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Plasma hormone levels in the
green turtle Chelonia mydas
reared under captivity as a tool
to predict mating and oviposition

Olga Rubin?, Osher Soffer®, Yaniv Levy** and Joseph Aizen™

The Faculty of Marine Science, Ruppin Academic Center, Michmoret, Israel, ?The Israel Sea Turtle,
Rescue Centre, Nature Parks Authority (NPA), Michmoret, Israel, 3Department of Marine Biology,
Leon H. Charney School of Marine Sciences, University of Haifa, Haifa, Israel

Circulating estradiol (E2), testosterone (T) and progesterone (P4) concentrations,
and blood chemistry were monitored in the female green turtle Chelonia mydas
over continuous seasons at the Israel sea turtle breeding facility. The tested
factors were analyzed with regard to the female s nesting activity in the
subsequent nesting season: Future nesters (FN) and Non-nesters (NN). Our
analysis showed significant changes in all three sex steroids, E2, T, P4, and in
13 blood biochemical parameters between the two females ™ groups. All females
presented consistent E2 profiles from year to year, with a single elevation in
September in FN females. P4 concentrations in nesting females were high in April
(mating) and higher towards the beginning of June due to oviposition, females
that presented concentrations above 1ng/ml had successful oviposition (8
females: 1 female in 2018, 5 in 2019 and 2 in 2020). T profiles were high at the
onset of vitellogenesis towards November and again high during April. We were
able to predict which females would undergo oviposition with a specific profile
seen only in FN females - elevated P4 concentrations from February to June and
the elevation of metabolites electrolytes and Gamma-Glutamyl Transferase
(GGT) concentrations toward November. This will facilitate selectively choice
mating pairs to ensure that the Mediterranean population genetic variability is
maintained. Clutches per female were between 2 and 6, with 25 in total. Females
laid an average of 91 + 7 eggs (range 39-139 eggs) per nest with emergence rate
of ~10% (0-58%). Overall, the same trend in circulating steroid concentrations
was revealed over the years in the females reaching oviposition only when a
certain threshold was achieved. In this study all the factors mentioned above can
indicate an upcoming oviposition at least 6 months prior to nesting as seen in the
PCA analysis. This information can contribute to the success of green sea turtle
breeding programs in captivity and will hopefully help the Israeli Rescue Center
predict and prepare for nesting activities in the years ahead.
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Introduction

The green sea turtles, belonging to the Cheloniidae family, have
a fossil record from about 110 million years ago (Hirayama, 1998;
Kear and Lee, 2006), and a wide ecological habitat range, including
tropics, subtropical waters, and to a lesser extent temperate water
(Bjorndal and Jackson, 2002) in the Atlantic, Mediterranean and
Indo-Pacific. In recent history, commercial exploitation for food,
and pressure from by-catch in marine fisheries led to a massive
decline of the green turtle population (Van Houtan and Kittinger,
2014). The use of destructive machinery, and gear, such as trawls,
destroy the foraging grounds, and harm sea turtles as collateral
damage (Nada and Casale, 2011; Lopez-Barrera et al., 2012; Lewison
et al,, 2014). Oftshore activities including gas production, seismic
surveys, and noise from drill-ships (Viada et al., 2008), as well as oil,
and plastic pollution (Clukey et al., 2017) impact sea turtles. Even
with local, and global conservation efforts, this species still faces
many threats. Man-induced destruction or modification of beaches,
resulting from coastal development, and construction, sand
extraction, and beach pollution, directly impact the availability of
nesting habitat, and affect nesting success and the survival of eggs
and hatchlings (Kasparek et al., 2001; Casale and Margaritoulis,
2010). Global warming is also an important factor since high sand
temperature may affect the survival of pre-emergent sea turtle
hatchlings (Cavallo et al., 2015). The green turtle has been
declared as endangered worldwide, and the Mediterranean
subpopulation was classified as critically endangered in 2004
(IUCN, 2004), though the present conservation status of this
subpopulation has not been evaluated. The green sea turtle has
unique ecological roles in seagrass, and coral reef ecosystems. In the
event of extinction, the negative impacts on the environment, the
complexity, and stability of the food web would be highly significant
(Bjorndal and Jackson, 2002).

