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Abstract

Global warming could threaten over 400 species with temperature-dependent sex
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determination (TSD) worldwide, including all species of sea turtle. During embryonic
development, rising temperatures might lead to the overproduction of one sex and,
in turn, could bias populations’ sex ratios to an extent that threatens their persis-

tence. If climate change predictions are correct, and biased sex ratios reduce popula-
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tion viability, species with TSD may go rapidly extinct unless adaptive mechanisms,
whether behavioural, physiological or molecular, exist to buffer these temperature-
driven effects. Here, we summarize the discovery of the TSD phenomenon and
its still elusive evolutionary significance. We then review the molecular pathways
underpinning TSD in model species, along with the hormonal mechanisms that in-
teract with temperatures to determine an individual's sex. To illustrate evolution-
ary mechanisms that can affect sex determination, we focus on sea turtle biology,
discussing both the adaptive potential of this threatened TSD taxon, and the risks
associated with conservation mismanagement.
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1 | INTRODUCTION

that lead to male and female gonad development (Charnov & Bull,

1977, Deeming et al.,, 1988). As global warming continues, the

The current rate of species loss is often referred to as the sixth
mass extinction event in geological history (Barnosky et al., 2011).
As climate change progresses and global temperatures continue
to rise rapidly, understanding how species interact with their en-
vironment has become extremely important (Hoffmann & Sgro,
2011; Neukom et al., 2019; Stocker et al., 2013; Visser, 2008). This
is particularly true for over 400 fish and reptile species that have
temperature-dependent sex determination systems (TSD). For these
species, incubation temperatures differentially trigger the pathways

TSD mechanism could lead to heavily skewed offspring sex ratios
towards one sex, which in turn threatens populations’ persistence
(Eberhart-Phillips et al., 2017; Laloé et al., 2014; Mitchell & Janzen,
2010). Whether TSD species will be able to withstand the rates of
predicted temperature change and maintain viable sex ratios will
depend on their adaptive potential (Eizaguirre & Baltazar-Soares,
2014). Adaptive potential is defined as “the ability of populations/
species to respond to selection by means of phenotypic or molecular
changes” and interacts with population structure and demography
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(Eizaguirre & Baltazar-Soares, 2014; Rey et al., 2020). Even though
knowledge on the adaptive potential of TSD is essential for con-
servation management, it remains uncharacterized in most species,
such as sea turtles (Santidrian Tomillo & Spotila, 2020).

To understand pressures on sea turtles, it is essential to acknowl-
edge that in addition to anthropogenic climate change, they face
cumulative impacts from other human-induced stressors (Hawkes,
Broderick, Coyne, et al., 2007; Hawkes, Broderick, Godfrey, et al.,
2007; McMahon & Hays, 2006; Witt et al., 2010), such as coastal
development (Kaska et al., 2013; Von Holle et al., 2019), fisheries
bycatch (Fossette et al., 2014; Senko et al., 2014) and illegal har-
vest of both eggs and adults (Senko et al., 2014; Tomillo et al.,,
2008). As a consequence, many populations are already depleted
or in decline, and subject to extensive conservation management
plans (Hamann et al., 2010; Mortimer & Donnelly, 2008; Wallace
et al., 2013). The actions to protect sea turtles from the effects of
global warming are further limited by the inability to determine a
neonate's sex nonlethally and the difficulty in justifying the sacri-
fice of individuals from endangered populations, both of which re-
strict TSD research in this taxon. As such, most interest in trying to
quantify how sea turtles will adapt to climate change has focused on
nesting behaviour such as phenological changes and site selection
(Mazaris et al., 2013; Patricio et al., 2017; Refsnider, Bodensteiner,
et al., 2013; Refsnider, Warner, et al., 2013; Reneker & Kamel, 2016).
Similarly, most approaches to mitigate the effects of rising tem-
peratures have involved human manipulation of nest temperatures
through, for example, relocation (either in situ or in hatcheries) and
shading (DeGregorio & Williard, 2011; Mrosovsky, 2006; Tuttle &
Rostal, 2010). Here, we review the current knowledge and highlight
the importance of the adaptive potential of TSD mechanisms, by
bridging empirical research gained from TSD model species with the
more practical management of wild populations of sea turtles. We
chose to highlight molecular and physiological responses, which we
consider to be under-represented in sea turtle research in compar-
ison with behavioural adjustments (Patricio et al., 2017; Reneker &
Kamel, 2016). Finally, we discuss how failing to consider the adap-
tive potential and underlying mechanisms of TSD in sea turtles
could lead to inappropriate management decisions.

2 | TSD PATTERNS AND ENVIRONMENTAL
COVARIATES

TSD species have no sex chromosomes. Instead, sex-determining
genes are scattered across the genomes, and male- or female-
determining pathways are triggered by temperature during a ther-
mosensitive period of development (Bachtrog et al., 2014; Charnov
& Bull, 1977; Shen & Wang, 2014). This mode of sexual development
was first reported in the common agama lizard, Agama agama in 1966
(Charnier, 1966). It has since been confirmed as the sex-determining
mechanism of several reptile lineages, including the tuatara, croco-
dilians and turtles (Cree et al., 1995; Janzen & Paukstis, 1991).

Different patterns of TSD exist (Figure 1). In type la TSD, seen
in most turtle species, males develop at cooler temperatures while
females are produced under warmer conditions (e.g. the painted tur-
tle, Chrysemys picta, Bull & Vogt, 1979). In type Ib, this pattern is
reversed, and males are produced at warm temperatures (e.g. the
tuatara, Sphenodon punctatus, Cree et al., 1995). Finally, species with
type Il TSD, common to all crocodilians, produce males at interme-
diate temperatures and females at both hot and cold extremes (e.g.
the American alligator, Alligator mississippiensis, Ferguson & Joanen,
1983; Gonzailez et al., 2019). Under constant incubation tempera-
tures, the TSD thermal response curve is described by i) a pivotal
temperature, at which an equal number of embryos within a clutch
develop as males and females, and ii) the range of temperatures
under which either male or female offspring may be produced,
known as the transitional range of temperatures (Figure 1; Girondot,
1999; Mrosovsky & Pieau, 1991).

Genetic sex determination (GSD) and TSD are often considered
to be mutually exclusive mechanisms, but instead should be regarded
as two ends of a continuum, with environmental variation interact-
ing with genetic mechanisms to different extents across species
(Bachtrog et al., 2014; Holleley et al., 2015, 2016; Pen et al., 2010;
Quinn et al., 2007, 2011). For instance, the montane lizard, Bassiana
duperreyi, has heteromorphic sex chromosomes, and eggs incubated
at warm temperatures, characteristic of lowland environments, pro-
duce equal numbers of male and female offspring. Yet, when eggs
are incubated at cool temperatures representative of high altitude
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FIGURE 1 The three patterns of temperature-dependent sex determination: (a) type la, as seen in sea turtles; (b) type Ib, as known in

tuatara; and (c) type Il, as present in crocodilians. The pivotal temperature (T

piv) is the temperature at which an even proportion of males and

females is produced. Red denotes the transitional range of temperatures, where both sexes can be produced, generally defined as between

5% and 95% of one sex
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summers, the ratio is skewed towards 70% male hatchlings, sug-
gesting that temperature can partly override genetic triggers in this
species (Shine et al., 2002). In mammals, which have GSD, maternal
condition can alter sex ratios (Grant, 2007; Sheldon & West, 2004;
Trivers & Willard, 1973), moderated by the environmental conditions
during the breeding and gestation periods (Edwards et al., 2019).

Temperature is the primary determinant of gonad differen-
tiation in TSD species, and the thermal environment of nests var-
ies with substrate albedo (Hays et al., 2001), shading (Refsnider,
Bodensteiner, et al., 2013; Refsnider, Warner, et al., 2013) and nest
depth (Telemeco et al., 2009; Santidrian Tomillo et al., 2017), which
can all influence egg development. These variables differ depending
on individual nest site selection and seasonality and thus introduce
variation into offspring sex ratios within and among populations
(Reneker & Kamel, 2016). It is also known that precipitation and hu-
midity interact with thermal conditions and hence influence TSD. For
instance, the relationship between rainfall and sex ratios has gener-
ally been attributed to the cooling effect of rain on the temperature
of nesting substrate thanks to evaporative cooling (Godfrey et al.,
1996; Houghton et al., 2007; Lolavar & Wyneken, 2015; Matsuzawa
et al., 2002). An argument has recently also been made to suggest
that humidity itself has an effect on sex ratios beyond that of tem-
perature alone (Lolavar & Wyneken, 2017, 2020). While these stud-
ies have not yet robustly demonstrated the effect of humidity on
TSD, they do illustrate several points. Firstly, temperature does not
actinisolation in natural environments. Secondly, we still do not fully
understand all the factors that influence sex determination in TSD
species. As such, we should consider the potential for elements of
the thermal response curve (e.g. the pivotal temperature and transi-
tional range of temperatures) to vary from traditional values—either
from plastic responses or as a result of adaptive evolution (Santidrian
Tomillo & Spotila, 2020).

3 | THE EVOLUTIONARY SIGNIFICANCE
OF TSD

A comprehensive theory explaining the selective advantage of TSD
still seems to evade researchers (Pen et al., 2010; Quinn et al., 2011;
Sarre et al., 2004). While the random segregation of sex chromo-
somes in species with GSD reflects parents’ equal chromosomal
investment in male and female offspring, conforming to frequency-
dependent selection, no such theory exists to easily explain the evo-
lutionary significance of TSD (Fisher, 1930). Instead, three relatively
robust hypotheses for the evolution of TSD have been suggested,
with varying levels of support; (i) the Charnov-Bull model of differ-
ential fitness, (ii) the “Mighty Males” hypothesis, and (iii) the phylo-
genetic inertia hypothesis (Charnov & Bull, 1977; Girondot & Pieau,
1999; Janzen & Phillips, 2006; Rollinson, 2019; Shine, 1999).

