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Hawksbill sea turtles (Eretmochelys imbricata) are listed as critically endangered by the International Union for the Conser-
vation of Nature (IUCN). To implement best conservation practices for this species, its biology should be well understood.
Attempting to characterize the foraging physiology of free-ranging hawksbill sea turtles is complicated by the fact that
sampling is typically limited to nesting females during the reproductive season. Without data from non-reproductive periods,
itis difficult to determine whether observed physiological values reflect baseline conditions or are specific to the energetically
demanding nesting season. Accordingly, in this study, we described the physiology of foraging in a captive-held population
of hawksbill sea turtles for an entire year. Across the year, we sampled a total of five captive adult female hawksbills at the
Okinawa Churaumi Aquarium in Okinawa, Japan. We measured the concentration of 3-hydroxybutyrate (BHB), triglycerides
(TRGs) and testosterone. Foraging biomarkers BHB and TRGs were both significantly higher during gonadal recrudescence
and breeding than during gonadal quiescence, consistent with mature animals that were not foraging actively during
breeding activities. Testosterone concentration also was higher during breeding months than during non-breeding months,
especially in May, which marked the onset of mating. Elevated BHB during breeding activities indicated that captive hawksbills
accumulated energy reserves during the non-breeding season to invest it in breeding activities. Additionally, elevated TRGs
are correlated to vitellogenesis occurring in the breeding female hawksbills.
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Lay Summary

We used B-hydroxybutyrate, a biomarker of foraging, to ascertain whether hawksbills were actively feeding or not.
B-Hydroxybutyrate is normally elevated during fasting. We found that B-hydroxybutyrate concentrations were elevated during

the breeding season. We concluded that hawksbills stop feeding actively during reproductive activities.
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Introduction

Researching marine migratory vertebrates is a difficult task
when considering the vastness of the ocean. Studying such
organisms can be time consuming, costly and logistically dif-
ficult. Tracking, finding and recapturing the same migratory
individual for multiple analyses is unlikely (Price et al., 2012).
Further, obtaining tissue samples, including blood, requires
being close to an animal for a long enough period, which can
be an operationally complicated process.

Free-ranging wild sea turtles are examples of species that
are challenging to consistently sample across a year due to
their expansive marine habitat and long migrations. Adult
hawksbill sea turtles (Eretmochelys imbricata), like other sea
turtle species, are characterized by long-distance migrations
with strong homing abilities to return to their natal regions for
reproduction (Velez-Zauzo et al., 2008; Hawkes et al., 2012;
Esteban et al., 2015). A record of an adult hawksbill turtle
travelling as far as 705 km in 14 days for foraging and nesting
activities (Hart ez al., 2012) illustrates sampling difficulty.

To understand seasonal trends in the physiology of sea
turtles, year-round sampling is crucial. Many studies have
focused on the biology of hatchlings and on the nesting
ecology of adult female turtles due to the accessibility of the
animals on beaches while hatching and nesting (Lutz et al.,
1996). Fewer studies have focused on free-ranging wild sea
turtle biology when away from nesting beaches.

Utilizing captive animals is one way to study the same
individuals over an entire reproductive cycle. However, even
if a captive individual belongs to the same species as one
observed in the wild, there may be physiological differences
between the two. When discussing differences in captive and
wild sea turtles specifically, one must consider that captive
animals are fed regularly, lack predation pressure and do not
migrate. Breeding programmes exist for captive sea turtles in
which breeding and foraging conditions are largely controlled
(Maggeni and Feeney, 2020). Captive studies can serve as
a point of reference for wild population studies, but their
validity can also be supported by wild populations’ studies
(Price et al.,2012). For example, captive Kemp’s ridley turtles
(Lepidochelys kempii) kept under semi-natural conditions

have been shown to display similar endocrine profiles to those
of wild animals of the same species (Rostal, 2004).

Studies conducted on captive sea turtles are rare but con-
tribute greatly to the foundation of sea turtle knowledge
(Wood, 2022). For instance, juvenile captive green sea turtles
(Chelonia mydas) exhibit an increased concentration of B-
hydroxybutyrate (BHB) during fasting periods, supporting
the observation that BHB is a ketone body produced by ver-
tebrates via ketogenesis when exogenous glucose is restricted
over a period of a few days (Price et al., 2012; Jensen
et al., 2020). On the other hand, there is an elevation in
triglyceride (TRG) concentration in captive juvenile green
turtles during periods of feeding, attributed to macronutrients
from ingested food being repackaged as TRG in the liver
and subsequently transported to adipose tissue via the blood-
stream (Price et al., 2012). TRG concentration has also been
described to increase during reproduction in birds and reptiles
in response to vitellogenesis and folliculogenesis (Vanderkist
et al., 2000; Vezina and Williams, 2003; Gorman et al.,
2009; Price, 2017). Oestrogen induces vitellogenin (VTG)
and very-low-density lipoprotein (VLDL) production from
the liver, which carry phospholipids and TRG to support the
development of oocytes in the ovary (Price, 2017). Thus, both
VTG and TRG increase during folliculogenesis, and TRG also
increases during periods of active foraging in reproductively
quiescent sea turtles. Thus, TRG may be confounded if used
as a marker of feeding during the reproductive season.

