This authors' personal copy may not be publicly or systematically copied or distributed, or posted on the Open Web,
except with written permission of the copyright holder(s). It may be distributed to interested individuals on request.

Vol. 18: 9-19, 2013
doi: 10.3354/ab00475

AQUATIC BIOLOGY
Aquat Biol

Published online January 17

Estimating sex ratios in Caribbean hawksbill
turtles: testosterone levels and climate effects

Lucy A. Hawkes!2, Andrew McGowan!, Brendan J. Godley!, Shannon Gore?,
Anke Lange?, Charles R. Tyler*, Damon Wheatley®, Jim White®, Matthew J. Witt!,
Annette C. Broderick!*

!Centre for Ecology & Conservation, College of Life and Environmental Sciences, University of Exeter, Cornwall Campus,
Penryn, Cornwall TR10 9EZ, UK

2School of Biological Sciences, Brambell Laboratories, Bangor University, Deiniol Road, Bangor, Gwynedd LL57 2UW, UK

3Conservation and Fisheries Department, Ministry of Natural Resources and Labour, PO Box 3323, Road Town, Tortola,
British Virgin Islands

4Biosciences, College of Life and Environmental Sciences, University of Exeter, Stocker Road, Exeter EX4 4QD, UK

5The Settlement, Anegada, British Virgin Islands

ABSTRACT: Evolutionary theory predicts that male and female offspring should be produced at a
1:1 ratio, but this may rarely be the case for species in which sex is determined during incubation
by temperature, such as marine turtles. Estimates of primary sex ratio suggest that marine turtle
sex ratios are highly skewed, with up to 9 females per male. We captured juvenile hawksbill
turtles Eretmochelys imbricata in waters around Anegada, British Virgin Islands, a regionally
important foraging aggregation, and analysed concentrations of plasma testosterone and oestra-
diol-17P from 62 turtles to estimate sex ratio. There were 2.4 to 7.7 times more females than males.
Testosterone concentrations correlated with sampling date and sea surface temperature (SST),
with higher concentrations in the late summer when SST was highest, suggesting that assigning
sex through threshold values of sex hormones must be carried out cautiously. The sex ratio in the
juvenile foraging aggregation around Anegada is more male biased than at other locations, sug-
gesting that turtles at Anegada have resilience against feminising effects of climate change.
Future work should (1) integrate the relative contributions of different genetic stocks to foraging
aggregations and (2) investigate the annual and seasonal cycles of sex hormones, and differences

among individuals and life history stages.

KEY WORDS: Marine turtles - Sex ratio - Climate change - Hormones

INTRODUCTION

Evolutionary theory (Fisher 1930) suggests that
male and female offspring should be produced in
equal (‘'Fisherian') proportions. There should be selec-
tive pressure for this to be the case, because if one
sex became rarer, that sex would have proportionally
more opportunities to reproduce and would therefore
contribute a higher proportion of offspring to the gene
pool. The benefit of being the rarer sex should con-
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tinue until the sex ratio reaches 1:1, an ‘evolutionary
stable strategy’ (Smith & Price 1973). In genetic sex
determination systems (GSD), the parental sex chro-
mosomes recombine in a predictable way to produce
a roughly balanced sex ratio. In environmental sex
determination systems (ESD), however, the sex ratio
depends on environmental conditions (e.g. tem-
perature or photoperiod) during embryo incubation
and thus often produces sex ratios that are highly
skewed (Janzen & Phillips 2006).
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Skewed sex ratios may be advantageous under
specific biological circumstances (e.g. if parental
investment in the sexes is unequal, if one sex helps
their parents or if male siblings compete for mates),
but also in some environmental circumstances (Warner
& Shine 2008). The Charnov-Bull model (Charnov &
Bull 1977) was proposed to explain this and has been
demonstrated for a lizard species, such that offspring
raised in conditions that promote high fitness for
females had higher lifetime reproductive success if
they were female than male (males were produced by
hormonal manipulation at temperatures that usually
lead to the development of females; Warner & Shine
2008).