The Charnov-Bull model of differential fitness suggests that
sex-specific advantages are associated with particular thermal en-
vironments and that the TSD mechanism ensures the production

of sexes at their optimal temperatures (Charnov & Bull, 1977). The
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theory requires a heterogeneous environment, in time or space,
where males and females benefit from different conditions (Charnov
& Bull, 1977). Sex-specific benefits from particular thermal environ-
ments emerge through different mechanisms. For instance, incuba-
tion temperature may (i) affect fitness proxies, such as growth rate
or size, (ii) correlate with future conditions that offspring will expe-
rience, or (iii) affect developmental rates and timing of emergence
(Janzen & Phillips, 2006; Shine, 1999). Recently, it was suggested
that sex-specific fitness may stem from bimodal age at maturity dis-
tributions, as TSD species show greater dimorphism in this trait than
GSD species (Bokony et al., 2019).

In TSD species, the effects of temperature and sex overlap, and
therefore, it is challenging to disentangle their relative contribu-
tions to an individual's fitness (Rhen & Lang, 2004). This problem
has generally been overcome with the use of exogenous hormone
manipulation experiments, whereby a given sex is artificially forced
to develop at temperatures that would not otherwise enable its pro-
duction. One of the best examples of such an experiment focused on
the jacky dragon, Amphibolurus muricatus (Warner & Shine, 2008).
Eggs from this agamid lizard were incubated at a range of tempera-
tures, and half of them were treated with an aromatase inhibitor that
forced embryos to develop as male, regardless of their thermal en-
vironment. This manipulation decoupled the effects of sex and tem-
perature on fitness and revealed that lifetime reproductive success
was greater for males that were incubated at natural male-producing
temperatures (Warner & Shine, 2008). Importantly, hormone treat-
ment had no effect on the morphology or survivorship of juvenile
jacky dragons, indicating no effect of the treatment itself. Since this
seminal study, further experiments have produced similar results
across other agamid species (Steele & Warner, 2020). While this re-
producibility gives weight to the Charnov-Bull hypothesis, whether
these results can be extrapolated to all TSD species, and particularly
long-lived ones, remains unclear (Steele & Warner, 2020). This is be-
cause there are conflicting results among experiments testing the
Charnov-Bull model (Janzen & Phillips, 2006). For instance, studies
using the diamondback terrapin Malaclemys terrapin failed to find
support for the Charnov-Bull model (Morjan & Janzen, 2003). As
such, caution is needed when presenting the Charnov-Bull model as
a universal explanation for TSD in reptiles (Janzen & Phillips, 2006).

Recently, Rollinson (2019) proposed an alternative theory for
the evolution of TSD, referred to as the “Mighty Males” hypothesis,
based on the maternal condition hypothesis described by Trivers and
Willard (1973). The original hypothesis posits that females’ lifetime
reproductive success is mostly constrained by the number of gam-
etes they produce and, as such, even lower quality female offspring
produced under suboptimal conditions should not suffer a reduction
in lifetime reproductive fitness. On the other hand, males’ reproduc-
tive success is limited by their ability to compete for mating oppor-
tunities, and therefore, male offspring should be produced under the
environmental conditions that maximize their overall fitness (Trivers
& Willard, 1973). Given these constraints are related to sexual repro-
duction, independently of TSD, and given that temperature affects

a wide range of traits such as size, developmental rate or embryonic



LOCKLEY anp EIZAGUIRRE

2364
2 L wiey- e —

mortality, Rollinson (2019) proposes that males should be produced
at the temperatures that maximize the fitness potential of these
traits, while females should be produced at the suboptimal extremes.
As mortality increases with high temperatures, the Mighty Males hy-
pothesis can be easily applied to type Il (female-male-female) and
type la (male-female) TSD species (Santidridn Tomillo & Spotila,
2020). On the other hand, it may not apply to type Ib (female-male)
TSD species, unless evolutionary mechanisms exist that can signifi-
cantly push back the upper temperature limits for mortality. Type Ib
is rare in nature, existing in the tuatara and shorter-lived squamata
groups, and may require an alternative explanation.

Finally, the difficulty in determining the evolutionary significance
of TSD may stem from phylogenetic inertia and the possibility its
adaptive significance may no longer be detectable 300 million years
after it evolved (Janzen & Krenz, 2004; Janzen & Phillips, 2006). After
phylogenetically reconstructing the evolution of sex determination
in over 400 species of squamata, many examples of transitions from
TSD to GSD were identified, but there were no cases where this
direction was reversed (Pokornd & Kratochvil, 2009). It was there-
fore suggested that sex chromosomes may evolve when sex-specific
genes are coupled with genes that provide a selective advantage to
that sex. As the association between these genes strengthens and
rates of recombination decrease, the conditions are met for sex chro-
mosomes to evolve (Bachtrog et al., 2014; Muralidhar & Veller, 2018).

4 | HERITABILITY, DEVELOPMENT
AND MOLECULAR PATHWAYS OF SEX
DETERMINATION

Despite very different sex determination mechanisms across verte-
brate taxa, similar genetic pathways underpin the molecular foun-
dations of gonad differentiation. This is consistent with conserved
patterns of gonad development across vertebrates, with gonads
being initiated as a bipotential genital ridge in both GSD and TSD
species. From a developmental perspective, the genital ridge is
formed from the coelomic epithelium, underlying mesenchymal cells
and germ cells, which migrate into the ridge from the embryonic yolk
sac (Morrish & Sinclair, 2002). As the somatic and germ cells prolifer-
ate, the genital ridge expands until the cell fate commits to develop-
ing as testes or ovaries. The differentiation of testes necessitates
the development of the primary sex cords into testis cords, whereas
the formation of ovaries requires the thickening of the coelomic epi-
thelium while the primary sex cords disappear (Morrish & Sinclair,
2002). Importantly, depending on the species and the TSD pattern,
the molecular mechanisms of the sex-determining period can either
end before signs of gonad differentiation appear, or may overlap with
the early stages of gonad differentiation (Morrish & Sinclair, 2002).
Overall, there is no doubt about the role of temperature in sex
determination of TSD species, yet individual responses, reflected
in traits such as the feminization threshold of embryos, are under-
pinned by a genetic contribution with some levels of heritability, esti-

mated in the painted turtle, Chrysemys picta, to be as high as h?>= 0.35

(McGaugh et al., 2011). It is therefore not surprising that studies have
focused on elucidating the molecular mechanisms of sex determina-
tion (Martinez-Juarez & Moreno-Mendoza, 2019). Conventionally,
genes are classified based on their GSD sex-specific pathways and
probably all known mammalian sex-determining genes have now
been tested for their role in TSD (Rhen & Schroeder, 2010). A very
thorough gene-based overview can be found in Martinez-Juarez and
Moreno-Mendoza (2019). In brief, the expression of genes such as
FoxI2 (Forkhead box protein L2) and Rspol (encoding the protein R-
spondin-1) becomes greater in the female-determining pathway, but
these are also detectable in the male cascade during early develop-
ment (EIf, 2003). Furthermore, Dax1 (dosage-sensitive sex reversal,
adrenal hypoplasia critical region), Sf1 (steroidogenic factor 1) and
Wnt4 (wingless-type MMTV integration site family, member 4), all
involved in female development and the repression of male traits,
also appear to contribute to the sex determination of TSD species
(Shoemaker & Crews, 2009). Conversely, in the male pathway, genes
necessary for testicular differentiation include Sox9 (SRY-box tran-
scription factor 9), the anti-Mullerian hormone (AMH) and Dmrt1
(doublesex and Mab-3-related transcription factor 1). The expres-
sion of Sox9, a gene that belongs to the same HMG-box transcription
factor as Sry (sex-determining region Y), is detectable in early gonad
development and becomes restricted to the developing testis at the
end of the thermosensitive period (reviewed in Rhen & Schroeder,
2010). Noteworthy, the expression of Sry remains elusive in reptiles.
Dmrt1 is particularly interesting and shows temperature-dependent
sex-specific expression that precedes gonadal sex differentiation.
Dmrt1 expression changes with shifts in temperature in a sex-specific
manner and also responds to the presence of aromatase inhibitors—
regulation of this gene has been shown to be necessary in order to
initiate male development in Trachemys scripta (Ge et al., 2017).
While the identification of these genes follows a candidate gene
approach, in more recent years studies of TSD have focused on gene
discovery. Along this vein, several new candidates have emerged. A
single nucleotide polymorphism in Cirbp (cold-inducible RNA-binding
protein) was associated with transcript levels in the embryonic go-
nads of the snapping turtle (Chelydra serpentina) during specification
of gonad fate and hatchling sex (Rhen & Schroeder, 2017; Schroeder
et al., 2016). The A allele was induced in embryos exposed to a
female-producing temperature, while expression of the C allele did
not differ between female- and male-producing temperatures. As
such, AA homozygotes were more likely to develop ovaries than the
CC homozygotes which all developed as males, with the AC hetero-
zygotes standing at an intermediate frequency. From an ecological
perspective, it is worth noting that changes in allele frequencies in
Cirbp were detected at small and large geographical scales, suggest-
ing local adaptation. Such patterns of local adaptation would be ex-
pected to result in higher pivotal temperatures in warmer regions,
possibly mediated by resistance thresholds to the development of
the high-temperature sex, linked to genetic underpinnings. On the
other hand, in the central bearded dragon (Pogona vitticeps), a spe-
cies in which chromosomal sex determination is overridden at high

temperatures, sex-reversed females are produced when an intron is
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retained in the mature transcripts from each of two Jumonji family
genes, Jarid2 (Jumonji and AT-rich interaction domain-containing 2)
and Jmjd3 (Jumonji domain-containing 3, histone lysine demethy-
lase). This intron retention was observed only in females that have
been sex-reversed by temperature, not in classic chromosomal fe-
males or males (Deveson et al., 2017). Similarly to Cirbp in C. ser-
pentina, if the central bearded dragon has evolved mechanisms to
regulate the overproduction of a given sex, we should be able to
observe spatial and temporal variation of this intron loss in relation
to temperature clines.