Testosterone dynamics have been documented in both
wild and captive sea turtles. In wild populations of green,
loggerhead and hawksbill sea turtles, testosterone has been
observed to steadily decrease as the nesting season ensues and
has been shown to reach a nadir by the end of the nesting
season (Dobbs et al., 2007; Smelker et al., 2014; Bruno et al.,
2021). In adult female Kemp’s ridley sea turtles, testosterone
followed the same pattern of peaking during the onset of
mating and steadily decreased with each clutch oviposited in
wild turtles as well as in those held in semi-natural, captive
conditions (Hamann ez al., 2002; Rostal, 2004). Although
the physiology may differ between captive and wild animals,
testosterone trends in reproductively active female sea turtles
have been observed to be consistent whether held captive or
sampled in the wild.
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Based on observations of BHB, TRG and testosterone in
previous studies on sea turtles, these biomarkers of foraging
and reproduction could be used to make predictions about
breeding strategies. Income and capital breeding are two
strategies that are often compared to each other while examin-
ing the relationship between allocation of energy and breed-
ing functions (Jonsson, 1996; Bonnet et al., 1998; Stephens
et al., 2009). Income breeders continuously forage during
their reproductive season and use that energy to reproduce,
whereas capital breeders fuel reproduction from energy that
was stored prior to reproductive events (Jonsson, 1996; Bon-
net et al., 1998). Capital and income breeders are opposite
ends of a continuum, where interpretation of these catego-
rizations has led to some subjectivity (Stephens et al., 2009;
Kerby and Post, 2013). Identifying where on the spectrum
a species most aligns can help characterize crucial feeding
grounds. However, sea turtles do not appear to conform to
these definitions since they forage actively during much of
folliculogenesis. Nevertheless, energy acquisition and alloca-
tion are critical aspects of the reproductive process. Since
foraging is related to reproductive success (Vollrath, 1987),
the foraging grounds should be protected for endangered
species like the hawksbill sea turtle (Bjorndal, 1999).

The aim of this study was to analyse the concentrations
of BHB, TRG and testosterone over an entire year in captive
adult female hawksbill turtles. The information generated
will serve as a reference for wild hawksbill populations and
facilitate the elucidation of whether sea turtles forage actively
during their breeding season. The data and conclusions will
help fill gaps in physiological data unavailable in animals pre-
and post-nesting season.

Materials and Methods

All sea turtle handling protocols were approved by South-
eastern Louisiana University’s Institutional Animal Care and
Use Committee (IACUC) permit number 0086. Plasma from
five adult female hawksbills was collected between April
2018 and March 2019 in Okinawa Churaumi Aquarium
in Okinawa, Japan. Nesting season for this species in the
northern hemisphere is April-August, and the non-nesting
season is considered as September—March. In captive sea
turtles, breeding activities have included mating and nesting
(Licht et al., 1979; Wood and Wood, 1980), whereas in wild
populations, these included only mating, with nesting season
as a separate period (Hays et al., 2010). Here, we added to
those reproductive activities those associated with follicular
development (ovarian recrudescence) and provided ovarian
ultrasonograms. Three of the individuals were sampled every
2 weeks during 22 April 2018 to 21 March 2019, and every
day during 1 week of mating in mid-May and 1 week of
nesting in mid-June. Two of the individuals were sampled
every 2 weeks during April 2018 to May 2018, and every day
for a week during mating in May of the same year.
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Female turtles were placed individually in a tank with a
male for 1 week to allow mating. Follicular development
occurred during April as determined by ultrasound scans
of the ovaries, and mating behaviour occurred in May for
all turtles; eggs were observed in July (Fig. 1). Egg laying
events were monitored and documented. Since turtles were
mated at contrasting times, the timing of reproductive events
was not identical for each turtle. Additionally, qualitative
observations were made regarding the turtles’ feeding status
over the course of sampling and were categorized by eating
well, partially or not at all. If a turtle was categorized as
‘eating well’, food intake was approximately 2% of their
body weight.