Temperature-dependent sex determination

In marine turtles, sex is determined by the tem-
perature experienced during the middle third of the
embryo incubation period (temperature-dependent
sex determination [TSD], a type of ESD), where
males are produced at lower temperatures and fe-
males at higher temperatures (Yntema & Mrosovsky
1980, 1982, Mrosovsky 1988). The majority of re-
search into sex ratios of marine turtles has been car-
ried out on the nesting beach at the hatchling stage,
and approaches using the modelled relationship be-
tween incubation temperature and sex ratio, as well
as incubation duration and sex ratio, have enabled
estimation of ‘primary’ sex ratio for a large number of
rookeries (reviewed in Hawkes et al. 2009). Primary
sex ratios vary among beaches and within clutches,
as well as during the course of a nesting season, but
are female-biased at almost all rookeries (Hawkes et
al. 2009). Whether primary sex ratios remain female-
biased in later life stages (‘secondary sex ratios') is
not well understood, for several reasons: (1) juvenile
marine turtles and adult male turtles remain almost
exclusively in the ocean, where they are difficult to
survey; (2) marine turtles are highly migratory (God-
ley et al. 2008) and thus are rarely located close to
their natal area, where the primary sex ratio may
be known; and (3) foraging aggregations appear to
be comprised of mixed genetic stocks (Bass 1999,
Diaz-Fernandez et al. 1999, Bowen et al. 2007, Mor-
timer et al. 2007, Blumenthal et al. 2009, Browne et
al. 2010). Female-biased primary sex ratios may be
maintained at later life stages (Kichler et al. 1999,
Jensen et al. 2006, Theissinger et al. 2009, Hays et
al. 2010, Joseph & Shaw 2011), although some studies
suggest that they are not (Wibbels et al. 1993, Diez
& Van Dam 2003).

Population characteristics

Of the 7 species of marine turtles, hawksbill sea
turtles Eretmochelys imbricata are among the least
well understood. International trade was once the
major threat to hawksbill turtles, due to demand for
‘tortoiseshell’ products. Harvesting has now largely
ceased but for a few Caribbean nations (Moncada et
al. 2012), including the British Virgin Islands (BVI),
where they are still legally harvested for subsistence
purposes (Richardson et al. 2006). Approximately
25 to 75 hawksbill turtles nest in BVI annually,
the majority on Anegada (Fletemeyer 1984, Hast-
ings 1992), a remnant of a once larger population
(McGowan et al. 2008). In contrast, the foraging
aggregation of immature hawksbill turtles in the
waters of the BVI is regionally significant, with the
majority occupying the waters around Anegada
(McGowan et al. 2008, Witt et al. 2010a) (see our
Fig. 1), which are largely pristine. Initial haplotype
data suggest that this foraging population consists of
individuals from different rookeries throughout the
Caribbean (Godley et al. 2004), but there are no data
on the sex ratio.

Sex ratios

Primary sex ratios for hawksbill turtle rookeries
exhibit, as in other marine turtle species, a female
bias, although only 3 studies have been carried out
in the Caribbean, where the majority of the global
population of hawksbill turtles are found (Table 1).
Since juvenile turtles do not display secondary
sexual characteristics, internal examination of the
gonads by laparoscope is a useful technique for
sexing individuals (Owens 1997, Miller & Limpus
2003, Wibbels 2003), but is a logistically demanding
and invasive technique that is potentially dangerous
to the turtle and therefore not widely employed
(Wibbels 2003). Some studies have compared laparo-
scopic data with assays of testosterone and oestra-
diol-17B (from here on, ‘'T' and 'E2', respectively)
from blood samples of juvenile hawksbill turtles
(Diez & Van Dam 2003, Geis et al. 2003, Blanvillain et
al. 2008). This demonstrated that plasma sex hor-
mones can be used in isolation to estimate gonadal
sex. Another 4 studies have reported the sex ratios of
foraging aggregations of juvenile hawksbill turtles
(Limpus 1992, Leon & Diez 1999, Mortimer & Crain
1999, Shima et al. 2004), and apart from one study
(Diez & Van Dam 2003), all reported a significant
female bias, ranging from 2.4 to 4 females per male
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Table 1. Eretmochelys imbricata. Percentage of female hatchlings in previous studies