After the incubation period, the hatchlings emerge at night, and
navigate their way towards the brightest horizon (Limpus and
Kamrowski, 2013). After scurrying to the water, the first step of
their life cycle involves an oceanic juvenile dispersal, dictated mostly
by currents, with some degree of active navigation (Putman and
Mansfield, 2015; Patricio et al., 2017; Casale et al., 2018). Following
the pelagic stage, the juvenile turtles are often recruited to neritic
foraging areas in populations that are frequently comprised of
individuals from multiple nesting sources (Bass et al., 2006; Proietti
et al.,, 2012). The juvenile's age, and size at recruitment to the neritic
habitats varies widely. The age at recruitment can vary from 1 to 10
years, and CCL (Curved Carapace Length) size at recruitment was
measured at 20-47.8 cm from different locations (Zug and Glor, 1998;
Zug et al., 2002; Seminoff et al., 2003; Balazs and Chaloupka, 2004;
Chaloupka et al., 2004; Reich et al., 2007; Goshe et al., 2010). Green
turtles mostly forage at the neritic grounds until they reach the age of
sexual maturity, after which they can migrate thousands of kilometers
to mating and nesting areas. Typically, mating occurs near the nesting
beaches shortly before the onset of nesting activity, and it is
terminated soon after nesting begins. Green turtle females can mate
with several males during the same mating season, and can store
sperm for an extended period using the grooves in the middle section
of the oviduct (Ekanayake et al., 2013; Chassin-Noria et al., 2017).
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Although the reproductive biology and endocrinology of sea
turtles has been widely investigated, and reviewed, most of the
studies are inconclusive (Broderick et al., 2003; Balazs and
Chaloupka, 2004; Chaloupka et al., 2004; Reina et al., 2009; Wood
and Wood, 2015; Saragoca Bruno et al., 2020). Sexual maturity of
female green turtles in the wild range from 16 to 50 years with
minimal CCL reported at different locations of 72-90 cm (Frazer
and Ladner, 1986; Limpus et al., 2003; Balazs and Chaloupka, 2004;
Chaloupka et al., 2004; Goshe et al., 2010; Almeida et al., 2011; Van
Houtan et al,, 2014; Sonmez, 2019). In captivity, the age of sexual
maturation was reported to be 8-11 years at the Cayman Turtle
Farm Ltd. (Wood and Wood, 2015), much shorter than reported in
the wild. Further studies demonstrated that the mating seasons, and
the length of intervals between them may change according to
weather conditions and food availability (Limpus and Nicholls,
1988; Broderick et al.,, 2003). At the onset of the reproductive cycle
of most vertebrates, females reach an energetic threshold to support
reproduction, and offspring nutrition, nesting interval reported for
females as 2-4 years in the wild, and 1-2 years in captivity
(Broderick et al., 2003; Wood and Wood, 2015). Reproductive
success in vertebrates is regulated by the hypothalamus-pituitary-
gonadal (HPG) axis. At the base of the axis the gonadotropin-
releasing hormone (GnRH), produced in the hypothalamus,
stimulates the secretion of gonadotropins (GTHs) from the
pituitary gland. The reproductive cycle, and sexual development
in reptiles is dependent on GTH release, which directly controls
many aspects of gonadal development across vertebrates (Licht
et al., 1979; Licht and Porter, 1985). GTHs activate second-
messenger pathways leading to production and secretion of sex
steroids by the gonads. Three main sex steroid hormones affect
behavior, and reproduction in most vertebrates: progesterone (P4),
testosterone (T), and estradiol (E2). P4 is potentially an ovulation
inhibitor in green turtles; an assumption supported by the higher
concentrations of P4 observed in females successfully nested over
those unsuccessful (Wibbels et al., 1992; Al-Habsi et al., 2006). E2 in
female sea turtles is the primary stimulus for vitellogenin (Vtg)
synthesis, which is essential in oocyte and oviductal development
(Herbst et al., 2003; Sifuentes-Romero et al., 2006). Vitellogenesis in
green turtles (Miller, 1996), and loggerheads (Wibbels et al., 1990;
Miller, 1996) lasts between 10 and 12 months, and is completed
before the migration to mating sites. Owens and Morris (1985)
reported that a peak in E2 in early spring may serve both behavioral,
and physiological functions. It could induce the drive to migrate to
nesting beaches and cause final maturation of ovarian follicles just
prior to first ovulation. In green sea turtles, T concentrations
elevation coincides with female mating receptivity, suggesting that
it initiates breeding behavior; this is supported by higher T
concentrations in successful nesting females (Licht et al, 1979;
Licht et al, 1985a; Al-Habsi et al, 2006). Moreover, sexually
receptive females may produce male-attractive pheromones
triggered by T, since pheromones are commonly under direct
control of steroids (Owens and Morris, 1985; Al-Habsi et al., 2006).