The straight carapace length of the turtles in this study
ranged from 75.5 to 84 c¢cm. The body weight of the ani-
mals ranged from 53 to 82.2 kg, with the average weight
being 62.5 kg. Animals were mated in an indoor tank with
dimensions 6.25 x 2.5 x 2.5 m? and water depth of 1 m.
The dimensions of the outdoor rearing/egg laying pool were
176.4 x 16.8 x 10.5 m? and had a water depth of 2 m. Water
intake came from 200 m offshore and was filter circulated for
the rearing/egg laying pool. The average water temperature
for the year was 24.9°C, with the minimum being in February
at 22.1°C and a maximum of 28.8°C in August. Eggs were
laid in a 115-m? outdoor sandy nesting area. The turtles were
generally fed five times per week. Their diet mainly consisted
of frozen banded blue sprat (Spratelloides gracilis), capelin
(Mallotus villosus) and squid with fresh fish (such as tuna)
occasionally provided. Additionally, vitamin supplements for
aquatic animals were added.

Circulating TRG concentration was analysed in 88
samples collected from the five different turtles during April
2018 to March 2019. TRG concentration was measured
on site with a Fuji DRY-CHEM 7000 V biochemistry
autoanalyser (FUJIFILM Corporation, Japan) for animals, as
previously described (Kawazu et al., 2015). The analyser’s
measurement of TRG occurs by hydrolysis and then
measurement of glycerol; it therefore includes pre-existing
free glycerol in plasma. The inter-assay coefficient of variation
(CV) for the TRG assay was 4.75% and the intra-assay CV
was 0.5%.

Circulating BHB concentration was measured in 120 sam-
ples from the five different turtles collected during April
2018 to March 2019. To measure BHB concentration, we
used a commercially available colorimetric assay (Cayman
Chemical, Item No. 700190), following manufacturer’s spec-
ifications. Assay plates were read at 450 nm. For this, we first
diluted the samples 10-fold and ran in duplicate. BHB concen-
trations were generated using a regression equation obtained
from their standard curves. Triplicates of an individual sample
were run within and between BHB assays for quality control
and to calculate intra- and inter-assay variability. The inter-
assay CV for BHB assays was 4.1%, and the intra-assay CV
was 8.9%.
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Figure 1: Representative ultrasound scans of captive-kept hawksbill sea turtles included in this study. (a) Ultrasound scan conducted in April of
2018 showing developed ovarian follicles. (b) Ultrasound scan conducted in July of 2018 showing calcified eggs in oviduct.

Circulating testosterone concentration was measured
in 119 samples from the five different turtles collected
during April 2018 to March 2019. To measure testosterone
concentration, we conducted a steroid extraction of 25 pl
of plasma and added 175 pl of testosterone assay buffer to
bring all samples to 200 pl. We then added 2 ml of diethyl
ether and placed the mix into a slurry of 80% ethanol and
dry ice to freeze the aqueous phase. We then decanted the
ether phase into a test tube containing 1 ml of ddH,O to
eliminate impurities. The freeze-decant step was repeated
into a clean test tube. We evaporated the ether under a stream
of nitrogen gas while in a warm water bath (37°C) and
reconstituted with 250 pl of testosterone assay buffer. We
analysed the samples using an Enzyme-linked Immunosorbent
Assay (ELISA) Kit (ENZO Life Sciences, Cat. No. ADI-
900-065) following the manufacturer’s specifications and
read at 405 nm. We determined testosterone concentration
using the four-parameter logistic regression in SigmaPlot
v14.0. A pool of serum from male and female loggerhead
sea turtles captured across a year was spiked with a known
concentration of steroid and was included in testosterone
assays for quality control and to calculate intra- and inter-
assay variability. The inter-assay CV for the testosterone assay
was 6.8%, and the intra-assay CV was 9.5%.

The statistical analysis for the data was done using R
Studio. Normality of the data was evaluated by conduct-
ing Shapiro-Wilk tests. The data were not significantly
different than normal if the P value on the Shapiro—Wilk
test was over 0.05. If the predictor P values were less
than 0.05, the data were log-transformed for subsequent
analysis. If the data were not normally distributed after
a log transformation, a Kruskal-Wallis rank sum test
was performed.

Results

For each of the three turtles that nested, there were six egg
laying events, occurring in June, July and August. Analysis
of BHB concentration showed that data were not normally
distributed (P <0.05). The data were thus log-transformed
but did not correct for normality. Therefore, we used
Kruskal-Wallis rank sum for subsequent analysis. BHB was
significantly higher during the breeding season in April-July
(P <0.05) than in November-May (Fig. 2). The average BHB
concentration for April, May, June and July was 2.51 (0.3),
2.30 (£0.2), 2.38(%0.2) and 2.75 (£0.5) mM, respectively.
February had the lowest average BHB concentration at 0.54
(£0.05) mM.