Life stage % @ Location Method Source
Hatchling 50.0 Antigua Temperature logger Mrosovsky et al. (1992)
75.0 Antigua Temperature logger Glen & Mrosovsky (2004)
80.6 Guadeloupe Temperature logger Kamel & Mrosovsky (2006)
90.0 US Virgin Islands Histological examination Wibbels (1999)
90.0 Bahia, Brazil Incubation duration Godfrey et al. (1999)
Juvenile 44.5 Puerto Rico Blood hormone + laparoscopy Diez & Van Dam (2003)
70.3 Florida, USA Blood hormone + laparoscopy Blanvillain et al. (2008)
72.0 Great Barrier Reef, Australia Laparoscopy + histology Limpus (1992)
73.1 Dominican Republic Blood hormone Leon & Diez (1999)
73.3 Chagos Archipelago Blood hormone Mortimer & Crain (1999)
80.0 US Virgin Islands Blood hormone + laparoscopy Geis et al. (2003)
67.3 Japan Unknown Shima et al. (2004)
Adult 62.9/94.3  Malaysia Multiple paternity® Joseph & Shaw (2011)
“Assuming that all nests were laid by different females, with a mean remigration interval of 2 yr; estimates: with polyandry
and polygyny/without polyandry

(Limpus 1992, Leon & Diez 1999, Geis et al. 2003,
Blanvillain et al. 2008) (our Table 1). These studies
represent only a fraction of the hawksbill turtle pop-
ulation in the Caribbean, and further information
on the sex ratios of hawksbill foraging populations
is needed.

Climate change

The study of sex ratios in marine turtles at all life
history stages has recently been suggested as a pri-
ority to understand the ecological effects of anthro-
pogenic climate change on marine turtles (Hamann
et al. 2010). A problem could arise if future climate
warming led to the production of a higher proportion
of female hatchlings than at present or if the produc-
tion of male hatchlings ceased from some beaches
(Hawkes et al. 2007, Fuentes et al. 2009, Mitchell &
Janzen 2010, Valverde et al. 2010, Witt et al. 2010Db).
Understanding sex ratios is essential for the develop-
ment of population models (Owens 1997, Hamann et
al. 2010) for predicting effects of anthropogenic cli-
mate change (Hawkes et al. 2009).

Aims and objectives

In the present study, we set out to estimate the
sex ratio of the juvenile hawksbill turtle foraging
aggregation in the waters surrounding Anegada,
BVI, one of the most important in the Caribbean
(Fig. 1), using measures of plasma concentrations of
the sex hormones T and E2. In addition, we critically
review the utility of this approach in the Caribbean to
predict sex, and explore the environmental and bio-

18°40' -

18720'{

logical variables that may be contributing to variation
in hormone concentrations and predicted sex ratios.

MATERIALS AND METHODS
Study site

The island of Anegada (18°30'N, 64°30'W) is the
second largest island in the BVI archipelago and is
the northern-most and eastern-most island of the
Greater Antilles (Fig. 1). It is an emergent coral lime-
stone platform rising to a maximum altitude of 8 m
and is sparsely developed or inhabited, and is likely
an important hawksbill turtle foraging site in the
Caribbean (McGowan et al. 2008).

65°W 64°40' 64°20'

10 km

Fig. 1. Anegada, British Virgin Islands (BVI). Inset: loca-

tion of the BVI; BVI EEZ in light grey (black arrow); white

crosses: locations of 4 projects that recorded juvenile

hawksbill turtle laparo-scopy sex ratios. Location sampled
for photoperiod: Tortola
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Turtle capture and sampling

To sample foraging hawksbill turtles, we carried
out an in-water capture programme between No-
vember 2003 and September 2005 (see also McGowan
et al. 2008, Witt et al. 2010a). All sampling took place
in shallow (<15 m) coastal waters, and turtles were
captured by hand via a combination of free diving
or the rodeo-style method (Ehrhart & Ogren 1999).
Each captured turtle was marked with unique num-
bered inconel flipper tags, and biometric data, in-
cluding straight carapace length from notch to tip
(SCL), was recorded (see also McGowan et al. 2008).