De novo genome sequencing has also introduced elements of
gene and mechanism discovery. This has been the case with the as-
sembly of American alligator genomes, which, combined with RNA
sequencing and models of CTCF-mediated chromatin looping, iden-
tified genomic regions that were significantly enriched for genes
with female-biased expression in developing gonads after the ther-
mosensitive period (Rice et al., 2017). This approach demonstrated
that oestrogen signalling is a major driver of female-biased gene
expression and holds promises for comparative genomics of TSD
species.

Finally, a common pattern that has emerged from genomic stud-
ies is that the discovery of new TSD-associated genes does not ap-
pear to be independent of epigenetic mechanisms. For instance, the
DNA methylation dynamics of the Dmrt1 promoter region are tightly
correlated with temperature and could mediate the impact of tem-
perature on sex determination (Ge et al., 2018). In T. scripta, Ge et al.
(2018) demonstrated how the epigenetic regulator Kdméb demeth-
ylates the histone H3 lysine 27 (H3K27) at the Dmrt1 promoter re-
gion, in a process that results in male sex determination. It appeared
though that Kdméb is not in itself responsive to temperature, and
as such, the fundamental thermal trigger of this pathway remains
unknown. Similarly, Jarid2 is a component of the master chromatin
modifier polycomb repressive complex 2, and the mammalian sex-
determining factor Sry is directly regulated by an independent but
closely related Jumonji family member (Deveson et al., 2017). The
authors proposed that the alteration of Jarid2/Jmjd3 function by
intron retention alters the epigenetic landscape to override chro-
mosomal sex-determining cues, triggering sex reversal at extreme
temperatures (Deveson et al., 2017).

It is difficult to predict the nature of selection exerted by global
warming, as directional selection would be expected under a con-
stant increase in temperature, but a predicted increased frequency
of extreme events should result in fluctuating selection. When se-
lection is constrained, then phenotypic plasticity may allow spe-
cies to respond to their environment (Chevin et al., 2010). Indeed,
while epigenetics, as mechanisms of phenotypic plasticity, may ap-
pear distant to practical conservation, their relevance has recently
been framed in the light of management decisions (Rey et al., 2020).
Altogether, understanding the mechanisms underlying phenotypic
plasticity is a valuable direction of research in conservation manage-
ment. In particular, here we suggest that increased consideration of
endocrinology and sex steroid hormones would benefit the conser-

vation of TSD species.
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5 | PLASTICITY AND SEX STEROID
HORMONES IN TSD SPECIES

Physiological plasticity includes a series of mechanisms by which
organisms can match their phenotypes to their environmental con-
ditions, for instance via the endocrine system and hormone regula-
tion (Chevin et al., 2010; Gienapp et al., 2008; Merild & Hendry,
2014). In the specific context of phenotype-environment match-
ing, evolutionary theory suggests that the populations demonstrat-
ing the greatest levels of plasticity in beneficial traits might have
the highest potential of persisting in the face of climate change
(Meyers & Bull, 2002). This is because if the cost of plasticity is
low, it will reduce the range of conditions under which extinction
is inevitable (Chevin et al., 2010; Sanford & Kelly, 2011). Plasticity
could thus maintain populations until adaptive evolution emerges
and improves the phenotype-environment match (Lande, 2009;
Reusch, 2014).

Sex steroid hormones, such as oestrogens and their precursors,
androgens, interact with the molecular pathways that control gonad
differentiation and are fundamental for regulating gonad develop-
ment across a wide variety of taxa (spanning amphibian (Ko et al.,
2008), bird (Nakabayashi et al., 1998), fish (Wang et al., 2007), mam-
mals (Uhlenhaut et al., 2009) and reptiles (Barske & Capel, 2010)).
Oestrogens repress Sox9 expression, preventing the differentiation
of male gonad-specific Sertoli cells in both GSD (mouse, Uhlenhaut
et al., 2009) and TSD species (T. scripta, Barske & Capel, 2010).
Conversely, the development of the miillerian ducts, which provide
the structure for female gonads, correlates with changes in oes-
trogens in mammals, birds and reptiles (Dodd & Wibbels, 2008). In
TSD species, the oestrogen 17f-oestradiol replicates the effect of
temperature in instigating demethylation of histone H3 lysine 27
(H3K27) at the Dmrt1 promoter region, resulting in female gonad de-
velopment (Ge et al., 2018). Moderating embryonic exposure to sex
steroid hormones is thus likely to be an effective mechanism for con-
ferring plasticity to the TSD thermal response curve (Bowden et al.,
2000; Carter et al., 2017).

The influence of androgens and oestrogens on embryonic sex
independently of temperature in TSD species has been extensively
reviewed (Bowden & Paitz, 2018; EIf, 2003). To date, research
exploring the relationship between steroid hormones and TSD
pathways has largely focused on oestradiol, testosterone and the
enzyme aromatase (Box 1). Studies began with in vitro manipulation
experiments which showed that exogenous application of oestradiol
produced female offspring at male-producing temperatures (Crews
et al., 1989, 1991; Wibbels et al., 1991). At the same time, the ap-
plication of aromatase inhibitors such as fadrozole, which prevent
the synthesis of oestradiol, has repeatedly resulted in male offspring
(Rhen & Lang, 1995; Warner et al., 2017; Wibbels & Crews, 1994).
Patterns of gonad development in response to exogenous hormone
application have not, however, always been predictable and negative
results have been reported, along with incidences where exogenous
application of oestradiol unexpectedly produced male offspring
(Janes et al., 2007; Warner et al., 2014).
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BOX 1 An overview of Aromatase

Aromatase is an enzyme encoded by the Cyp1%al gene
(Strauss & FitzGerald, 2018), which is part of the cy-
tochrome P450 superfamily. This protein is the only known
enzyme to catalyse the conversion of androgens to oes-
trogens, a process that occurs throughout all vertebrate
taxa. The P450 superfamily is an ancient lineage of genes
that diverged early in the evolution of vertebrates (Boon
& Simpson, 2012; Nelson et al., 2013; Simpson, 2004),
with gonadal synthesis of oestrogens originating 500 mya
(Lange et al., 2002). Cyp19a1 is highly conserved (Conley &
Hinshelwood, 2001). In fish and reptiles, there are two aro-
matase isomorphs encoded by the Cyp19al and Cyp19b1
genes and expressed in the gonads and brain, respectively
(Boon & Simpson, 2012). For most species, the majority
of oestrogen biosynthesis occurs in the gonads, with bio-
synthesis in the brain associated with behaviour (Simpson,
2004). In comparison, a single gene encodes human aro-
matase, with tissue-specific promoter regions found on
exon 1 of this gene, enabling its biosynthesis to occur in
a greater range of tissues (Bulun et al., 2004; Sebastian &
Bulun, 2001). The upregulation of Cyp19a1 in the gonads is
required for ovarian differentiation in fish (Guiguen et al.,
2010), birds (Smith et al., 1997) and reptiles (Jeyasuria &
Place, 1998), but not in mammals, where the knockout of
Cyp19al does not prevent ovaries from developing (Fisher
etal., 1998).

The apparent inconsistencies that are reported both between
in vitro experiments and across species can be partially explained
by interactions between exogenous hormones and temperature.
Oestradiol and temperature produced more female embryos
than would be expected by each treatment alone near the piv-
otal temperature of the red-eared slider turtle T. scripta (Wibbels
et al., 1991). Under extreme natural incubation temperatures (>2°C
above the 75-year nesting site average), exogenous application of
oestradiol and fadrozole had no effect on painted turtle sex ratios
(Warner et al., 2017). Yet, under average seasonal conditions ex-
ogenous oestradiol produced more female offspring, and fadrozole
more male offspring, than controls (Warner et al., 2017). These
results suggest that temperature and hormones may have a dose-
dependent and interactive effect on sex determination pathways
(Wibbels et al., 1991).

In oviparous species, a principal conduit of hormone transfer
from mother to offspring is the egg yolk (Radder, 2007; Schwabl,
1993). It provides material with which to prime the reactions as-
sociated with the molecular cascades that trigger gonad differ-
entiation. In European sea bass Dicentrarchus labrax, exposure to
male-producing temperatures results in methylation of the Cyp19a1

gene and lower aromatase expression (Navarro-Martin et al., 2011).

Similar methylation patterns are also seen in red-eared slider turtles
T. scripta (Matsumoto et al., 2016). High levels of aromatase expres-
sion will increase the biosynthesis of oestradiol from testosterone,
if this substrate is available and the reaction is not inhibited (Boon
& Simpson, 2012). Interestingly, the oestradiol: testosterone ratio
within egg yolks at oviposition (i.e. before synthesis has occurred)
varies across reptile species, having been recorded as both above
and below 1, but rarely spanning an equal ratio (Radder, 2007),
suggesting species-specific regulation. Depending on species, en-
dogenous oestradiol in yolks could act on female-producing path-
ways directly, or indirectly through the aromatase synthesis of
endogenous testosterone, to produce female hatchlings (Figure 2).
However, in loggerhead sea turtles, the ratio of oestradiol: testos-
terone in egg yolks can favour either hormone, or be equal (Lockley
et al., 2020). In a natural experiment where temperatures were
controlled among nests, equal, low concentration, oestradiol: tes-
tosterone ratios produced male offspring, which the authors the-
orize is due to product-feedback inhibition of aromatase (Figure 2,
Lockley et al., 2020). Such reactions will be occurring within the
yolk of eggs used for exogenous application studies. The interfer-
ence with natural oestradiol: testosterone ratios that could occur
in these experiments might thus explain those occasions where ex-
ogenous oestradiol application has produced male offspring (Janes
et al., 2007; Warner et al., 2014).