Analysis of TRG concentration showed that the data
were not normally distributed (P <0.05). TRG data were
not normally distributed after a log transformation either
(P <0.05). Therefore, a Kruskal-Wallis test was utilized to
test for differences. Analysis showed that TRG concentration
was highest during the onset of the breeding season in
April-May, decreased across the season and significantly
decreased in October (P<0.05) (Fig.3). The average
TRG concentration during April and May was 2748.22
(£245.8) mg/dl and 2552.92 (+£252.2) mg/dl, respectively.
January represented the lowest average TRG concentration
at 325.50 (£88.3) mg/dl.

Analysis of testosterone concentration showed that data
were not normally distributed (P < 0.05). The data were then
log-transformed but did not correct for normality, and there-
fore, we used Kruskal-Wallis rank sum for subsequent anal-
ysis. Testosterone was significantly elevated during breeding
season, particularly during May (P <0.05) (Fig. 4). During
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Figure 2: Mean concentration of BHB for each month, where n
represents the number of samples collected per month. Dotted
boxes represent months during the breeding season, and grey boxes
represent non-breeding months. Boxes that share letters do not differ
significantly from each other (P < 0.05). Whiskers indicate range; box
represents inter-quartile range (percentile: 25-75%) with median.
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Figure 3: Concentration of TRG for each month, where n represents
the number of samples collected per month. Dotted boxes represent
months during the breeding season, and grey boxes represent
non-breeding months. Boxes that share letters do not differ
significantly from each other (P < 0.05). Whiskers indicate range; box
represents inter-quartile range (percentile: 25-75%) with median.

May, the average testosterone concentration was 2196.20
(£191.0) pg/ml. The month of October showed the lowest
average testosterone concentration at 70.46 (£9.4) pg/ml.

Research Article

[Testosterone]
7,000 -

6,000 1

5,000

40007 A BC

2,000 { =~ E BC
| ﬂ >AA7— BC
1,000 T ﬁ% BC
w | f:]-CC cccc

° =
0- n=21 0=6 pa5 > x
n=6 p=6 n=9 n=6 n=6 n=6 n=6

A MJJASONUDIJFM
Month

3,000 4

[T] (pg/mL)

Figure 4: Mean T concentration for each month, where n represents
the number of samples collected per month. Dotted boxes represent
months during the breeding season, and grey boxes represent
non-breeding months. Boxes that share letters do not differ
significantly from each other (P < 0.05). Whiskers indicate range; box
represents inter-quartile range (percentile: 25-75%) with median.

Discussion

Reproductive and foraging functions are crucial components
of the life history of sea turtles. Sea turtles are thought to
be capital breeders, in which animals accumulate nutrients in
body tissues to later support reproductive activities. However,
because sea turtles forage during much of folliculogenesis,
we prefer not to use this term, as well as its associated
income breeding terminology. What has been established is
that during ovarian recrudescence, sea turtles exhibit a period
of aphagia (Owens, 1980), which ensues sometime before the
onset of mating activities. It has been shown experimentally
that aphagic juvenile green sea turtles exhibit an increase in
circulating concentration of BHB, along with a decrease in
TRG (Price et al., 2012). The increase in BHB in aphagic
sea turtles is a consequence of stored fat mobilization and
subsequent ketone production (Price et al., 2012). Recipro-
cally, circulating TRG increases after foraging resumes in
juvenile green turtles (Price ef al., 2012). In the current study,
we aimed to establish whether hawksbill sea turtles comply
with the observation of fasting during breeding activities by
sampling adult captive-held hawksbills across the year.

In the captive hawksbill turtles, BHB and TRG concen-
trations were both significantly higher during the breeding
season than the rest of the year when the animals were not
reproductively active. Elevated BHB during the month leading
up to reproduction and decreasing as soon as the reproductive
season was over is consistent with an animal experiencing
aphagia during their breeding season (Price er al., 2012).
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Accordingly, our data indicate that captive hawksbill sea
turtles do not forage during breeding season. This is consistent
with the qualitative observations that noted the turtles were
either not eating or eating less during the months when
BHB and testosterone were elevated compared to when BHB
concentration was relatively low (data not shown). Further,
Kawazu et al. (2015) observed that the inactive feeding ratio
(a quantitative ratio calculated by comparing the number
of days a turtle did not eat to the rest of the days in the
month) of reproductively active captive-held hawksbill sea
turtles was much higher during the reproductive season com-
pared to months where there was less follicular development.
During times of greatest follicular development, hawksbills
were observed to have the most reduced appetite (Kawazu
et al., 2015). Green and hawksbill sea turtles in additional
studies have been noted to exhibit a decreased appetite during
reproduction (Bjorndal et al., 1985; Goldberg et al., 2013).