Immediately following capture, we collected 5 to
7 ml of blood from the dorsocervical sinus of each
turtle following Owens & Ruiz (1980) using a 0.8 x
38 mm needle and a vacutainer (Becton Dickinson).
Blood samples were placed immediately on ice and
stored for a maximum of 5 h. Samples were then cen-
trifuged for 10 min at 13000 rpm, and plasma was
pipetted into cryogenic vials and stored at —20°C.
Samples were then later shipped frozen to the Uni-
versity of Exeter, where they were stored at —80°C.

Hormone analyses

Concentrations of E2 and T were analysed using
enzyme immune-assays (Cayman Chemical Com-
pany: 582701 Testosterone EIA kit and 582251 Estra-
diol EIA Kkit). Briefly, 2 ml of plasma were extracted
using 20 ml diethyl ether. The ether was collected in
a fresh vial and evaporated under a stream of nitro-
gen. Dried samples were re-suspended in assay
buffer and analysed in duplicate. A standard curve
was run on each 96-well plate, and hormone con-
centrations were calculated (pg ml™!) using the
curve. Previously published values of hawksbill E2
and T concentrations of known-sex individuals from
populations within a reasonable distance of our study
site (Puerto Rico: Diez & Van Dam 2003; US Virgin
Islands: Geis et al. 2003; South Florida: Blanvillain
et al. 2008; white crosses in Fig. 1) were used to
assign sex.

Environmental data

We extracted data describing the sea surface tem-
perature (SST) of the study site, using a fixed point
just off the south coast of Anegada, from the MODIS
Aqua satellite 8 d data (http://modis.gsfc.nasa.gov/).
Where data were not available for an 8 d period (e.g.

due to cloud cover), they were linearly interpolated.
Photoperiod was calculated by deducting sunrise
from sunset times for the island of Tortola, BVI
(Fig. 1). We set day of year to start with 1 November =
Day 1 (to a maximum of Day 365).

Statistics

All statistical analyses were conducted using Gen-
Stat, version 12.1 (VSN International). Data failed
Shapiro-Wilk tests of normality and were therefore
tested using non-parametric statistics (correlations
were tested using the Spearman rank test, and differ-
ences between 2 variables using a Mann-Whitney
U-test and between 3 variables using Kruskal-Wallis
1-way ANOVA). Sex ratios were tested for their de-
viation from 1:1 using Fisher's exact test. Statistical
significance was assumed at 5 %.

RESULTS
Turtles

We sampled 62 juvenile hawksbill turtles (mean
SCL: 33.8 + 0.83 cm, range: 20.2 to 51.1 cm). T con-
centration ranged from 12.7 to 1462.3 pg ml™!, with
the majority (65 %) of turtles having <100 pg ml™! T
(Fig. 2a), and were similar to T concentrations found
in other studies (Fig. 2b). E2 concentrations ranged
from 11.0 to 576.3 pg ml™!, and most individuals
(89 %) had E2 concentrations <100 pg ml™* (Fig. 2c).
There were no studies with which to compare our
E2 values. There were no significant differences
between sampling years in either T (Mann-Whitney
U-test: ny = 33, n, = 29, U= 458, p =0.78) or E2 con-
centrations (Mann-Whitney U-test: n; = 33, n, = 29,
U=390, p =0.22), and therefore data were combined
for all further analyses.