Blood parameters of sea turtles are influenced by many factors,
including season, age, sex, health status, geographic sites,
physiological state, reproductive status (Dickinson et al., 2002;
Jacobson, 2007), season, food availability, environmental
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conditions, disease, and activity concentrations (Arthur et al., 2008;
Deem et al., 2009). Plasma blood biochemistry is used to monitor
the state of health of sea turtles, but it can also be used to indicate
the reproductive state due to physical and hormonal changes during
reproduction cycles such as vitellogenesis, and folliculogenesis.
Several plasma biochemical parameters have been reported to be
influenced by the reproductive stage in different species of sea
turtles. During the reproduction season, sea turtles go through
many physical, behavioral, and environmental changes. These
changes include fasting or low food intake during the period
preceding mating, and nesting of green turtle females (Hays et al.,
2002). In advance of the reproduction season, green turtle females
prepare for the long migration, egg formation, and Vtg formation
(vitellogenesis). Changes in calcium (Ca), phosphorus (Phos),
cholesterol (Chol), and triglyceride (TGL) concentrations were
found to be related to vitellogenesis, and egg formation. Changes
in Ca and Phos concentrations are mainly due to mobilization
directed by egg formation, with the concentrations of both elements
elevated in females preparing for nesting (Deem et al., 2006).
Furthermore, a large increase in the total serum Ca concentration
in sea turtle females is associated with an increase in protein-bound
Ca during follicular development before ovulation (Casal et al.,
2009). Catabolism of energy reserves during egg formation, and
vitellogenesis (Kakizoe et al., 2007; Deem et al., 2009; Goldberg
etal, 2011) in nesting females, and T production in males (Kakizoe
et al., 2007) results in high plasma lipid values, such as Chol and
TGL (Goldberg et al., 2013; Prieto-Torres et al., 2013; Ehsanpour
et al,, 2015). In addition, during vitellogenesis there are increased
protein synthesis demands which result in elevated albumin (ALB)
concentrations. This is consistent with biochemical results observed
in hawksbill turtles, and loggerheads (Deem et al., 2006; Goldberg
et al,, 2011). Like other vertebrates, male green turtles accumulate
significant body reserves prior to migration in order to provide the
energy necessary for migration, and reproduction, and exhibit
energy metabolite changes associated with breeding activities
(Hamann et al, 2002; Tim et al., 2004). These changes can be
identified by fluctuation in lipid and protein concentrations over the
course of the year, corresponding with foraging season and then
breeding season.

Israel national Sea Turtle Rescue Center at Mikhmoret was
established in 1999 by the Israel Nature and Parks Authority (NPA).
The center's main objectives are medical treatment, and
rehabilitation of injured turtles, followed by release of the turtles
back to the sea. The rescue center works to rehabilitate sea turtles on
several levels which include treatment of injured sea turtles and
their reintroduction to the wild, physical protection of the eggs by
relocating the nests to protected and monitored areas, and
protection of the marine environment and beaches. There are five
NPA declared protected hatching farms for the translocated nests
along the Israeli shoreline at Betzet, Atlit, Hof-Gador, Nitzzanim
and Ziqim (Tikochinski et al., 2012).

Given that the green turtles exhibit high natal homing behavior
and due to their long and complex life cycle, the green turtle
population in Israel is not likely to increase without human
intervention and support. Because of the declining number of sea
turtles arriving to Israel shores a captive breeding stock was
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established at the Sea Turtle Rescue Center in Mikhmoret in 2002
with the aim of green sea turtle conservation and increasing their
population in the Mediterranean Sea. It also functions as a genetic
bank for the species in the event of local extinction. 24 hatchlings
were collected from their nests in order to be reared in captivity -
these individuals will not return to the sea, but their breeding will
contribute greatly to the rehabilitation of the species population. In
2019, the first successful nesting of green turtle female from the
captive stock was recorded at the center. More knowledge of the
green turtles reproductive cycle is needed to maximize the breeding
effort and enhance nesting success.

Materials and methods
Research population and site

The research population consists of 12 females (weight: 83.91 +
20.56 Kg; CCL: 82.58 * 6.85 cm; CCW: 75.08 + 6.6 cm) from the
captive breeding stock in Michmoret (Table S1). The breeding stock
includes 21 turtles, from two clutches acquired as hatchlings in
2002: eight females and three males from the Ashkelon beach; and
three females and seven males from the Givat Olga beach. In
addition, one female found seriously injured in Haifa in 2012 was
added to the breeding stock. The turtles were placed in sea water
tanks, 7.5 - 60 m> in volume, at the Seakura farm in Netanya. After
sexual dimorphism the female turtles were separated into two tanks:
an all-female tank (A) and a mixed tank (B). In April 2019, the
breeding stock was transferred to a new facility that features an
artificial nesting beach and divided based on their genetic origin to
avoid inbreeding. In this new facility, water temperature is kept at
20-22°C, and periodically altered. The turtles" diet is composed of
romaine lettuce (2% BW) and frozen fish (Herring, Flounder and
Salmon,0.2% BW). All turtles were tagged with metal plates on
either their front or back limb. In addition, each turtle was marked
with color and number card attached to their carapace for
behavioral observation, and identification.