It has been hypothesized that the reason for the lack of
appetite during reproduction could be attributed to vitello-
genesis, since feeding is inhibited by oestrogen administration
(Owens, 1980). Vitellogenesis is the deposition of yolk precur-
sors, such as VLDLs and VTG, into the follicles in the ovary
(Price, 2017). Vitellogenesis is stimulated by ovarian oestro-
gen (Owens, 1976), and therefore, this network of hormones
and proteins are thought to play a role in suppressing appetite.
This relationship is not fully understood and should be further
investigated. Alternatively, the lack of appetite may be due to
decreased abdominal space to ingest food since follicles are
increasing in size leading to reproduction, which in turn limits
the amount of food intake (Kawazu et al., 2015).

Elevated TRG concentrations have been observed in rep-
tiles and birds during their reproductive season, specifically
during vitellogenesis (Price, 2017). During vitellogenesis,
oestrogen secreted from follicular cells stimulates the
secretion of VI'G and VLDL, which travel to developing
oocytes via the bloodstream (Blanvillain et al., 2011; Kawazu
et al., 2015; Price, 2017). Lipoproteins VTG and VLDLs are
both yolk precursors, which are responsible for transporting
phospholipids and TRG, respectively (Price,2017). In reptiles,
such as sea turtles, during periods where VLDL concentration
is high, TRG concentration should be expected to be high as
well. This trend has been observed in yolk deposition in green
sea turtles (Hamann et al., 2002), in hawksbill sea turtles
(Goldberg et al., 2013), and has been reviewed (Price, 2017).

In the present study, TRG exhibited a gradual decreasing
trend over the course of reproductive activities in our captive
hawksbills, remaining at low concentration in the off-season.
This decrease paralleled the concentration profile exhibited
by VTG, because both VIG and VLDL are produced by
oestrogen stimulation, which wanes at the end of the repro-
ductive season.

In juvenile green sea turtles, TRG exhibited low concen-
tration and high BHB concentration in times of fasting, and
the same turtles in a fed state exhibited elevated TRG and

Conservation Physiology - Volume 14 2026

low BHB concentrations (Price et al., 2012). Individuals in
that study were reported to be between 19 and 20 kg, which
are consistent with juvenile weights for this species (Seminoff
etal.,2015). The results from our study oppose these observa-
tions, since both BHB and TRG followed the same trend over
a year. Given that Price et al. (2012) studied juveniles, vitel-
logenesis and follicular development would not yet be occur-
ring. Since vitellogenesis was occurring in the reproductively
active female hawksbill sea turtles in our study, the TRG assay
detected much higher amounts due to elevated lipoprotein
during breeding activity. Thus, TRG may be a more appro-
priate biomarker of food intake when animals are not repro-
ductively active and follicular development is not occurring.

Kawazu et al. (2015) sampled two captive-kept hawksbill
turtles during 2004-2009. During the first year, there was
no follicular development, and TRG concentration did not
exceed 885.7 mg/dl and showed no seasonal fluctuations.
From 2006 through 2009, when follicular development was
occurring, TRG peaked between 2657.1 and 3542.8 mg/dl
during the onset of the reproductive season and gradually
decreased the remainder of the year (Kawazu et al., 2015).
In captive green sea turtles, TRG concentration was noted to
peak during courtship and early in the nesting season, and to
have the lowest concentrations in atretic and non-vitellogenic
females (Hamann et al., 2002). These patterns are consistent
with the trends and values observed in the hawksbill sea
turtles sampled in the current study.

