent study were low and comparable to those re -
ported from a compilation of adult hawksbill mark−
recapture growth data (mean = 0.3 cm CCL yr−1,
Omeyer et al. 2017). Taken together, these compar-
isons suggest that at least a portion of hawksbills res-
ident in US waters are occupying suitable habitat
containing resources necessary for foraging and
growth, albeit at the northern extent of their range
(Wood et al. 2013, Gorham et al. 2014). In fact, analo-
gous distribution can be seen in Brazil where hawks-
bills exhibit residency at southern latitudes compara-
ble to those of Texas and Florida in the northern
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hemisphere, even though winter water temperatures
can be as cold as 13°C (Proietti et al. 2012).

Although sample size for the current study was
somewhat constrained, results of modeling approa -
ches indicated a significant influence of several fac-
tors on somatic growth response for US-stranded
hawksbills. First, we found a non-monotonic growth
pattern with significant association between growth
and both SCL and age, similar to that demonstrated
for Caribbean populations (Diez & van Dam 2002,
Krueger et al. 2011, Bjorndal et al. 2016). While
monotonic growth for hawksbills has been proposed
in a few studies in the Atlantic and Pacific (e.g. Mor-
timer et al. 2003, Bell & Pike 2012, Wood et al. 2013,
Bellini et al. 2019), these findings may reflect the
absence of available data from the smallest juveniles
that would allow characterization of early growth.
For example, in the current study, early-stage juve-
niles <20 cm SCL exhibited a high initial growth
response as is typical for sea turtles, which then
appeared to decrease to a low point at the mean
SCLs (23−24 cm) and ages (~1−3 yr) associated with
the oceanic-to-neritic habitat shift. This slowing of
somatic growth at transition is consistent with the ini-
tial low growth rates observed for the smallest-sized
neritic hawksbills (20−30 cm SCL) in other studies
(León & Diez 1999, Diez & van Dam 2002, Blumen-
thal et al. 2009, Hart et al. 2013). Subsequent to re -
cruitment, US juvenile hawksbill growth response
exhibited a potential secondary peak, persisting until
approximately 35 cm SCL and 5 yr of age before
decreasing progressively through maturation. A sim-
ilar transient increase in somatic growth rates for
mid-sized (30−40 cm SCL) juvenile hawksbills has
been demonstrated at other study sites in the Carib-
bean (Krueger et al. 2011, Hart et al. 2013, Bjorndal
et al. 2016) and in the eastern Pacific Ocean (Llamas
et al. 2017). Yet while elevated growth response sub-
sequent to neritic recruitment occurs in the Indian
and western South Pacific Oceans as well, it appears
to be delayed until 50−60 cm, or even 60−70 cm CCL,
perhaps due to larger size at neritic transition for
these populations (Mortimer et al. 2003, Bell & Pike
2012). Augmented growth response in mid-sized ner-
itic juveniles could result from ontogenetic changes
in foraging behavior, as it has been proposed that ini-
tial neritic recruits forage on more diverse items
and/or require a period of physiological adjustment
before shifting to spongivory, potentially resulting in
sub-optimal nutritional intake (Bjorndal & Bolten
2010). However, as turtles establish and refine neritic
resource use, this could result in optimization of for-
age selectivity, which in turn might manifest as a sec-

ondary peak in growth (Bjorndal & Bolten 2010,
Krueger et al. 2011).