Blood samples collection

Blood was sampled over three consecutive years: July, September,
and November of 2017; January, April, June and November of 2018;
February, April, June, July, September and November of 2019;
January, April, June, August, September and November of 2020.
The blood samples (5 ml) were collected from the dorsal cervical
sinus using a sterile 21-gauge 8.9 cm needles. Blood was moved into a
biobased blood collection tube that contains an anticoagulant agent
heparin sodium. The collected blood samples were stored at 4°C until
centrifugation at 2,000 g for 15 min, no longer than three hours after
collection. The separated plasma was divided to 3 tubes (~1 ml each
tube) for steroid analysis, blood biochemistry, and backup. Plasma for
steroid analysis was stored at -80°C while plasma for biochemical
analysis was stored at -20°C. All experimental procedures were
carried out according to the Animal Care and Use Guidelines of
the NPA.

frontiersin.org


https://doi.org/10.3389/fmars.2023.1132573
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Rubin et al.

Steroid extraction and measurement

Plasma samples were measured for three sex steroids (E2, P4,
and T). The steroids were extracted from the separated serum using
di-ethyl ether as follows: (1) 500 ul of plasma sample was
transferred into a 17 cm glass tube, following addition of 5 ml of
di-ethyl ether, and mixed by vortex three times (15 sec. each); (2)
the glass tubes were placed at -80°C for 50 minutes, and the organic
phase was then transferred to a new glass tube; (3) the ether was
evaporated by heating to 55°C (in water bath) for one hour and the
extraction products were dissolved with 500 ul SAB buffer (0.1M
PPBS, 0.1% BSA, ImM EDTA, 0.15mM Sodium azide; pH=7.4)
with 60 sec. of vortex mixing. The extracts were stored at -80°C until
analysis. Plasma E2, P4 and, T concentrations were measured using
commercial ELISA kits by Cayman CHEMICAL® (items 501890,
582701 and 582601 respectively). Concentration detection levels for
the kits were 6.6-4,000, 7.8-1,000 and 3.9-500 pg/ml for E2, P4, and
T respectively, with sensitivity range of 6-15 pg/ml. Duo to the
limited range of the ELISA steroid kits, we needed to assess the
concentration range of each steroid in the research population,
primarily tests were conducted. For each steroid assay, at least three
dilutions were tested, with samples from different sampling dates in
order to calculate the annual concentration variation. This helped
us to know what dilution to use in different sampling dates.

Blood biochemistry

16 blood biochemical parameters were analyzed in this study.
The biochemical parameters can be separated into three general
categories: (1) nutrients and metabolites: TP (total protein) [mg/
dL], ALB [mg/dL], Chol [mg/dL], TGL [mg/dL] and UA (uric acid)
[mg/dL]; (2) enzymes: ALT (alanine transaminase) [U/L], AST
(aspartate transaminase) [U/L], LDH (lactate dehydrogenase) [U/L]
and GGT (gamma-glutamyl transferase) [U/L]; (3) elements and
electrolytes: Ca (calcium) [mg/dL], iCa (ionized calcium) [mmol/L],
Cl (chloride) [mmol/L], Phos (phosphorous)[mg/dL], K
(potassium) [mmol/L], Mg (magnesium) [mg/dL] and Na
(sodium) [mmol/L]. Biochemical concentrations were measured
and analyzed by the Hebrew University Veterinary Hospital,
Rishon LeZion.

Statistical analysis

Significant differences between monthly values of the various
plasma steroid and biochemical concentrations were tested by
Welch's t test between the nesting states at each sampling date.
A nonparametric Spearman's p correlation test was performed
between related parameters for each nesting group. Correlation
analyses were made between paired parameters in each category
using Spearman’s rho. Multivariate statistical analyses, principal
component analysis (PCA) was performed to estimate the
earliest time for future nesting activity prediction. The PCA
construction was performed using ‘factoextra' and ‘devtools®
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packages in R 3.6.3 software (R. Core Team, 2022). Results were
considered statistically significant for p <0.05. All statistical tests
and visual represented charts, excluding the PCA analysis, were
performed using ]MP®, 15. SAS Institute Inc., Cary, NC,
1989-2021software.