Behavioural and physiological observations allowed us to
discern reproductive behaviours and processes in this study,
including follicular development (occurring in April), mating
(occurring in May) and egg laying (occurring June—August).
While many studies define breeding season as the time spent
mating and nesting, we have included follicular development
as it represents the physiological onset of reproduction,
marked by increased reproductive hormones and oocyte
development (Rostal et al., 1997; Pérez-Bermudez et al.,
2012). Additionally, to ascertain the periods of reproductive
versus non-reproductive activity, we measured testosterone.
Because testosterone is produced by developing and mature
ovarian follicles, this biomarker of reproduction is elevated
during pre-breeding and breeding activities (Rostal ef al.,
1997, 1998). We observed that testosterone was higher in
reproductive months when compared to non-reproductive
months, especially in May, which marked the onset of
mating. This suggests that our captive animals were exhibiting
typical reproductive physiology of wild, free-ranging animals.
A similar observation was made about the reproductive
physiology of captive and free-ranging Kemp’s ridley sea
turtles (Rostal et al., 1998), suggesting that the comparisons
we have made in the present study are appropriate. In this
study, testosterone exhibited a clear decrease across the
nesting season, which has been observed in hawksbills, as well
as in other species including green, loggerhead and Kemp’s
ridley sea turtles (Hamann et al., 2002; Dobbs ez al., 2007;
Smelker et al., 2014; Bruno et al., 2021).
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Overall, our BHB data indicate that hawksbills did not
forage during breeding activity, assuming that our animals
behaved naturally. TRG and testosterone were elevated early
in the reproductive months and decreased through the season,
matching previous studies. The results we obtained regarding
the physiology of our captive animals support the natural
behaviour of our animals. The findings presented in this study
can help develop effective breeding programmes and assist
conservation efforts. Additionally, future work should be con-
ducted to validate the comparisons made between captive and
free-ranging hawksbill sea turtles. More specifically, research
should be directed to investigating the concentrations of
metabolites during the non-nesting season of free-ranging tur-
tles. This can help inform conservation and foraging ground
management strategies.

Acknowledgements

We thank Southeastern Louisiana University and the Sea
Turtle Conservancy for their support throughout this project.
The main body of this publication is based on the MSc thesis
“Kent, Joslyn Blessing, 2024.Biomarkers of Foraging and
Reproduction in Free-Ranging and Captive Gravid Hawksbill
Sea Turtles (Eretmochelys imbricata). Southeastern Louisiana
University ProQuest Dissertations & Theses, 31293354.”

Author contributions

Joslyn Blessing Kent: Primary writer, sample processing,
chemical and data analysis, manuscript revision, approved
final version and agreed to be accountable for own
contribution to paper.

Kari Renee Dawson: Sample processing, chemical and data
analysis, manuscript revision, approved final version and
agreed to be accountable for own contribution to paper.

Shingo Fukada: Sample collection, animal care and
handling, logistic support, data analysis and interpretation,
manuscript revision, approved final version and agreed to be
accountable for own contribution to paper.

Masae Makabe: Sample collection, animal care and
handling, logistic support, data analysis and interpretation,
manuscript revision, approved final version and agreed to be
accountable for own contribution to paper.

Isao Kawazu: Logistic support, supervisor, data analysis
and interpretation, manuscript revision, approved final ver-
sion and agreed to be accountable for own contribution to

paper.

Ken Maeda: Sample collection, animal care and handling,
logistic support, data analysis and interpretation, manuscript
revision, approved final version and agreed to be accountable
for own contribution to paper.

Research Article

Roldédn A. Valverde: Conception of original idea, logistics,
data analysis, advising, primary editor, responsible for pri-
mary oversight of entire project, approved final version and
agreed to be accountable for own contribution to paper.

Conflicts of interest

Authors declare no conflicts of interest exist.

Funding

We would like to thank the Explorers Club Fund and the
Lerner-Gray Fund for their generous financial support, which
made this work possible.

Data availability

The data underlying this article will be shared on reasonable
request to the corresponding author.

References

Bjorndal KA (1999) Conservation of hawksbill sea turtles: perceptions
and realities. Chelonian Conserv Biol 3: 174-176.

Bjorndal KA, Carr A, Meylan AB, Mortimer JA (1985) Reproductive biol-
ogy of the hawksbill Eretmochelys imbricata at Tortuguero, Costa
Rica, with notes on the ecology of the species in the Caribbean. Biol
Conserv 34: 353-368.

Blanvillain G, Owens DW, Kuchling G (2011) Hormones reproductive
cycles in turtles. In Hormones and Reproduction of Vertebrates, Vol.
3 Reptiles. Norris, D.O. and Lopez, K.H. (eds), Academic Press, San
Diego, California, pp. 277-303

Bonnet X, Bradshaw D, Shine R (1998) Capital versus income breeding:
an ectothermic perspective. Oikos 83: 333-342.

Bruno RS, Restrepo Machado JA, Guzman GRB, Loria JIR, Valverde RA
(2021) Biomarkers of reproduction in endangered green sea turtles
(Chelonia mydas) nesting at Tortuguero, Costa Rica. Conserv Physiol 9:
coab072. https://doi.org/10.1093/conphys/coab072.

Dobbs KA, Miller JD, Owens DW, Landry J (2007) Serum testosterone and
estradiol-17B levels during the peak period in a year-round hawksbill
turtle Eretmochelys imbricata nesting population. Pac Conserv Biol 13:
151-157.

Esteban N, van Dam RP, Harrison E, Herrera A, Berkel J (2015) Green
and hawksbill turtles in the Lesser Antilles demonstrate behavioural
plasticity in inter-nesting behaviour and post-nesting migration.
JMar Biol 162: 1153-1163.