A fundamental constraint of our knowledge generated by exoge-
nous application studies is therefore that the biological relevance of
results within natural systems is extremely limited (Bowden & Paitz,
2018). Field studies are invaluable for elucidating how this mecha-
nism interacts with environment. When clutches of painted turtles
were incubated at constant temperatures of 28°C, the endogenous
oestradiol: testosterone ratio within egg yolks correlated with a
seasonal shift in sex ratio from 72% male to 76% female (Bowden
et al., 2002). This relationship resulted in thermal reaction curves
systematically changing across a nesting season, in a manner that al-
lowed sex-specific phenotypic matching, enhancing the production
of female offspring under warm conditions (Carter et al., 2017). Such
a mechanism fits directly with the Charnov-Bull differential fitness
hypothesis, allowing nesting females to maximize female offspring
production under temperatures that could be most beneficial to
them. In addition, it is consistent with the “Mighty Males” hypoth-
esis, favouring the production of female offspring under warm con-
ditions that may increase mortality rates. This mechanism, however,
could accelerate the rate of female production as temperatures rise
and may therefore represent an example of evolutionary suicide
(Bowden et al., 2000).

6 | TEMPERATURE-DEPENDENT SEX
DETERMINATION AND SEA TURTLES

We have considered the many molecular pathways that contribute
to the formation of gonads in TSD species, and outlined how sex

steroid hormones can interact with temperature (Figure 3). We now
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focus on applying this gained knowledge to sea turtles and their
management, in the light of global warming. Sea turtles are type la
TSD species (Yntema & Mrosovsky, 1982), and thus, thermal projec-

tions across the coming century suggest that offspring sex ratios will
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FIGURE 2 TSD sex-determining pathways are triggered by

an interaction between temperature and maternally derived sex
steroid hormones, which must achieve a threshold for female
gonad development (shaded area/dashed line). Under this
hypothesis, at female-producing temperatures, temperature acts
on thermally sensitive pathways, and the threshold of oestradiol
concentration required for female gonad development is reduced.
In loggerhead sea turtles, the ratio of oestradiol: testosterone

of yolk primed by maternal transfer can be skewed in favour of
either hormone (Lockley et al., 2020). Thus, at female-producing
temperatures, the feminization threshold can be achieved either
directly from maternally derived oestradiol (when E:T > 1) or from
the biosynthesis of testosterone by aromatase, which is expressed
at female-producing temperature (when E:T < 1). When the
oestradiol:testosterone ratio is equal to one, product feedback
inhibition of aromatase activity can prevent the biosynthesis

of testosterone. In this case, the feminization threshold is not
achieved, and male offspring are produced. At male-producing
temperatures, the feminization threshold is higher due to the

lack of pressure on thermal triggers, aromatase is not expressed,
testosterone is not synthesized into oestradiol, and thus,
feminization requires high concentrations of maternally derived
estradiol
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become increasingly feminized (Hawkes, Broderick, Coyne, et al.,
2007; Hawkes, Broderick, Godfrey, et al., 2007; Hawkes et al., 2009;
Laloé et al., 2014; Tanner et al., 2019; Witt et al., 2010; Yntema &
Mrosovsky, 1982). These projections, however, do not generally ac-
count for the adaptive potential of populations (Santidrian Tomillo &
Spotila, 2020).

Sea turtles demonstrate a high degree of natal philopatry to their
nesting sites, often with high female fidelity and male-mediated
gene flow among mating sites (Bowen & Karl, 2007; Lee et al., 2007;
Levasseur et al., 2020; Meylan et al., 1990; Stiebens et al., 2013). This
strong female philopatry creates genetic structure within a rookery
that is prone to the evolution of local adaptation (Baltazar-Soares
etal., 2020; Stiebens et al., 2013). Female turtles return to nest at in-
tervals ranging from 1 to 4 years, while males return more frequently
and can even remain resident to the mating grounds (Arendt et al.,
2012; Hays et al., 2010; Schofield et al., 2010). Different remigration
intervals between males and females result in different operational
sex ratios (the ratio of sexually active males to females at the nesting
site a given time) than that of adult sex ratios, which are likely to be
less female-biased than offspring sex ratios (Hays et al., 2014). While
the operational sex ratio and even mating strategies (e.g. Lee & Hays,
2004) may alleviate offspring sex ratio bias, a reduction in the total
number of males can have implications for populations: it can lead to
reduced genetic diversity (Frankham, 2005), increase potential for
inbreeding and genetic drift (Hedrick & Kalinowski, 2000) and ulti-
mately reduce a population's fitness and its adaptive potential (Reed
& Frankham, 2003).

7 | TSD IN SEA TURTLES: THE BARRIERS

Little is known about TSD in sea turtles as, historically, sexing in-
dividuals has required sacrifice and histological examination of go-
nads (e.g. Fuentes et al., 2017; Hamann et al., 2010; Wyneken et al.,
2007). As most sea turtle populations are listed on the IUCN red
list, the sacrifice of hatchlings is often restricted by local authorities.
Over the years, several protocols have been developed to overcome
this challenge, such as quantifying the oestradiol: testosterone ratio
in hatchling plasma (green sea turtle: 96.7% overall accuracy, n = 30,
Xia et al., 2011, loggerhead sea turtle: 94% accuracy for males and
100% accuracy for females, n = 28, Gross et al., 1995). Along the
same approach, the expression of Anti-Millerian Hormone (AMH)
seems to also effectively identify the sex of loggerhead sea tur-
tle hatchlings, being expressed only in males (n = 59, Tezak et al.,
2020). These protocols will now need to be upscaled to reach a high
throughput, to lead a new era of research in the study of TSD and
management of sea turtles.

Until large-scale sexing techniques are possible, our over-
all knowledge of TSD thermal response curves in sea turtles is
limited to laboratory incubation studies with small sample sizes
(Godfrey et al., 1999; Mrosovsky, 1988; Mrosovsky et al., 1992;
Rimblot et al., 1985). These studies mostly identified the pivotal

temperature of sea turtle populations to lie around 29°C (but see
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FIGURE 3 Integrative perspective on how environment and adaptive potential interact with molecular cascades to establish sex in sea
turtles, a species with temperature-dependent sex determination. Environmental cues within the maternal environment may trigger plastic
responses (blue). Genetic inheritance (red) of specific genetic elements/alleles can lead to greater resistance to high temperatures. Together,
behavioural and physiological plasticity influence the environment of the developing embryo, differentially triggering molecular cascades

that result in male or female offspring

McCoy et al., 1983; Wibbels et al., 1998). In more recent years,
sophisticated modelling approaches have been used to refine
the characteristics of thermal response curves (Abreu-Grobois
et al., 2020), and have also quantified variation among popula-

tions (Bentley et al., 2020). However, prior to these advances,

29°C was often used as an approximate pivotal temperature to
estimate sex ratios of sea turtle populations in cases where sac-
rificing hatchlings was not possible, using mean nest temperature
during the middle third of incubation as a proxy (see Table 1 for

illustrative cases). Alternatively, studies have used the thermal
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response curves described specifically for the population of in-
terest or a nearby neighbour, if these values have been reported
(Table 1).

The approach of using a pivotal temperature proxy during
the middle third of incubation is now widely regarded to be too
oversimplified, as the thermosensitive period is dependent on de-
velopment rates, which are not linearly related to temperature,
particularly under variable thermal environments (Georges et al.,
2005; Massey et al., 2019). Importantly, it also does not account for
individual variation in, or the adaptive potential of the pivotal tem-
perature. Other measures that correlate with sex ratio, such as in-
cubation duration, have also been used, but estimates tend to vary
dependent on the proxy used (Fuentes et al., 2017). For instance,
Fuentes et al. (2017) demonstrated that estimating the sex ratio
of natural nests using the constant temperature equivalent (which
converts natural fluctuating incubation temperatures into a con-
stant value to be compared to temperatures produced under lab
conditions (Georges et al., 2005)) during the middle third of incu-
bation, and assuming a pivotal temperature of 29.12°C, predicted
an average sex ratio of 5.99% (95% Cl: <0.1%-37%) male. This
estimate increased to 9.97% (95% Cl: <0.1%-86.20%) male when
using incubation duration as a proxy for the same nests. While the
use of proxies has contributed to our general understanding of sex
ratio distributions, their reliance on pre-existing thermal response
curves makes them unable to detect real-time deviation from such
curves that might originate from different elements of the adaptive
potential of sea turtles—conceivably with major consequences to

past and future management decisions.

T\ || £y

8 | TSD IN SEA TURTLES: ADAPTIVE
POTENTIAL

To date, attention on the impact of global warming on the sex ra-
tios of sea turtles has largely focused on how plastic behaviours
can avoid extreme sex ratio biases. Such behaviours include nest
site selection (Patricio et al., 2017; Reneker & Kamel, 2016), nest
depth (Refsnider, Bodensteiner, et al., 2013; Refsnider, Jeanine,
et al., 2013) and phenological shifts (Mazaris et al., 2013). For
instance, with rising temperatures there is evidence that nest-
ing seasons start earlier and can be more protracted for log-
gerhead turtles nesting in North Carolina and Greece (Hawkes,
Broderick, Coyne, et al., 2007; Hawkes, Broderick, Godfrey, et al.,
2007; Mazaris et al., 2013; Patel et al., 2016; Weishampel et al.,
2004). From a global perspective, there is a significant negative
relationship between the dates of first nesting for populations of
loggerhead sea turtles across their nesting distribution, and the
sea surface temperature at the beginning of the nesting season
(Mazaris et al., 2013). Despite evidence of phenological variation,
the sole extent of such shifts is unlikely to be sufficient to keep up
with the rate of contemporary climate change (Monsinjon et al.,
2019; Telemeco et al., 2013).