Sex ratios

Hormone concentrations were compared with
values from Geis et al. (2003), Diez & Van Dam
(2003) and Blanvillain et al. (2008) (the original
published values in Diez & Van Dam 2003 were an
order of magnitude too low, but were corrected fol-
lowing Braun-McNeill et al. 2007). Where values
for any of our turtles were outside published ranges
(i.e. between the upper female limit and lower
male limit), they were excluded from analysis.
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Fig. 2. Eretmochelys imbricata. Testosterone concentrations from (a) the present study (Anegada) and (b) other studies

(Dominican Republic: Leon & Diez 1999, US Virgin Islands: Geis et al. 2003, Florida: Blanvillain et al. 2008). (c) Oestradiol

concentrations in the present study. Diez & Van Dam (2003) is excluded from (b) because no individual testosterone
concentrations were presented

Table 2. Eretmochelys imbricata. Estimated sex ratios of the foraging population in the waters surrounding Anegada between
November 2003 and September 2005, utilising critical thresholds of plasma testosterone (T) for the assignment of sex

Testosterone (pg ml™?) Female Male Unknown Female:male ratio Source
Female Male Mean  Min Max
<162° >200° 42 17 3 2.5:1 2.1:1 2.6:1 Leon & Diez (1999)
<1702 >182° 42 19 1 2.2:1 2.1:1 2.3:1 Diez & Van Dam (2003)
<185.6 >459.9 44 9 4.9:1 2.4:1 5.0:1 Geis et al. (2003)
<260.8 >720.5 46 6 10 7.7:1 2.9:1 9.3:1 Blanvillain et al. (2008)
“Values corrected following Braun-McNeill et al. (2007)

Based on these ranges, in our study, there were 3.0 e Possible

between 2.4 and 7.7 females per male (46 females T intersex o P

to 6 males and 43 females to 18 males; thresholds € 55 individuals

from Diez & Van Dam 2003 and Blanvillain et al. 2 °

2008, respectively, using 61 and 52 turtles from the % 20 o o

present study that fell within their limits, respec- 5 <V 1) oo ©

tively; our Table 2). Even if we were to assume the g o O%O & o

least female-biased estimates possible (assuming § 1.5 1 (&%@’ © o ° °© OO

all unknown sex individuals to be male), there o %o OO o ©

were at least 2.1 females per male (thresholds from 9 10 4 Oijo 8

Diez & Van Dam 2003), which is significantly dif- '

ferent from a 1:1 sex ratio (Fisher's exact test: p = 0-0’(7/ " " " T T '

0.0 1.0 1.5 2.0 25 3.0 35

0.048.

In the present study, T and E2 concentrations were
correlated (Spearman rank correlation: rg = 0.29, df =
60, t=2.4, p=0.02; Fig. 3). Values for both hormones,
however, span more than an order of magnitude, and
the significance of the relationship is affected by
removal of 3 turtles that had unusually high concen-
trations of both hormones (Spearman rank correla-
tion: rg = 0.22, df = 57, t = 1.71, p = 0.09; Fig. 3) and
thus may have been intersex individuals as described
by Limpus (1992).

Log testosterone (pg ml)

Fig. 3. Eretmochelys imbricata. Significant log relationship

between testosterone and oestradiol concentrations in 62

juveniles sampled in Anegada (Spearman's rs = 0.29, df = 60,
t=2.4,p<0.05)

There was no significant difference in the size of
turtles sampled across seasons (Kruskal-Wallis 1-way
ANOVA: H=6.7, df =3, p = 0.08). There was also no
significant difference in either T (H=1.4,df =3, p =
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Fig. 4. Eretmochelys imbricata. Blood concentrations (mean + SD) of (a) testosterone and (b) oestradiol in relation to carapace
lengths of 59 juveniles (3 turtles were not measured). (c) Proportion of male turtles from the present study in each size class
as determined using threshold hormone values from previous studies (Table 2)

0.71) or E2 (H= 0.6, df = 3, p = 0.90) concentrations by
turtle size (Fig. 4a,b). The distribution of turtle sizes
in the present study compared to other studies of
juvenile hawksbill turtles is shown in Fig. 4c and the
number of unsexed individuals is in Table 3.