Goldberg DW, Leitdo SAT, Godfrey MH, Lopez GG, Santos AJB, Neves
FA, Souza EPG, Moura AS, Bastos JC, Bastos VLFC (2013) Ghrelin
and leptin modulate the feeding behaviour of the hawksbill tur-
tle Eretmochelys imbricata during nesting season. Conserv Physiol 1:
1-13.

920z Aenuga- zo uo 1sanb Aq GGGEY8/£000B09/ 1 /171 /o191e/sAyduoo/wod dnoojwapede//:sdiy woly papeojumoq


https://doi.org/10.1093/conphys/coab072
https://doi.org/10.1093/conphys/coab072
https://doi.org/10.1093/conphys/coab072
https://doi.org/10.1093/conphys/coab072
https://doi.org/10.1093/conphys/coab072

Research Article

Gorman KB, Esler D, Walzem RL, Williams TD (2009) Plasma yolk precur-
sor dynamics during egg production by female greater scaup (Aythya
marila): characterization and indices of reproductive state. Physiol
Biochem Zool 82:372-381. https://doi.org/10.1086/589726.

Hamann M, Limpus C, Whittier J (2002) Patterns of lipid storage and
mobilisation in the female green sea turtle (Chelonia mydas). J Comp
Physiol B 172: 485-493.

Hart KM, Sartain AR, Fujisaki |, Pratt HL Jr, Morley D, Feeley MW (2012)
Home range, habitat use, and migrations of hawksbill turtles tracked
from Dry Tortugas National Park, Florida, USA. Mar Ecol Prog Ser 457:
193-207.

Hawkes LA, Tomas J, Revuelta O, Leon YM, Blumenthal JM, Broderick
AC, Fish M, Raga JA, Witt MJ, Godley BJ (2012) Migratory patterns in
hawksbill turtles described by satellite tracking. Mar Ecol Prog Ser 461:
223-232.

Hays GC, Fossette S, Katselidis KA, Schofield G, Gravenor MB (2010)
Breeding periodicity for male sea turtles, operational sex ratios,
and implications in the face of climate change. Conserv Biol 24:
1636-1643. https://doi.org/10.1111/j.1523-1739.2010.01531.x.

Jensen NJ, Wodschow HZ, Nilsson M, Rungby J (2020) Effects of ketone
bodies on brain metabolism and function in neurodegenerative dis-
eases. Int J Mol Sci 21: 8767.

Jonsson Kl (1996) Capital and income breeding as alternative tactics of
resource use and reproduction. Oikos 78: 57-66.

Kawazu |, Kino M, Yanagisawa M, Maeda K, Nakada K, Yamaguchi Y,
Sawamukai Y (2015) Signals of vitellogenesis and estrus in female
hawksbill turtles. Zoolog Sci 32: 114-118. https://doi.org/10.2108/
z5140212.

Kerby J, Post E (2013) Capital and income breeding traits differentiate
trophic match—-mismatch dynamics in large herbivores. Philos Trans
R Soc B: Biol Sci 368: 1624.

Licht P, Wood J, Owens DW, Wood F (1979) Serum gonadotropins and
steroids associated with breeding activities in the green sea turtle
Chelonia mydas: . Captive animals. Gen Comp Endocrinol 39: 274-289.

Lutz PL, Musick JA, Wyneken J (1996) The Biology of Sea Turtles. CRC Press,
Boca Raton

Maggeni R, Feeney WE (2020) Insights into the successful breeding
of hawksbill sea turtles (Eretmochelys imbricata) from a long-term
captive breeding program. Glob Ecol Conserv 24: e01278.

Owens DM (1976) Endocrine control of reproduction and growth in the
green sea turtle, Chelonia mydas. Doctoral dissertation. University of
Arizona, Tucson, Arizona

Owens DW (1980) The comparative reproduction physiology of sea
turtles. Am Zool 20: 549-563.

Pérez-Bermudez E, Ruiz-Urquiola A, Lee-Gonzdlez |, Petric B, Alma-
guer-Cuenca N, Sanz-Ochotorena A, Espinosa-Lopez G (2012) Ovar-
ian follicular development in the hawksbill turtle (Cheloniidae:

Conservation Physiology - Volume 14 2026

Eretmochelys imbricata L.). J Morphol 273: 1338-1352. https://doi.
org/10.1002/jmor.20062.

Price ER (2017) The physiology of lipid storage and use in reptiles:
lipid physiology in reptiles. Biol Rev Camb Philos Soc 92: 1406—1426.
https://doi.org/10.1111/brv.12288.