Consequently, mechanisms other than behavioural adjustments
may prove vitally important for sea turtles to respond to climate
change. Local adaptation, which, in the case of TSD, would involve
populations adjusting thermal response curves to match the chang-
ing thermal environment of their nesting sites, could be a funda-

mental part of this process. Patterns of local adaptation have been

TABLE 1 Examples of studies that use thermal proxies to indirectly estimate offspring sex ratios, and the origin of the pivotal

temperature (T_. ) used to estimate this

piv
Species Location
Green (Esteban et al., 2016)

Green (Broderick et al., 2001)

Green (Booth & Freeman, 2006)

Chagos Archipelago
Ascension Island

Heron Island, Australia

Hawksbill (Esteban et al., 2016) Chagos Archipelago

Hawksbill (Glen & Mrosovsky, 2004) Antigua
Leatherback (Santidrian Tomillo et al., Costa Rica
2014)
Loggerhead (Laloé et al., 2014) Cabo Verde
Loggerhead (Zbinden et al., 2007) Zakynthos
Loggerhead (Oz et al., 2004) Turkey
Loggerhead (Hanson et al., 1998) Florida
Loggerhead (Tanner et al., 2019) Cabo Verde
Loggerhead (Jribi & Bradai, 2014) Tunisia

Tpiv (°C) Source of Tpiv

29 Review (Ackerman, 1997)

29 Review (Ackerman, 1997)

27.5 Toiv previously calculated for population
(Booth & Astill, 2001)

29 Review (Ackerman, 1997)

29.2 Review (Mrosovsky & Pieau, 1991)

29.4 T .. previously calculated for same

piv
population (Binckley et al., 1998)

29,28.8 and 29.2 Mathematical modelling—Fit three different

T, and kept 29°C

29.3 Ty, previously calculated for same
population (Mrosovsky et al., 2002)

29 Tpiv previously calculated for same

population (Kaska et al., 1998)

29 Tpiv previously calculated for same

population (Mrosovsky, 1988)

29.25 Tpiv previously calculated for different

population (Marcovaldi et al., 1997)

29.7 Tpiv previously calculated for different

population (Mrosovsky et al., 2002)
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shown to evolve from the philopatric nature of sea turtles, as pre-
viously demonstrated for immune genes (Stiebens et al., 2013) and
even feeding strategies (Cameron et al., 2019). For instance, green
sea turtle hatchlings from dark sand (high temperature) beaches on
Ascension Island grow faster and have higher levels of hatching suc-
cess than those from nearby white sand (cool) beaches when ex-
posed to hot artificial incubation environments (Weber et al., 2012).
Interestingly, no fine-scale adaptation of the pivotal temperature
was found between turtles nesting on these two beaches in a later
study, showing the context dependence of the results (Tilley et al.,
2019). On the other hand, flatback turtle Natator depressus eggs at
tropical latitudes in Australia have high levels of tolerance to pro-
longed warming exposure up to 35°C during incubation, despite
these temperatures often being lethal to other populations (Howard
et al, 2015; Maulany et al., 2012). The pivotal temperatures of three
genetically distinct flatback turtle populations also vary by 1.5°C,
being highest in the population nesting under the warmest con-
ditions (Bentley et al., 2020). These records of adaptation to local
thermal environments provide evidence that the temperature sen-
sitive triggers of the molecular pathways controlling sex determina-
tion can evolve (e.g. Ewert et al., 2005).

There is very little information on whether maternally derived
sex steroid hormones can contribute to local adaptation, or whether
they can introduce plasticity to the sea turtle TSD mechanism. This
lack of attention to the evolvability of the endocrine system is un-
warranted given the evidence from other TSD species (Bowden
et al., 2000; Ewert et al., 2005). Experimental oestradiol treatment
of olive ridley turtle eggs at male-producing temperatures can fem-
inize gonads (Merchant-Larios et al., 1997), disrupt testis differ-
entiation (Diaz-Hernandez et al., 2015), reduce cell proliferation
(Diaz-Hernandez et al., 2017), delay Sox9 inhibition and delay the
upregulation of FoxL2 and aromatase (Diaz-Hernandez et al., 2015).
Furthermore, emerging research from a natural, in situ experiment
that controlled for temperature found that the ratio of maternally
derived oestradiol: testosterone in the yolk of loggerhead sea turtle
eggs correlated with the sex ratio of nests independently of tem-
perature (Lockley et al., 2020). Research that aims to evaluate the
elements of the TSD mechanism that can evolve and locally adapt
will be fundamental for revealing the adaptive potential of the TSD

mechanism in sea turtles.

9 | IMPLICATIONS FOR CONSERVATION
MANAGEMENT

Global efforts dedicated to the conservation of sea turtles are ex-
tensive, with hundreds of grassroot, national and international pro-
jects working to stop the decline of populations and promote their
persistence. Such work frequently focuses on the protection of
nesting beaches (Fuentes et al., 2012; Hamann et al., 2010). Along
with the benefits of accessibility, logistical advantages and low-cost
options, protection at this point in the life cycle can reduce threats

from, for example, poaching of eggs and adult turtles (Senko et al.,

2014; Tomillo et al., 2008), tidal inundation (Varela et al., 2019) and
coastal development (Kaska et al., 2013; Von Holle et al., 2019).

A common conservation approach to mitigate the effects of
human-induced stressors such as coastal development and poach-
ing is to relocate egg clutches into in situ hatcheries, where nests
are protected and monitored (Mrosovsky, 2006, 2008; Pfaller et al.,
2009; Pike, 2008; Tuttle & Rostal, 2010). However, these relocations
should not be performed lightly, as shading, substrate properties and
depth can be different from the nesting beach, and can all substan-
tially alter the local thermal regimes (DeGregorio & Williard, 2011;
Morreale et al., 1982; Tuttle & Rostal, 2010). The differences be-
tween temperatures in hatcheries and in situ sea turtle nests vary
between locations. For instance, no difference in temperature was
recorded during the thermosensitive period between relocated and
in situ loggerhead sea turtle nests in North Carolina, but over the en-
tire incubation period nests in the hatchery were exposed to higher
overall temperatures, and hatchlings from these nests emerged
sooner (DeGregorio & Williard, 2011). However, this was not ob-
served in Georgia, where there were no significant differences in
temperatures, size or incubation duration between relocated and in
situ nests, but there was reduced survival in the nests that had been
relocated (Tuttle & Rostal, 2010). If nest relocation is undertaken,
then continuous evaluation of incubation temperatures, durations
and the effects on hatchling development and fitness should always
be conducted.

Crucially, if done incorrectly, relocation may interfere with
natural selection for traits that will help sea turtles adjust to new
temperature regimes, or reduce the effectiveness of natural buff-
ering mechanisms, as climate change progresses (Mrosovsky, 2006;
Pfaller et al., 2009). This effect may be particularly strong for these
highly philopatric species, as they are the ones predicted to have
evolved the strongest signature of local adaptation (Baltazar-Soares
et al., 2020; Stiebens et al., 2013). Specifically, human manipulation
of nest temperatures might dampen the effects of natural selection
on developing embryos, by reducing selection on the genomic mech-
anisms that confer thermal tolerance and a higher pivotal tempera-
ture. Alternatively, if plastic phenotype-environment matching were
occurring, either in the form of maternal hormone transfer or nest-
ing behaviour, intentionally modifying incubation conditions would
cause a human-induced thermal mismatch between the clutch and
its optimal conditions.

It is thus important that if nest relocation is necessary to pro-
tect from stressors such as inundation or predation, this is done in a
manner that matches the thermal environment that embryos would
have experienced had eggs remained in situ. This includes taking all
possible care to relocate nests to similar substrates in the vicinity of
the nesting beach, in a nest cavity of the same depth and shape as
originally dug by the female, with similar hydric properties. By doing
this, conservationists will ensure that any behaviour is accounted
for, while ensuring that unseen physiological plasticity such as hor-
mone transfer will act in the direction of natural selection. In addi-
tion, in light of our current lack of knowledge on accurate sex ratios

and adaptive potential, relocating nests with the direct intention of
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manipulating temperature regimes (in an attempt to mitigate against
global warming itself) risks preventing populations from adapting to
conditions naturally. This leaves conservationists in a position where
leaving egg clutches exposed to increasing temperatures is not vi-
able, but altering incubation conditions by reducing temperatures
may also have long-term negative consequences, whereby local ad-
aptation is prevented or reduced. For scientists interested in TSD,
focusing on developing nonlethal sexing methods that can be ap-
plied at a large scale would be extremely useful to guide such future

conservation decisions.

10 | CONCLUSIONS

Sea turtle conservation managers and scientists face difficult man-
agement choices as global warming progresses, and tools are still
missing to make fully informed decisions about mitigation strategies.
Barriers to determining neonate sex have limited our understand-
ing of primary sex ratios in this taxon, and this knowledge gap must
rapidly be overcome. It is likely that sea turtles have evolved herit-
able mechanisms, whether behavioural, genetic, epigenetic or physi-
ological, to respond to climate change, but these are not currently
quantified.

To inform future decisions, we must accept it is not sufficient
to estimate sex ratios based on theoretical pivotal temperatures
from distant populations. We must begin to monitor sex ratios in a
high throughput manner to quantify the adaptive potential of these
species. This will enable us to assess the thermal response curves
of populations and nesting aggregations, along with their variation
across time and space. How this variation is maintained is an import-
ant question in the light of climate change and the underlying mech-
anisms will need to be clarified.

ACKNOWLEDGEMENTS

The authors would like to thank the NGOs they work with for shar-
ing their concerns and asking for converting academic discussions
into practical conservation recommendations. Specifically, we are
grateful for our trustful interactions with Biosfera |, Caretta Caretta,
Foundation Biodiversity Maio, Institute for Ocean (iMar), Projecto
Vito Fogo, Projecto Vito Porto Novo, Project Biodiversity and Turtle
Foundation. This work is supported by a Natural Environment
Research Council grant to CE (NE/V001469/1) and Queen Mary
University of London. The authors would like to thank the London
NERC DTP for a studentship to ECL which primed the work reviewed
here (NE/L002485/1).