A significant regional difference in growth re -
sponse was also observed for US hawksbills, with
markedly lower growth rates and SCL-at-age predic-
tions in Texas relative to Florida (both GoM and
Atlantic coasts). While the size distributions from the
2 areas did differ somewhat, model results condition
covariate response relative to one another, accom-
modating such differences. Furthermore, the SCL-at-
age curves for the 2 areas diverge. Variability in
hawks bill growth has also been described in prior
studies across a broad scope of spatial scales. For
example, even among relatively closely spaced for-
aging sites in Puerto Rico, growth trajectories di ver -
ged substantially (Diez & van Dam 2002). On an
intermediate level, despite overall high growth rates
in the Caribbean, Krueger et al. (2011) found surpris-
ingly slow annual growth rates in juveniles inhabit-
ing foraging locations near Barbados, more similar to
data reported from Australia (Limpus & Miller 2008,
Bell & Pike 2012). Extensive inter- and intra-popula-
tion variability in somatic growth has been demon-
strated for numerous marine organisms, including
other cheloniid sea turtles (Avens et al. 2012, 2013,
2015, 2017, 2020b), with proposed underlying mech-
anisms including movement energetics, behavior,
habitat quality, density dependence, and trophic
ecology, among others (Blanck & Lamouroux 2007).
The spatial extent of movements needed to acquire
sufficient nutrition can relate to habitat and forage
type, availability, and/or quality, potentially resulting
in site-specific differences in energetic trade-offs
between movements and somatic growth (Dmitriew
2011). Tracking data suggest that hawksbill home
range sizes and transit distances between foraging
areas and resting sites may differ among foraging
locations (e.g. van Dam & Diez 1998, Blumenthal et
al. 2009, Scales et al. 2011, Berube et al. 2012, Hart et
al. 2012, Wood et al. 2017, Selby et al. 2019). How-
ever, similar somatic growth and body condition
have been reported for both hawksbills occupying
more typical hard-bottom foraging sites and those in
seagrass habitat thought to perhaps be less optimal
(Bjorndal & Bolten 2010). In another Caribbean
hawksbill study site comprising solely hard-bottom
habitat, no correspondence was demonstrated be -
tween density of preferred forage items and somatic
growth, but a decrease in growth response was ob -
served coincident with increased turtle abundance,
suggesting potential density-dependent effects
(Krue ger et al. 2011). In contrast, positive correspon-
dence between turtle density and somatic growth
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was found at other hard-bottom sites, but in the
absence of information regarding habitat carrying
capacity, differences in growth rates have been
attributed to variability in food availability (Diez &
van Dam 2002). Furthermore, given the relatively
low population levels of hawksbill sea turtles in the
Caribbean due to long-term over-exploitation, den-
sity-dependent effects are not thought to signifi-
cantly influence somatic growth response overall
(Bjorndal et al. 2016). As a result, further investiga-
tion into the habitat use and foraging ecology of
hawksbills inhabiting Texas waters is needed to bet-
ter understand the factors underlying regional differ-
ences in US hawksbill growth patterns, as well as
implications for relative time to maturation and even-
tual contribution to source reproductive populations.

In contrast to the significant model covariates, we
observed no difference in growth response between
males and females for the known-sex subset of the
sample population. These results are consistent with
reports from the few other Caribbean hawksbill for-
aging populations for which sex-specific juvenile so -
matic growth data are available (Krueger et al. 2011,
Hart et al. 2013), as well as for 1 site in the northern
portion of the Australian Great Barrier Reef (Bell &
Pike 2012). However, an earlier study in the southern
portion of the reef produced a contrasting result,
demonstrating faster somatic growth for juvenile
female hawksbills (Chaloupka & Limpus 1997), and
the reasons for the discrepancy remain unclear. Sim-
ilarly, sex-specific differences in growth rates were
not found for juvenile loggerhead sea turtles in the
western North Atlantic (Avens et al. 2013), yet sub-
adult males did begin to exhibit significantly greater
growth response than females (Avens et al. 2015). As
a result, in addition to benefitting characterization of
ASM and SSM as mentioned above, increased skele-
tochronological data collection from adult hawksbills
might offer better insight into potential late-stage,
sex-specific differences in somatic growth.

Finally, whereas previous analyses of hawksbill
growth rates in the western Atlantic have yielded
significant temporal trends (Krueger et al. 2011,
Bjorndal et al. 2016, Bellini et al. 2019), results of the
current study indicated a lack of correspondence
between growth response and calendar year. Most
notably, results of models incorporating compiled
regional growth data collected from 1980 through
2013 primarily in the Caribbean, but also including
sites along the Florida Atlantic, western Yucatán
Peninsula in Mexico, and Brazilian coasts, demon-
strated a long-term, significant decline in growth
from 1997 through the end of the study period in

2013 (Bjorndal et al. 2016). Given that our study over-
lapped somewhat in spatial and temporal scope with
the previous integrated analyses and involved com-
parable size classes, this disparity was unexpected,
yet observed differences might have resulted from
the smaller sample sizes and incorporation of a novel
study site (Texas) in the current study. Nonetheless,
the potential for smaller-scale differences in somatic
growth trends to occur in response to local factors
would perhaps be relevant for spatially targeted
management and conservation efforts and as such is
of interest for future study.
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