Price ER, Jones TT, Wallace BP, Guglielmo CG (2012) Serum triglycerides
and B-hydroxybutyrate predict feeding status in green turtles (Che-
lonia mydas): evaluating a single blood sample method for assessing
feeding/fasting in reptiles. J Exp Mar Biol Ecol 439: 176-180.

Rostal DC (2004) Seasonal reproductive biology of the Kemp’'s ridley sea
turtle (Lepidochelys kempii): comparison of captive and wild popula-
tion. Chelonian Conserv Biol 4: 788-800.

Rostal DC, Grumbles JS, Byles RA, Marquez-M R, Owens DW (1997)
Nesting physiology of wild Kemp's ridley turtles, Lepidochelys kem-
pii, at Rancho Nuevo, Tamaulipas, Mexico. Chelonian Conserv Biol 2:
538-547.

Rostal DC, Owens DW, Grumbles JS, Mackenzie DS, Amoss MS (1998)
Seasonal reproductive cycle of the Kemp’s ridley sea turtle (Lepi-
dochelys kempii). Gen Comp Endocrinol 109: 232-243.

Seminoff JA, Allen CD, Balazs GH, Dutton PH, Eguchi T, Haas H, Hargrove
SA, Jensen M, Klemm DL, Lauritsen AM et al. (2015) Status review of the
green turtle (Chelonia mydas) under the Endangered Species Act. NOAA
Technical Memorandum, NOAANMFS-SWFSC-539. 57 1pp.

Smelker K, Smith L, Arendt M, Schwenter J, Rostal D, Selcer K, Valverde
R (2014) Plasma vitellogenin in free-ranging loggerhead sea turtles
(Caretta caretta) of the Northwest Atlantic Ocean. J Mar Biol 2014:
1-11.

Stephens PA, Boyd IL, McNamara JM, Houston Al (2009) Capital breed-
ing and income breeding: their meaning, measurement, and worth.
Ecology 90: 2057-2067.

Vanderkist BA, Williams TD, Bertram DF, Lougheed LW, Ryder JL (2000)
Indirect, physiological assessment of reproductive state and breed-
ing chronology in free-living birds: an example in the marbled mur-
relet (Brachyramphus marmoratus). Funct Ecol 14: 758-765.

Velez-Zauzo X, Ramos W, Van Dam R, Diez CE (2008) Dispersal, recruit-
ment and migratory behaviour in a hawksbill sea turtle aggregation.
Mol Ecol 17: 839-853.

Vezina F, Williams TD (2003) Plasticity in body composition in breeding
birds: what drives the metabolic costs of egg production? Physiol
Biochem Zool 76: 716-730. https://doi.org/10.1086/376425.

Vollrath F (1987) Growth, foraging and reproductive success. In: Nen-
twig, Wolfgang (ed.). Ecophysiology of Spiders. Springer Berlin, Heidel-
berg, Berlin, pp. 357-370

Wood JR, Wood FE (1980) Reproductive biology of captive green sea
turtles Chelonia mydas. Am Zool 20: 499-505.

Wood LD (2022) Managing long-term wellness in captive sea turtles.
Anim Welf 31: 423-432.

9z0z Arenuga4 zo uo 1senb Aq G55 18/£006e09/ L /171 /o101e/sAyduoo/woo dno ojwepeoe//:sdny wol) papeojumoq


https://doi.org/10.1086/589726
https://doi.org/10.1086/589726
https://doi.org/10.1086/589726
https://doi.org/10.1111/j.1523-1739.2010.01531.x
https://doi.org/10.1111/j.1523-1739.2010.01531.x
https://doi.org/10.1111/j.1523-1739.2010.01531.x
https://doi.org/10.1111/j.1523-1739.2010.01531.x
https://doi.org/10.1111/j.1523-1739.2010.01531.x
https://doi.org/10.2108/zs140212
https://doi.org/10.2108/zs140212
https://doi.org/10.2108/zs140212
https://doi.org/10.2108/zs140212
https://doi.org/10.1002/jmor.20062
https://doi.org/10.1002/jmor.20062
https://doi.org/10.1002/jmor.20062
https://doi.org/10.1002/jmor.20062
https://doi.org/10.1111/brv.12288
https://doi.org/10.1111/brv.12288
https://doi.org/10.1111/brv.12288
https://doi.org/10.1111/brv.12288
https://doi.org/10.1086/376425
https://doi.org/10.1086/376425
https://doi.org/10.1086/376425

	 Biomarkers of foraging and reproduction in captive adult female hawksbill sea turtles Eretmochelys imbricata
	Introduction
	Materials and Methods
	Results
	Discussion
	Author contributions
	Conflicts of interest
	Funding
	Data availability