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets were gener-

ated or analysed during the current study.

T\ || £y

https://orcid.org/0000-0003-2932-9945

ORCID
Emma C. Lockley

REFERENCES

Abreu-Grobois, F. A., Morales-Mérida, B. A., Hart, C. E., Guillon, J. M.,
Godfrey, M. H., Navarro, E., & Girondot, M. (2020). Recent advances
on the estimation of the thermal reaction norm for sex ratios. PeerJ,
3, 1-28. https://doi.org/10.7717/peerj.8451

Ackerman, R. (1997). The nest environment and the embryonic devel-
opment of sea turtles. In P. Lutz, & J. Musick (Eds.) The biology of sea
turtles (vol. I, pp. 83-106). Boca Raton, FL: CRC Press.

Arendt, M. D., Segars, A. L., Byrd, J. |, Boynton, J., Whitaker, J. D., Parker,
L., Owens, D. W., Blanvillain, G., Quattro, J. M., & Roberts, M. A.
(2012). Distributional patterns of adult male loggerhead sea tur-
tles (Caretta caretta) in the vicinity of Cape Canaveral, Florida, USA
during and after a major annual breeding aggregation. Marine Biology,
159, 101-112. https://doi.org/10.1007/s00227-011-1793-5

Bachtrog, D., Mank, J. E., Peichel, C. L., Kirkpatrick, M., Otto, S. P,
Ashman, T. L., Hahn, M. W,, Kitano, J., Mayrose, |., Ming, R., Perrin,
N., Ross, L., Valenzuela, N., Vamosi, J. C., Mank, J. E., Peichel, C. L.,
Ashman, T. L., Blackmon, H., Goldberg, E. E., ... Vamosi, J. C. (2014).
Sex determination: Why so many ways of doing it? PLoS Biology,
12(7), 1-13. https://doi.org/10.1371/journal.pbio.1001899

Baltazar-Soares, M., Klein, J. D., Correia, S. M., Reischig, T., Taxonera,
A., Roque, S. M., Dos Passos, L., Durao, J., Lomba, J. P.,, Dinis, H.,
Cameron, S. J. K., Stiebens, V. A., & Eizaguirre, C. (2020). Distribution
of genetic diversity reveals colonization patterns and philopatry
of the loggerhead sea turtles across geographic scales. Scientific
Reports, 10(1), 18001. https://doi.org/10.1038/s41598-020-74141-6

Barnosky, A. D., Matzke, N., Tomiya, S., Wogan, G. O. U., Swartz, B,
Quental, T. B., Marshall, C., McGuire, J. L., Lindsey, E. L., Maguire,
K. C., Mersey, B., & Ferrer, E. A. (2011). Has the Earth’s sixth mass
extinction already arrived? Nature, 471(7336), 51-57. https://doi.
org/10.1038/nature09678

Barske, L. A., & Capel, B. (2010). Estrogen represses SOX9 during sex
determination in the red-eared slider turtle Trachemys scripta.
Developmental Biology, 341(1), 305-314. https://doi.org/10.1016/j.
ydbio.2010.02.010

Bentley, B. P., Stubbs, J. L., Whiting, S. D., & Mitchell, N. J. (2020). Variation
in thermal traits describing sex determination and development in
Western Australian sea turtle populations. Functional Ecology, 34(11),
2302-2314. https://doi.org/10.1111/1365-2435.13645

Binckley, C. B., Spotila, J. R., Wilson, K. S., & Paladino, F. W. (1998).
Sex determination and sex ratios of pacific leatherback turtles,
Dermochelys coriacea. Copeia, 2, 291-300.

Békony, V., Milne, G., Pipoly, I., Székely, T., & Liker, A. (2019). Sex ratios
and bimaturism differ between temperature-dependent and genetic
sex-determination systems in reptiles. BMC Evolutionary Biology,
19(1), 1-7. https://doi.org/10.1186/s12862-019-1386-3

Boon, W. C., & Simpson, E. R. (2012). Neuroendocrine inherited or in-
duced aromatase enzyme deficits. In Handbook of neuroendocrinology
(Vol. 1, pp. 723-737). Elsevier Inc. https://doi.org/10.1016/B978-0-
12-375097-6.10033-2

Booth, D. T., & Astill, K. (2001). Temperature variation within and be-
tween nests of the green sea turtle, Chelonia mydas (Chelonia:
Cheloniidae) on Heron Island, Great Barrier Reef. Australian Journal
of Zoology, 49(1), 71-84. https://doi.org/10.1071/Z000059

Booth, D. T., & Freeman, C. (2006). Sand and nest temperatures and an
estimate of hatchling sex ratio from the Heron Island green turtle
(Chelonia mydas) rookery, Southern Great Barrier Reef. Coral Reefs,
25, 629-633. https://doi.org/10.1007/s00338-006-0135-4

Bowden, R. M., Ewert, M. A, Freedberg, S., & Nelson, C. E. (2002).
Maternally derived yolk hormones vary in follicles of the painted


https://orcid.org/0000-0003-2932-9945
https://orcid.org/0000-0003-2932-9945
https://doi.org/10.7717/peerj.8451
https://doi.org/10.1007/s00227-011-1793-5
https://doi.org/10.1371/journal.pbio.1001899
https://doi.org/10.1038/s41598-020-74141-6
https://doi.org/10.1038/nature09678
https://doi.org/10.1038/nature09678
https://doi.org/10.1016/j.ydbio.2010.02.010
https://doi.org/10.1016/j.ydbio.2010.02.010
https://doi.org/10.1111/1365-2435.13645
https://doi.org/10.1186/s12862-019-1386-3
https://doi.org/10.1016/B978-0-12-375097-6.10033-2
https://doi.org/10.1016/B978-0-12-375097-6.10033-2
https://doi.org/10.1071/ZO00059
https://doi.org/10.1007/s00338-006-0135-4

LOCKLEY anp EIZAGUIRRE

2372
=2 Lwiey- e m—

turtle, Chrysemys picta. Journal of Experimental Zoology, 293(1), 67-
72. https://doi.org/10.1002/jez.10094

Bowden, R. M., Ewert, M. A., & Nelson, C. E. (2000). Environmental sex
determination in a reptile varies seasonally and with yolk hormones.
Proceedings of the Royal Society B: Biological Sciences, 267(1454),
1745-1749. https://doi.org/10.1098/rspbh.2000.1205

Bowden, R. M., & Paitz, R. T. (2018). Temperature fluctuations and ma-
ternal estrogens as critical factors for understanding temperature-
dependent sex determination in nature. Journal of Experimental
Biology Part A: Ecological and Integrative Physiology, 329, 177-184.
https://doi.org/10.1002/jez.2183

Bowen, B. W., & Karl, S. A. (2007). Population genetics and phylogeog-
raphy of sea turtles. Molecular Ecology, 16, 4886-4907. https://doi.
org/10.1111/j.1365-294X.2007.03542.x

Broderick, A. C., Godley, B. J., & Hays, G. C. (2001). Trophic status
drives interannual variability in nesting numbers of marine turtles.
Proceedings of the Royal Society B: Biological Sciences, 268(1475),
1481-1487. https://doi.org/10.1098/rspb.2001.1695

Bull, J. J., & Vogt, R. C. (1979). Temperature-dependent sex determina-
tion in turtles. Science, 206(4423), 1186-1188.

Bulun, S. E., Takayama, K., Suzuki, T., Sasano, H., Yilmaz, B., & Sebastian,
S.(2004). Organization of the human Aromatase P450 (CYP19) gene.
Seminars in Reproductive Medicine, 22(1), 5-9.

Cameron, S. J. K., Baltazar-Soares, M., Stiebens, V. A., Reischig, T., Correia,
S. M., Harrod, C., & Eizaguirre, C. (2019). Diversity of feeding strate-
gies in loggerhead sea turtles from the Cape Verde archipelago. Marine
Biology, 166, 130. https://doi.org/10.1007/s00227-019-3571-8

Carter, A. W., Bowden, R. M., & Paitz, R. T. (2017). Seasonal shifts in
sex ratios are mediated by maternal effects and fluctuating incu-
bation temperatures. Functional Ecology, 31, 876-884. https://doi.
org/10.1111/1365-2435.12801

Charnier, M. (1966). Action of temperature on the sex ratio in the Agama
agama (Agamidae, Lacertilia) embryo. Comptes Rendus des Seances de
la Societe de Biologie et de Ses Filiales, 160(3), 620-622.

Charnov, E., & Bull, J. (1977). When is sex environmentally determined?
Nature, 266, 828-830.

Chevin, L. M,, Lande, R., & Mace, G. M. (2010). Adaptation, plasticity,
and extinction in a changing environment: Towards a predictive
theory. PLoS Biology, 8(4), e1000357. https://doi.org/10.1371/journ
al.pbio.1000357

Conley, A., & Hinshelwood, M. (2001). Mammalian aromatases.
Reproduction, 121(5), 685-695. https://doi.org/10.1530/
rep.0.1210685

Cree, A., Thompson, M. B., & Daugherty, C. H. (1995). Tuatara sex deter-
mination. Nature, 375, 543.

Crews, D., Bull, J. J., & Wibbels, T. (1991). Estrogen and sex re-
versal in turtles: A dose-dependent phenomenon. General
and Comparative Endocrinology, 81(3), 357-364. https://doi.
org/10.1016/0016-6480(91)90162-Y

Crews, D., Wibbels, T., & Gutzke, W. H. N. (1989). Action of sex steroid
hormones on temperature-induced sex determination in the snapping
turtle (Chelydra serpentina). General and Comparative Endocrinology,
76(1), 159-166. https://doi.org/10.1016/0016-6480(89)90042-7

Deeming, D. C., Ferguson, M. W. J,, Mittwoch, U., Wolf, U., Dorizzi, M.,
Zaborski, P., & Sharma, H. (1988). Environmental regulation of sex
determination in reptiles (and discussion). Philosophical Transactions
of the Royal Society B: Biological Sciences, 322(1208), 19-39.