Results

From the establishment of the Rescue Center in 2002 and up to
November 2020, 6 of the 12 females nested in 3 nesting seasons: ID
Tag 401 in 2018 and 2020; ID Tags 474, 495, 729 and 760 in 2019;
ID Tag 173 in 2020. The nesting activity of Tag ID 401 in 2018
resulted in 56 infertile eggs laid in the water in an all-female tank
(Table S2), measurements from this season did not enter any
statistical analysis due to difference in growing conditions
compared to the following two seasons. Clutches per female were
between 2 and 6, with 25 in total. Females laid an average of 91 + 7
eggs (range 39-139 eggs) per nest with emergence rate of ~10% (0-
58%) (Table S2).

Out of the 19 tested parameters, 12 showed notable differences
between the non-nester (NN) and future-nester (FN) groups in the
pre-nesting (PN - up to 11 months prior to nestin season that starts
from April to August)) seasons. Due to the nature of this study,
some measurements tested during the 2019-20 FN season were not
significantly different according to the statistical test, though the
results were compatible with trends seen in the previous season. All
tested parameters can be divided into four main categories: sex
steroids, nutrients and metabolites, elements and electrolytes,
and enzymes.

Sex steroids

The only sex steroid that did not show a repeating discrepancy
between the two tested groups was E2. Circulating E2
concentrations were low at most sampling dates with no regard
to the females' nesting state, aside from samples taken from FN
females during 2019-20 PN season (Figures 1A, B). Both P4 and T
showed significant discrepancy between the FN and NN females
several months prior to nesting season (Figure 1A). The first steroid
to rise was T during the fall towards November, from ~6-8 months
prior to nesting activities of the 2018-19 and 2019-20 PN periods,
with increase of T concentrations ~24-time fold in the 2018-19 PN
season and ~12-time fold in the 2019-20 PN season (Figure 1A). P4
concentrations showed a major peak in April of each PN season,
with significant results during the 2018-19 PN season, about one
month before nesting onset, with ~50 times increase in the 2018-19
and 2019-20 PN seasons respectively. Measurements of ID Tag
401’s steroid concentrations in 2018 showed a similar trend of P4
concentrations, with a prominent peak in April 2018, in contrast to
T concentrations that were not as high as in the subsequent two
seasons and were slightly elevated only in April. No correlation was
detected between the steroid concentrations in the FN group
(Figure S1).
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FIGURE 1

Concentration measurements of sex steroids: estradiol (E2), testosterone (T) and progesterone (P4) in female green turtles, (A) Future nesters (FN)
and (B) Non-nesters (NN). Measurements are represented for 19 sampling dates in the period of 2017-2020 divided to 3 pre-nesting (PN) seasons —
2017-18, 2018-19 and 2019-20 and the last nesting/posting season, the nesting period marked at the X axis. At the left panels, asterisk represents
significant difference between the two groups p= 0.05. Shaded areas represent the confidence of fit.

Nutrients and metabolites right before and with the onset of the nesting activity in April, as
seen in the 2020-21 nesting season (Figure 2).
No apparent differences in UA concentration range and
concentrations were observed between the two nesting groups
(data not shown). ALB, Chol, TGL and TP concentrations were ~Elements and electrolytes
highly correlated in both nesting groups, except for Chol vs ALB in
the NN group that showed no correlation (Figure S2). All four Similar to nutrient and metabolite concentrations, Ca, Mg and
parameters showed elevation towards November and high  Phos were elevated towards November and remained elevated until
concentrations in the winter, followed by a drop in concentration = February. iCa on the other hand, showed significantly lower
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FIGURE 2

Concentration measurements of nutrients and metabolites: triglycerides (TGL), cholesterol (Chol), total protein (TP) and albumin (ALB) in female
green turtles, (A) Future nesters (FN) and (B) Non-nesters (NN). Measurements are represented for 19 sampling dates in the period of 2017-2020
divided to 3 pre-nesting (PN) seasons — 2017-18, 2018-19 and 2019-20 and the last nesting/posting season, the nesting period marked at the X axis.
At the left panels, asterisk represents significant difference between the two groups p= 0.05. Shaded areas represent the confidence of fit.
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concentrations in the FN group compared to the NN during the
fall-winter (Figure 3). Within this category, the first three
parameters showed significant correlation in both FN and NN
groups while iCa concentrations were correlated to Mg and Phos
only in the NN group (Figure S3). There were no significant
differences between the groups in Cl, K and Na concentrations
(data not shown).

Enzymes

In the enzyme category, only GGT showed a significant
difference between groups, while AST, ALT and LDH showed no
periodic consistency or repeatability (data not shown). GGT
concentrations presented a prominent difference between the NN
group, with no enzyme activity detected at all, and the FN
group that showed elevated concentrations in November-
February (Figure 4).