Environmental conditions

There was a significant positive correlation be-
tween date and T concentration (Spearman rank cor-
relation: rg = 0.37, df = 60, t= 3.1, p = 0.003; Fig. 5a)
but not between date and E2 concentration (rg=0.11,
df =60, t=0.9, p =0.38). It was also apparent that as

Table 3. Eretmochelys imbricata. Number of turtles in each
of 4 size classes and number that could not be sexed because
their testosterone concentrations fell between the sex-
specific threshold limits, in 4 studies across the Caribbean

Size Sample Not sexed Source
(cm) (n) (n)
<29.9 14 3 Geis et al. (2003)
0 0 Blanvillain et al. (2008)
17 0 Leon & Diez (1999)
17 0 Diez & Van Dam (2003)
30-34.9 18 2 Geis et al. (2003)
17 3 Blanvillain et al. (2008)
19 1 Leon & Diez (1999)
19 1 Diez & Van Dam (2003)
35-39.9 11 2 Geis et al. (2003)
11 2 Blanvillain et al. (2008)
13 0 Leon & Diez (1999)
13 0 Diez & Van Dam (2003)
>40 7 2 Geis et al. (2003)
8 1 Blanvillain et al. (2008)
7 2 Leon & Diez (1999)
9 0 Diez & Van Dam (2003)

SSTs became higher, the variance in T levels in-
creased (Fig. 6a). Given the seasonal effect on T
concentrations, we looked for potential correlations
between the environmental measures of SST and
photoperiod, which have a strong seasonal compo-
nent (Fig. 5b,c), and blood serum hormone concen-
trations. Concentrations of T peaked shortly before
SSTs reached their maxima, beginning to drop as
photoperiod began to shorten (Fig. 5a).

There was a significant positive correlation between
T concentrations and SST, with higher T concentra-
tions in turtles found at higher temperatures (Spear-
man rank correlation: rg = 0.26, df =60, t=2.1, p = 0.04;
Fig. 6a). There was no relationship between SST and
E2 concentrations (Fig. 6b). Neither T nor E2 con-
centrations were significantly related to photoperiod
(Spearman rank correlation: p > 0.05), although SST
and photoperiod were correlated rs = 0.54, df = 60, t=
5.0, p <0.001).

DISCUSSION
Sex ratios

Our results suggest that 69 to 89% of juvenile
hawksbill turtles foraging around Anegada may
have been female. It was not possible to estimate
whether sampling bias may have affected the esti-
mated sex ratios in this study, but these results
should not have been influenced by the presence of
any adult female nesting turtles, as we only captured
juveniles. Our values are in broad agreement with
other studies (Kichler et al. 1999, Jensen et al. 2006,
Theissinger et al. 2009, Hays et al. 2010, Joseph &
Shaw 2011), including those for Caribbean hawksbill
turtles (Leon & Diez 1999, Geis et al. 2003), and with
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Fig. 6. Eretmochelys imbricata. Significant relationship between sea surface temperature and (a) testosterone and (b) oestra-
diol in 62 juveniles sampled in Anegada (Spearman's rs = 0.26, df = 60, t= 2.1, p < 0.05). Linear regression line for (a) is shown

primary sex ratios of hawksbill turtles reported from
Antigua (Mrosovsky et al. 1992, Glen & Mrosovsky
2004), the West Indies (Kamel & Mrosovsky 2006) and
the US Virgin Islands (Wibbels 1999) (our Table 1).
The secondary sex ratio can be less female-biased
than the primary sex ratio (Kichler et al. 1999, Jensen
et al. 2006, Theissinger et al. 2009, Hays et al. 2010,
Joseph & Shaw 2011, Stewart & Dutton 2011, Wright
et al. 2012a, 2012b), suggesting differential recruit-
ment by the sexes to juvenile foraging aggregations.

producing nests) had enhanced locomotor perform-
ance compared with hatchlings from warmer nests
(Booth & Evans 2011), as well as larger body size
(Booth & Astill 2001), and such increased swimming
performance and size could reduce their relative
exposure to predation (Janzen et al. 2000).