DeGregorio, B. A., & Williard, A. S. (2011). Incubation temperatures
and metabolic heating of relocated and in situ loggerhead sea turtle
(Caretta caretta) nests at a northern rookery. Chelonian Conservation
and Biology, 10(1), 54-61. https://doi.org/10.2744/CCB-0880.1

Deveson, |I. W.,, Holleley, C. E., Blackburn, J., Marshall Graves, J. A,,
Mattick, J. S., Waters, P. D., & Georges, A. (2017). Differential intron
retention in Jumonji chromatin modifier genes is implicated in reptile

temperature-dependent sex determination. Science Advances, 3(6),
1-8. https://doi.org/10.1126/sciadv.1700731

Diaz-Hernandez, V., Marmolejo-Valencia, A., & Merchant-Larios, H.
(2015). Exogenous estradiol alters gonadal growth and timing of tem-
perature sex determination in gonads of sea turtle. Developmental
Biology, 408(1), 79-89. https://doi.org/10.1016/j.ydbio.2015.05.022

Diaz-Hernandez, V., Vazquez-Gémez, A., Marmolejo-Valencia, A,
Montaiio, L. M., & Merchant-Larios, H. (2017). 178-Estradiol mod-
ulates cell proliferation of medullary cords during ovarian differen-
tiation of the Lepidochelys olivacea sea turtle. Developmental Biology,
431, 263-271. https://doi.org/10.1016/j.ydbio.2017.09.008

Dodd, K. L., & Wibbels, T. (2008). Estrogen inhibits caudal progression
but stimulates proliferation of developing miillerian ducts in a tur-
tle with temperature-dependent sex determination. Comparative
Biochemistry and Physiology - A Molecular and Integrative Physiology,
150(3), 315-319. https://doi.org/10.1016/j.cbpa.2008.04.002

Eberhart-Phillips, L. J., Kipper, C., Miller, T. E. X., Cruz-Lépez, M., Maher,
K. H., dos Remedios, N., Stoffel, M. A., Hoffman, J. |, Kriger, O., &
Székely, T. (2017). Sex-specific early survival drives adult sex ratio
bias in snowy plovers and impacts mating system and population
growth. Proceedings of the National Academy of Sciences of the United
States of America, 114(27), E5474-E5481. https://doi.org/10.1073/
pnas.1620043114

Edwards, A. M., Cameron, E. Z., Wapstra, E., & McEvoy, J. (2019).
Maternal effects obscure condition-dependent sex allocation in
changing environments. Royal Society Open Science, 6(4), 181885.
https://doi.org/10.1098/rso0s.181885

Eizaguirre, C., & Baltazar-Soares, M. (2014). Evolutionary conservation-
evaluating the adaptive potential of species. Evolutionary Applications,
7(9), 963-967. https://doi.org/10.1111/eva.12227.

Elf, P. K. (2003). Yolk steroid hormones and sex determination in reptiles
with TSD. General and Comparative Endocrinology, 132(3), 349-355.
https://doi.org/10.1016/S0016-6480(03)00098-4

Esteban, N., Laloég, J. O., Mortimer, J. A., Guzman, A. N., & Hays, G. C.
(2016). Male hatchling production in sea turtles from one of the
world’s largest marine protected areas, the Chagos Archipelago.
Scientific Reports, 6(20339), 1-8. https://doi.org/10.1038/srep2
0339

Ewert, M. A, Lang, J. W., & Nelson, C. E. (2005). Geographic variation
in the pattern of temperature-dependent sex determination in the
American snapping turtle (Chelydra serpentina). Journal of Zoology,
265(1), 81-95. https://doi.org/10.1017/50952836904006120

Ferguson, M. W. J., & Joanen, T. (1983). Temperature-dependent sex
determination in Alligator mississippiensis. Journal of Zoology, 200(2),
143-177. https://doi.org/10.1111/j.1469-7998.1983.tb05781.x

Fisher, C. R., Graves, K. H., Parlow, A. F., & Simpson, E. R. (1998).
Characterization of mice deficient in aromatase (ArkKO) because of
targeted disruption of the cypl9 gene. Proceedings of the National
Academy of Sciences of the United States of America, 95, 6965-6970.
https://doi.org/10.1073/pnas.95.12.6965

Fisher, R. A. (1930). The genetical theory of natural selection. Clarendon
Press.

Fossette, S., Witt, M. J., Miller, P., Nalovic, M. A., Albareda, D., Almeida,
A. P, Broderick, A. C., Chacon-Chaverri, D., Coyne, M. S., Domingo,
A., Eckert, S., Evans, D., Fallabrino, A., Ferraroli, S., Formia, A,
Giffoni, B., Hays, G. C., Hughes, G., Kelle, L., ... Godley, B. J. (2014).
Pan-Atlantic analysis of the overlap of a highly migratory species, the
leatherback turtle, with pelagic longline fisheries. Proceedings of the
Royal Society B: Biological Sciences, 281, 20133065.

Frankham, R. (2005). Genetics and extinction. Biological Conservation,
126, 131-140. https://doi.org/10.1016/j.biocon.2005.05.002

Fuentes, M. M. P. B,, Fish, M. R., & Maynard, J. A. (2012). Management
strategies to mitigate the impacts of climate change on sea turtle’s
terrestrial reproductive phase. Mitigation and Adaptation Strategies


https://doi.org/10.1002/jez.10094
https://doi.org/10.1098/rspb.2000.1205
https://doi.org/10.1002/jez.2183
https://doi.org/10.1111/j.1365-294X.2007.03542.x
https://doi.org/10.1111/j.1365-294X.2007.03542.x
https://doi.org/10.1098/rspb.2001.1695
https://doi.org/10.1007/s00227-019-3571-8
https://doi.org/10.1111/1365-2435.12801
https://doi.org/10.1111/1365-2435.12801
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1530/rep.0.1210685
https://doi.org/10.1530/rep.0.1210685
https://doi.org/10.1016/0016-6480(91)90162-Y
https://doi.org/10.1016/0016-6480(91)90162-Y
https://doi.org/10.1016/0016-6480(89)90042-7
https://doi.org/10.2744/CCB-0880.1
https://doi.org/10.1126/sciadv.1700731
https://doi.org/10.1016/j.ydbio.2015.05.022
https://doi.org/10.1016/j.ydbio.2017.09.008
https://doi.org/10.1016/j.cbpa.2008.04.002
https://doi.org/10.1073/pnas.1620043114
https://doi.org/10.1073/pnas.1620043114
https://doi.org/10.1098/rsos.181885
https://doi.org/10.1111/eva.12227
https://doi.org/10.1016/S0016-6480(03)00098-4
https://doi.org/10.1038/srep20339
https://doi.org/10.1038/srep20339
https://doi.org/10.1017/S0952836904006120
https://doi.org/10.1111/j.1469-7998.1983.tb05781.x
https://doi.org/10.1073/pnas.95.12.6965
https://doi.org/10.1016/j.biocon.2005.05.002

LOCKLEY anp EIZAGUIRRE

for Global Change, 17(1), 51-63. https://doi.org/10.1007/s1102
7-011-9308-8

Fuentes, M. M. P. B., Monsinjon, J., Lopez, M., Lara, P., Santos, A., dei
Marcovaldi, M. A. G., & Girondot, M. (2017). Sex ratio estimates for
species with temperature-dependent sex determination differ ac-
cording to the proxy used. Ecological Modelling, 365, 55-67. https://
doi.org/10.1016/j.ecolmodel.2017.09.022

Ge, C,, Ye, J., Weber, C., Sun, W., Zhang, H., Zhou, Y., Cai, C., Qian, G.,
& Capel, B. (2018). The histone demethylase KDMé6B regulates
temperature-dependent sex determination in a turtle species. Science,
360(6389), 645-648. https://doi.org/10.1126/science.aap8328

Ge, C, Ye, J,, Zhang, H., Zhang, Y., Sun, W., Sang, Y., Capel, B., & Qian,
G. (2017). Dmrt1 induces the male pathway in a turtle species with
temperature-dependent sex determination. Development (Cambridge),
144(12), 2222-2233. https://doi.org/10.1242/dev.152033

Georges, A., Young, J. E.,, & Doody, J. S. (2005). Modelling development of
reptile embryos under fluctuating temperature regimes. Physiological
and Biochemical Zoology, 78(1), 18-30.

Gienapp, P., Teplitsky, C., Alho, J. S., Mills, J. A., & Merila, J. (2008).
Climate change and evolution: Disentangling environmental and
genetic responses. Molecular Ecology, 17(1), 167-178. https://doi.
org/10.1111/j.1365-294X.2007.03413.x.

Girondot, M. (1999). Statistical description of temperature-dependent
sex determination using maximum likelihood. Evolutionary Ecology
Research, 1(4), 479-486.