Reproductive stage prediction

To assess the best and earliest measurement period suitable for
nesting potential prediction, only the parameters significantly or
notably different between the two groups were utilized. This
collective data was used to devise a PCA test with no regard to
the PN season. The earliest month showing a dominant split of the
two tested groups was November; ~6 months prior to nesting in
April and ~4 months prior to mating (Figure 5A). The difference
between the two groups in November was mainly influenced by T,
TGL, GGT, Ca and Chol. September's PCA shows two clearly
distinct groups as well, but with only two FN females in one season,

A 17-18 18-19 19-20 20-21 B
PN season PN season PN season Nesting and
post nesting
o 474 © 729 . 173 . 173
o 401 ® 495 e 760 ° 401 o 401
= 15- 15
=
o 4
éw,o e K gk % . xle 1.0
=05 \/\_//'\,,*T'\.—"\_,.« o 05
3 O
T 0 0
30- 30
=z - * ’.k*
3 20 R E R 20
8 - /\._\*/1\ o .
% 10 . W\.'_: 10
o .
0- 0
*
= 15- ** *** 15
g AT 10
g g L)
- O 5
2 o 0
— 15- *
z 15 " * | - 15
210N N 10
2 3 . cT 5
g o0 0

07/17
09/17
11/17
01/18

FIGURE 3

10.3389/fmars.2023.1132573

and so more data is needed to confirm these results (Figure 5B).
Subsequent months also show prominent division of the two
groups, mainly influenced by TGL, T GGT, Chol and Ca, up to
but not including April (Figure S4).

P4 was elevated close to nesting season (February April) and
influenced the division of the two groups in February and April. P4
was the only one in the sex steroid group to remain elevated over the
nesting season in four out of the six nesting females (Figure S5).

Discussion

In this study 3 sex steroids and 16 biochemical parameter
concentrations were measured throughout the year to deepen the
understanding of the relation between sex steroids and blood
biochemistry, and reproductive state in green turtles. The results
were analyzed in relation to two reproductive states: future nesting
and non-nesting, and showed changes affected by the reproductive
state, in all three sex steroids, E2, P4 and T, and 9 blood biochemical
parameters: TGL, Chol, ALB, TP, Phos, Mg, Ca, iCa and GGT. All
parameters showed notable changes in these concentrations in
nesting females' compared to non-nesters during the PN period,
some up to 11 months prior to nesting onset (Chol, TGL, iCa and
Phos). Most of these parameters increased in FN females during the
fall, towards November during both tested PN seasons, and several
exhibited notable elevations in September 2019.

The reproductive cycle involves various linked processes,
physiological, endocrinal, and behavioral. The chronological
sequence of the ovarian cycle in sea turtles is initiated with
vitellogenesis that can start 10-12 months before migration in
green turtles (Hamann et al., 2002) and in loggerheads (Wibbels
et al., 1990; Miller, 1996), and is fully complete prior to the
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beginning of nesting. Vtg is a precursor to several egg yolk proteins
and carries lipids (predominantly TGL) to the growing oocytes (Ho
et al., 1982; Wallace, 1985). Vtg is a relatively large (205 kDa)
lipoglycophospho-protein synthesized in the liver and transported
to the ovary via blood circulation (Heck et al., 1997). The pattern of
TGL plasma concentrations in the FN females can be explained
with the transport of TGL to the liver for Vtg synthesis and the
transport of Vtg to the ovary that will be depleted by the end of the
nesting period. Hamann et al, (Hamann et al., 2002) showed a
similar pattern with TGL concentrations peaking during

vitellogenesis and courtship, and declining to base concentrations
after the last clutch. Kwan, suggested that sub-carapace depot fat
which was found to be high in vitellogenic green turtle females, is
used to fuel the energetically expensive costs of migration and egg
production (Kwan, 1994). High body fat can explain the high
plasma Chol concentrations remaining even at the end of the
nesting season.

In reptiles, Vtg synthesis is reported to be dependent on E2.
This was confirmed by stimulation of Vtg synthesis and oviductal
growth by E2 injections in green turtles (Herbst et al., 2003). Most
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studies showed very low or undetectable E2 concentrations in
nesting green turtle females, captive and wild, during the nesting
period (Licht et al., 1979; Al-Habsi et al., 2006). E2 results from our
study show a peak in September (>100 pg/ml compared to mean of
23.13 pg/ml in non-nesters) in both nesting females of 2020 in their
PN season. The elevation in September 2019, 8 months prior to
nesting, coincides with the early onset of Vtg synthesis in sea turtles,
yet no significantly elevated concentrations were detected in the
prior PN season. Since no samples were taken between June and
November of 2018, there is a five-month interval in which an
elevation in E2 could have occurred in the nesting females of the
2018-19 season.