Methodology

This could be for 2 reasons: either (1) some female
hatchlings recruit elsewhere (sex-biased dispersal;
Casale et al. 2002); and/or (2) female hatchlings
suffer greater mortality than male hatchlings. The
second hypothesis is supported by findings that
hatchlings from cooler nests (and thus likely male-

Our results show for the first time in the Caribbean
that there is a strong seasonal component to T con-
centrations, and suggest that the timing of sampling
of individuals could affect estimated sex ratio. This
has also been shown in juvenile loggerhead turtles
in USA waters, where T concentrations were reliable
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indicators of sex only during the summer months,
when water temperatures were >23°C (Braun-McNeill
et al. 2007), but the opposite was true for adult log-
gerhead turtles (Wibbels et al. 1987, Owens 1997).
Seasonal variation in T has also been shown for other
reptiles (Gowan et al. 2010, Kakizoe et al. 2010,
Hamlin et al. 2011, Boretto et al. 2012), and may
maximise mating opportunities during the season
when females are receptive. For juveniles this may
serve no purpose until sexual maturity, but the drivers
of the seasonal variation are currently not understood.

Future studies could describe how hormone pro-
files change throughout the year by repeatedly sam-
pling known-sex individuals, which would greatly
inform future methodologies for in-water sexing of
marine turtles and help to develop robust marker
systems. Furthermore, the reliability of T estimates
could vary not only across species but within species
occupying different water temperature profiles, and
this could have implications for using published crit-
ical limits for assigning sex. These temperature pro-
files may, of course, alter with future climate change,
leading to further complications in estimations of sex
ratios from threshold hormone values. It seems clear
that concentrations of both hormones may be highly
variable, and further work is required to understand
the drivers of this. In addition, nothing is yet known
about the ontogeny of the absolute and seasonal
expression of sex hormones in marine turtles, making
it complex to compare between life stages. Regard-
less, the thermal environment experienced by hawks-
bill turtles in the Caribbean varies much less than
the habitat experienced by loggerhead turtles on the
seasonally dynamic USA coast (Braun-McNeill et al.
2007, Hawkes et al. 2011), so one might expect that
the window of reliability of T estimates of sex may be
wider.

Measures of circulating E2 were not very informa-
tive in the present study for juvenile turtles in isola-
tion, but in conjunction with T, they may have helped
to identify intersex individuals. Two turtles in Limpus
(1992) with high concentrations of both hormones
were examined by laparoscope and could not be
identified as male or female (one having features of
gonads from both sexes and the other neither). High
concentrations of E2 could result from warm temper-
atures stimulating activity of the enzyme aromatase,
which converts T into E2 (Hau 2007). Thus, male tur-
tles could appear as intersex individuals as a result of
temperature-mediated aromatase action. The extent
to which sex hormones are useful in assigning sex is
not known for other life stages of marine turtles, but
T and E2 are known to vary dramatically over the

course of a year for all life stages and species (Owens
1997). In the present study, 5% (3/62) of sampled
individuals could have been intersex, as they exhib-
ited high concentrations of both E2 and T. The 3 tur-
tles were not particularly large (and therefore proba-
bly not more mature than others in the present study;
38.5,25.5 and 35.5 cm SCL respectively), but were all
captured between 2 August and 25 September, when
our data show that sex hormone concentrations were
generally higher. These hormones may also have
additional roles in juvenile turtles, such as bone
growth and development and immune function, that
are not yet understood. Our assessment is, however,
speculative because we did not conduct laparoscopy,
and our results highlight the importance of using
multiple criteria, where possible, to estimate sex ratio.
Finally, it seems clear that a robust threshold value of
T for sexing turtles, regardless of the species, ocean
basin or time of year, may not be found.