Mg, Phos and Ca concentrations were significantly higher in
nesting females, compared to non-nesters, from the early PN
season, 8-11 months prior to nesting, with more dominantly
higher concentrations in September-November, 6-8 months prior
to nesting. Numerous factors related to the reproductive status of
the female may influence these high concentrations; the most likely
are vitellogenesis and egg production. In addition to lipids, Vtg
binds both Phos and to a lesser extent, Ca (Wallace, 1985). Indeed,
Heck et al. (1997) showed highly correlated increases in Ca and
Phos, in addition to Vtg, stimulated by E2 injections in L. kempi
turtles. The measured Phos concentrations in nesting females can
be explained by the presence of Vtg in the plasma as it is mobilized
to the ovary during the PN season. Ca is needed both for Vtg
synthesis and for eggshell calcification. The measured Ca
concentrations consist of both free Ca (iCa) and protein-bound
Ca. The significant decline in iCa concentrations in nesting females
during the majority of the PN season may indicate the usage of iCa
in egg production while increasing protein bound Ca in the blood,
such as Vtg. No specific correlation to Mg elevation during
vitellogenesis in sea turtles were found except for Mg
mobilization to the ovary for egg production. Youngsabanant and
Nuamsukon (2020) found that green turtle's eggshell contains 0.1%
Mg, compared to 2.54% Ca, 0.96% Na and 0.21% Cl, both Na and Cl
showed no difference in concentrations between the two groups,
though their percentage of the eggshell is higher than Mg, making
this explanation less feasible. In contrast to studies on sea turtle, Vtg
was found to be co-eluted with Mg in the rainbow trout in a 9:1
ratio, as Ca (Bjornsson and Haux, 1985). The relation of Mg to Vtg
can explain its elevation in the nesting females' plasma. Increase in
protein synthesis demands during vitellogenesis can also explain the
elevation in plasma ALB and TP concentrations. Herbst et al. (2003)
showed a two-fold rise in TP concentration within one month after
E2 treatment. In addition, ALB production may be influenced by a
massive P4 surge at ovulation as the fertilized gametes are processed
in the oviduct to form eggs (Licht et al., 1979; Owens and Morris,
1985). P4, secreted by the corpora lutea, is associated with the
ovulation process, involved in the maturation of follicles and
reducing oviductal movement during the shelling of the eggs
(Blanvillain et al., 2011). Licht et al. (1979) reported elevated P4
concentrations in captive breeding females during their mating
phase (1,820 - 1,900 pg/ml) and higher concentrations in their
nesting phase (2,360 -3,000 pg/ml). Though the present study did
not test P4 surges hours after nesting, it showed that P4
concentrations were significantly high in all nesting females and
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was the only steroid with elevated concentrations during the nesting
season. All nesting females exhibited high concentrations in June
(mean of 2,760 pg/ml compared to 60.6 pg/ml in NN females) that
gradually decreased by the end of the nesting season in September.
These results combined with the measurement of high
concentrations in successful nesters compared to unsuccessful
ones (Wibbels et al., 1992; Al-Habsi et al, 2006) support the
assumption that P4 acts as ovulation inhibitor.

During the PN season, pronounced elevation of testosterone
was observed in females from September/November, 4-6 months
prior to mating, until the concentrations peaked in February, two
months prior to mating. No previous study has tested T
concentrations in female green turtles over such an extensive
period of time for the same individuals, yet it has been suggested
that rise in T concentrations can act as a breeding behavior initiator
and a possible trigger to male-attractive pheromones (Owens and
Morris, 1985; Licht et al., 1985b).

Some of the most interesting results of this study are related to
the enzyme groups. GGT enzyme is not usually used in biochemical
analysis in sea turtles since its concentrations are minor or
undetectable (Anderson et al., 2013) in any tissues or serum in
reptiles and no previous data relating GGT activity to a
reproductive cycle in reptiles exists. Previously it was suggested in
loggerhead sea turtle that elevations in GGT together with ALT and
AST might suggest renal or liver disease (Anderson et al.,, 2013).
However, in the present study, though GGT concentrations were
undetectable in most turtles’ measurement, all nesting females had
elevated GGT concentrations from November to February in the
PN season (3-6 months prior to nesting) with a high peak in
November. In mallards, egg laying activity significantly influences
serum enzyme activity and GGT activity was reported to be elevated
tenfold compared to other reproductive periods (Fairbrother et al.,
1990). In cattle, GGT was identified as one of the enzymes found in
milk and was found active during lactation but with no change in
plasma GGT during this process (Calamari et al., 2015). Yet, the
reason for GGT elevation in female green turtles before the nesting
activity itself, is yet to be understood.

This study recorded the clutch size per each nested female and
the hatching success per nest. All nests in this study were relocated to
coastal hatcheries in protected and monitored nature reserves
immediately after nesting. Nest relocation was preformed according
to the NPA nesting management program applied successfully since
1993 on nests laid in disturbed coasts due to anthropogenic impacts
such as light pollution (Kuller, 1999; Levy and Rybak, 2022).
Nevertheless, hatching success of the captivated females was low in
comparison to the wild population. We suggest that the low hatching
success can be due to the first oviposition of the females, as this is one
of the few projects in the world that kept the turtles in captivity from
their hatching in the breeding facility, it is uncertain which nests are
the first nests of females in the wild. Secondly, sexual maturity of
Mediterranean green sea turtle’s subpopulation is considered as 20 to
30 years. Earlier ovulating (16 years) of the captivated turtles may
result in low hatching success. Furthermore, we suspect that the
sexual maturity of the males in this project were later than the
females. This can lead to less effective males in the breeding facility
which can result in low fertilization rate, hence low hatching success.
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As green sea turtles have multiple parenting (Ireland et al., 2003), if
only one of the males is sexually mature this can lead to low
percentage of fertilization. Lastly, in 2019, 4 nests of the females
from our facility were flooded and therefore we had low emergence
rates that year in those specific nests (Table S2). Further research is
needed to confirm these hypotheses by conducting more sampling to
better understand the effects of captivity on the hormone activity and
consequently on the breeding success.

To our knowledge this is the first study in which both sex
steroids and biochemical parameters were tested with regard to the
reproductive stage of green turtles and measured over a prolonged
period of time. Our study on the green turtles’ breeding stock
allowed the comparison between siblings and turtles of the same
age, which were raised under similar conditions. All parameters,
except for GGT, can be related to at least one of the reproductive
processes: vitellogenesis, female mating receptivity, ovulation, egg
production or high metabolic requirements. The changes in enzyme
level in the blood and the connection to the reproduction state of
the females warrants attention for future studies.

The knowledge gained from the analysis of blood sex steroids and
biochemistry in green sea turtle females can be divided according to a
possible relation to each of the reproductive processes. The
vitellogenic process probably commences in September, at least 8
months prior to nesting activity, and some parameters are possibly
related to more than one process. We can link TGL, Chol, Mg, Phos,
Ca and TP to this process as well as to the presence of Vtg in the
female's blood stream; T can be related to female mating receptivity
based on its elevation timing and prior studies; P4 is related to
ovulation commencement and possibly to oviposition itself, and egg
production requires TP, ALB, Ca, Phos and Mg. In addition to the
processes mentioned above, the female has high metabolic
requirements translated to further elevation in protein and lipids.
Little is still known regarding the role and circulation of E2, but our
results indicate that elevation occurs in green turtles early in their
reproductive preparations, and within the timeframe in which
vitellogenesis takes place. Further investigation of the elevation of
E2 concentrations at the end of the season may produce insights
regarding the reason for the long nesting cycle, and an understanding
of the influencing conditions could help to shorten the period
between nesting seasons. To conclude, in this study all the factors
mentioned above can indicate an upcoming oviposition at least 6
months prior to nesting as seen in the PCA analysis. This information
can contribute to the success of green sea turtle breeding programs in
captivity and will hopefully help the Israeli Rescue Center predict and
prepare for nesting activities in the years ahead.
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SUPPLEMENTARY FIGURE 1

Correlation matrices showing Spearman rank correlation coefficient between
blood sex steroids of future nesting (FN) green turtle females (A) and non-
nesting (NN) green turtle females (B)

SUPPLEMENTARY FIGURE 2

Correlation matrices showing Spearman rank correlation coefficient between
blood nutrients and metabolites of future nesting (FN) green turtle females (A)
and non-nesting (NN) green turtle females (B).

SUPPLEMENTARY FIGURE 3

Correlation matrices showing Spearman rank correlation coefficient between
blood elements and electrolytes of future nesting (FN) green turtle females (A)
and non-nesting (NN) green turtle females (B).

SUPPLEMENTARY FIGURE 4

Graphical representations of PCA including 12 blood parameters tested in
June (A), duly (B), January (C), February (D) and April (E) of two nesting cycles
(2018-2020). Each individual sample positioned within the PC axes
represented with green turtle female s ID and the sampled year divided by
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"-". The color indicating that individual's nesting status, future nesting (blue)
or non-nesting (red).

SUPPLEMENTARY FIGURE 5

Concentration measurements of progesterone (P4) for females that nested in
18-19 season (A) and 19-20 season (B), in their future nesting - FN (green
symbols) and nesting state (blue symbols). Measurements are represented for
the (PN) season and the nesting period as marked at the X axis.
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