Foraging stock composition

An important next step would be to gain an under-
standing of the provenance of these juvenile foraging
aggregations. Genetic work and satellite tracking
over the last 15 yr has demonstrated that hawksbill
turtles sharing a Caribbean foraging site usually come
from distant as well as local rookeries (Bass 1999,
Diaz-Fernandez et al. 1999, Horrocks et al. 2001,
2011, Troéng et al. 2005, Bowen et al. 2007, Mortimer
et al. 2007, Van Dam et al. 2008, Blumenthal et al.
2009, Browne et al. 2010, Meylan et al. 2011, Mon-
cada et al. 2012). Initial haplotype data for Anegada
suggests that the BVI foraging population consists of
individuals from several different source rookeries
throughout the Caribbean basin (Godley et al. 2004),
but enumerating the likely proportion of each would
be an important demographic parameter for predic-
tive models of climate change effects. For example,
such data could permit insights into potential sex-
biased dispersal or mortality during the ‘lost years’
for which no data currently exist (see Witherington
et al. 2012).

From a conservation perspective, information on
the sex ratio and source of local foraging aggre-
gations is paramount, as individual nation-state man-
agement strategies (including consumptive use of
marine turtles) could have implications beyond
national boundaries (see Moncada et al. 2012 for
more detailed discussion). Primary sex ratios and
molecular profiles for many Caribbean rookeries
remain to be described and should be collected as a
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conservation priority. Indeed, a more accurate pic-
ture of likely population changes under future cli-
mate scenarios could be gained with such para-
meters (e.g. the primary sex ratio of each source
population, more information about the conversion of
primary sex ratios into secondary sex ratios in forag-
ing aggregations and relative contributions to differ-
ent foraging aggregations) (Blumenthal et al. 2009).

Adaptation to climate change

These data suggest that the secondary sex ratios of
Caribbean hawksbill sea turtles in the BVI may not
be highly female-skewed, and importantly, that pri-
mary sex ratio is not necessarily a good indicator of
secondary sex ratio. The existence of sufficient male
turtles in the population is obviously important to
maintain reproduction, but the presence of at least
25 % males has been suggested as an important con-
servation target in monitoring the future effects of
climate change (Poloczanska et al. 2009). The poten-
tially relatively high proportion of juvenile male tur-
tles in the present study population suggests a level
of resilience against the future effects of climate
change. Recent research (Joseph & Shaw 2011, Stew-
art & Dutton 2011, Wright et al. 2012b) has suggested
that the operational sex ratios of adult populations of
marine turtles could be even less female-biased still.

Why a female bias exists in most marine turtle pop-
ulations is poorly understood and it remains unclear
whether it is advantageous in an ecological or evolu-
tionary sense. How might warmer conditions provide
for higher fitness for female marine turtles? Recent
work with lizards demonstrated enhanced growth of
males and females at different incubation tempera-
tures, confirming for the first time the predictions in
the Charnov-Bull model for a reptile species (Warner
& Shine 2008). Experimental work has yet to be car-
ried out to demonstrate if this is likely to be the case
for marine turtles, although with long periods to ma-
turity and slow growth rates, this is a challenge. In
addition, early modelling work has suggested that,
through climate change, the proportion of female
turtles at large in the population should increase
still further (Hawkes et al. 2007, Fuentes et al. 2009,
Mitchell & Janzen 2010, Valverde et al. 2010), and
thus the pace of change may proceed more quickly
than our understanding of the system before pertur-
bation. We advocate that all marine turtle research
programmes working with foraging aggregations of
marine turtles routinely collect blood and tissue sam-
ples to enable secondary sex ratio estimates and

assignment of source rookeries. Only then can mod-
els be built that will permit prediction of the effect of
climate change.

CONCLUSIONS

We report secondary sex ratios for juvenile hawks-
bill turtles around Anegada, BVI, that are less female-
biased than many reported primary (hatchling) sex
ratios for the region, but concentrations of plasma T
are variable and should be interpreted with caution.
In particular, there may be seasonal endogenous or
environmental exogenous cues that drive fluctua-
tions in hormone concentrations, and understanding
the drivers for this will be key to estimating sex ratios
in the future.
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