Girondot, M., & Pieau, C. (1999). A fifth hypothesis for the evolution of
TSD in reptiles. Trends in Ecology & Evolution, 14(9), 359-360. https://
doi.org/10.1016/s0169-5347(99)01681-x

Glen, F., & Mrosovsky, N. (2004). Antigua revisited: The impact of cli-
mate change on sand and nest temperatures at a hawksbill turtle
(Eretmochelys imbricata) nesting beach. Global Change Biology, 10(12),
2036-2045. https://doi.org/10.1111/j.1529-8817.2003.00865.x

Godfrey, M. H., D'Amato, A. F., Marcovaldi, M. A., & Mrosovsky, N. (1999).
Pivotal temperature and predicted sex ratios for hatchling hawksbill
turtles from Brazil. Canadian Journal of Zoology, 77(9), 1465-1473.
https://doi.org/10.1139/299-117

Godfrey, M. H., Mrosovsky, N., & Barreto, R. (1996). Estimating past and
present sex ratios of sea turtles in Suriname. Canadian Journal of
Zoology, 74, 267-277. https://doi.org/10.1139/296-033

Gonzélez, E. J., Martinez-Lépez, M., Morales-Garduza, M. A., Garcia-
Morales, R., Charruau, P., & Gallardo-Cruz, J. A. (2019). The sex-
determination pattern in crocodilians: A systematic review of three
decades of research. Journal of Animal Ecology, 88(9), 1417-1427.
https://doi.org/10.1111/1365-2656.13037

Grant, V. J. (2007). Could maternal testosterone levels govern mamma-
lian sex ratio deviations? Journal of Theoretical Biology, 246(4), 708-
719. https://doi.org/10.1016/j.jtbi.2007.02.005

Gross, T. S., Crain, D. A, Bjorndal, K. A., Bolten, A. B., & Carthy, R. R.
(1995). Identification of sex in hatchling loggerhead turtles (Caretta
caretta) by analysis of steroid concentrations in chorioallantoic/am-
niotic fluid. General and Comparative Endocrinology, 99, 204-210.
https://doi.org/10.1006/gcen.1995.1103

Guiguen, Y., Fostier, A., Piferrer, F., & Chang, C. F. (2010). Ovarian aro-
matase and estrogens: A pivotal role for gonadal sex differentiation
and sex change in fish. General and Comparative Endocrinology, 165(3),
352-366. https://doi.org/10.1016/j.ygcen.2009.03.002

Hamann, M., Godfrey, M. H., Seminoff, J. A., Arthur, K., Barata, P. C.
R., Bjorndal, K. A., Bolten, A. B., Broderick, A. C., Campbell, L.
M., Carreras, C., Casale, P., Chaloupka, M., Chan, S. K. F,, Coyne,
M. S., Crowder, L. B, Diez, C. E., Dutton, P. H., Epperly, S. P, Fitz
Simmons, N. N, ... Godley, B. J. (2010). Global research priorities
for sea turtles: Informing management and conservation in the 21st
century. Endangered Species Research, 11(3), 245-269. https://doi.
org/10.3354/esr00279

T\ || £y

Hanson, J. A., Wibbels, T., & Martin, R. E. (1998). Predicted female bias
in sex ratios of hatchling loggerhead sea turtles from a Florida nest-
ing beach. Canadian Journal of Zoology, 76, 1850-1861. https://doi.
org/10.1139/298-118

Hawkes, L. A., Broderick, A. C., Coyne, M. S., Godfrey, M. H., & Godley, B.
J.(2007). Only some like it hot - Quantifying the environmental niche
of the loggerhead sea turtle. Diversity and Distributions, 13(4), 447-
457. https://doi.org/10.1111/j.1472-4642.2007.00354.x

Hawkes, L. A., Broderick, A. C., Godfrey, M. H., & Godley, B. J. (2007).
Investigating the potential impacts of climate change on a marine
turtle population. Global Change Biology, 13(5), 923-932. https://doi.
org/10.1111/j.1365-2486.2007.01320.x

Hawkes, L. A., Broderick, A., Godfrey, M., & Godley, B. (2009). Climate
change and marine turtles. Endangered Species Research, 7, 137-154.
https://doi.org/10.3354/esr00198

Hays, G. C., Ashworth, J. S, Barnsley, M. J., Broderick, A. C., Emery, D.R.,
Godley, B. J., Henwood, A., & Jones, E. L. (2001). The importance of
sand albedo for the thermal conditions on sea turtle nesting beaches.
Oikos, 93, 87-94.

Hays, G. C., Fossette, S., Katselidis, K. A., Schofield, G., & Gravenor, M. B.
(2010). Breeding periodicity for male sea turtles, operational sex ratios,
andimplicationsinthe face of climate change. Conservation Biology, 24(6),
1636-1643. https://doi.org/10.1111/j.1523-1739.2010.01531.x

Hays, G. C., Mazaris, A. D., & Schofield, G. (2014). Different male vs.
female breeding periodicity helps mitigate offspring sex ratio
skews in sea turtles. Frontiers in Marine Science, 1, 1-9. https://doi.
org/10.3389/fmars.2014.00043

Hedrick, P. W., & Kalinowski, S. T. (2000). Inbreeding depression in con-
servation biology. Annual Review of Ecology, Evolution, and Systematics,
31, 139-162.

Hoffmann, A., & Sgro, C. (2011). Climate change and evolutionary adap-
tation. Nature, 470(7335), 479-485. https://doi.org/10.1038/natur
e09670

Holleley, C. E., O'Meally, D., Sarre, S. D., Marshall Graves, J. A., Ezaz,
T., Matsubara, K., Azad, B., Zhang, X., & Georges, A. (2015). Sex
reversal triggers the rapid transition from genetic to temperature-
dependent sex. Nature, 523(7558), 79-82. https://doi.org/10.1038/
naturel4574

Holleley, C. E., Sarre, S. D., O'Meally, D., & Georges, A. (2016). Sex re-
versal in reptiles: reproductive oddity or powerful driver of evolu-
tionary change? Sexual Development, 10(5-6), 279-287. https://doi.
org/10.1159/000450972

Houghton, J. D.R., Myers, A.E., Lloyd, C., King,R. S., Isaacs, C., & Hays, G.
C. (2007). Protracted rainfall decreases temperature within leather-
back turtle (Dermochelys coriacea) clutches in Grenada, West Indies:
Ecological implications for a species displaying temperature depen-
dent sex determination. Journal of Experimental Marine Biology and
Ecology, 345(1), 71-77. https://doi.org/10.1016/j.jembe.2007.02.001

Howard, R., Bell, I., & Pike, D. A. (2015). Tropical flatback turtle (Natator
depressus) embryos are resilient to the heat of climate change.
Journal of Experimental Biology, 218(20), 3330-3335. https://doi.
org/10.1242/jeb.118778

Janes, D. E., Bermudez, D., Guillette, L. J., & Wayne, M. L. (2007).
Estrogens induced male production at a female-producing tem-
perature in a reptile (Leopard Gecko, Eublepharis Macularius) with
temperature-dependent sex determination. Journal of Herpetology,
41(1), 9-15.

Janzen, F. J., & Krenz, J. D. (2004). Phylogenetics: Which was first, TSD or
GSD? In N. Valenzuela, & V. A. Lance (Eds.), Temperature-dependent
sex determination in vertebrates (pp. 121-130). Washington:
Smithsonian Institution.

Janzen, F. J.,, & Paukstis, G. L. (1991). Environmental sex determination in
reptiles: Ecology, evolution and experimental design. The Quarterly
Review of Biology, 66(2), 149-179.


https://doi.org/10.1007/s11027-011-9308-8
https://doi.org/10.1007/s11027-011-9308-8
https://doi.org/10.1016/j.ecolmodel.2017.09.022
https://doi.org/10.1016/j.ecolmodel.2017.09.022
https://doi.org/10.1126/science.aap8328
https://doi.org/10.1242/dev.152033
https://doi.org/10.1111/j.1365-294X.2007.03413.x
https://doi.org/10.1111/j.1365-294X.2007.03413.x
https://doi.org/10.1016/s0169-5347(99)01681-x
https://doi.org/10.1016/s0169-5347(99)01681-x
https://doi.org/10.1111/j.1529-8817.2003.00865.x
https://doi.org/10.1139/z99-117
https://doi.org/10.1139/z96-033
https://doi.org/10.1111/1365-2656.13037
https://doi.org/10.1016/j.jtbi.2007.02.005
https://doi.org/10.1006/gcen.1995.1103
https://doi.org/10.1016/j.ygcen.2009.03.002
https://doi.org/10.3354/esr00279
https://doi.org/10.3354/esr00279
https://doi.org/10.1139/z98-118
https://doi.org/10.1139/z98-118
https://doi.org/10.1111/j.1472-4642.2007.00354.x
https://doi.org/10.1111/j.1365-2486.2007.01320.x
https://doi.org/10.1111/j.1365-2486.2007.01320.x
https://doi.org/10.3354/esr00198
https://doi.org/10.1111/j.1523-1739.2010.01531.x
https://doi.org/10.3389/fmars.2014.00043
https://doi.org/10.3389/fmars.2014.00043
https://doi.org/10.1038/nature09670
https://doi.org/10.1038/nature09670
https://doi.org/10.1038/nature14574
https://doi.org/10.1038/nature14574
https://doi.org/10.1159/000450972
https://doi.org/10.1159/000450972
https://doi.org/10.1016/j.jembe.2007.02.001
https://doi.org/10.1242/jeb.118778
https://doi.org/10.1242/jeb.118778

LOCKLEY anp EIZAGUIRRE

2374
= L wiey- e —

Janzen, F.J., &Phillips, P. C.(2006). Exploring the evolution of environmental
sex determination, especially in reptiles. Journal of Evolutionary Biology,
19(6), 1775-1784. https://doi.org/10.1111/j.1420-9101.2006.01138.x

Jeyasuria, P, & Place, A. R. (1998). Embryonic brain-gonadal axis in
temperature-dependent sex determination of reptiles: A role
for P450 aromatase (CYP19). Journal of Experimental Zoology,
281, 428-449. https://doi.org/10.1002/(SICI)1097-010X(19980
801)281:5<428:AID-JEZ8>3.0.CO;2-Q

Jribi, 1., & Bradai, M. N. (2014). Sex ratio estimations of logger-
head sea turtle hatchlings at Kuriat Islands, Tunisia: Can minor
nesting sites contribute to compensate globally female-biased
sex ratio? Scientific World Journal, 2014, 419410. https://doi.
org/10.1155/2014/419410

Kaska, Y., Baskale, E., Urhan, R., Katilmis, Y., Gidis, M., Sari, F., S6zbilen,
D., Canbolat, A. F,, Yilmaz, F.,, Barlas, M., Ozdemir, N., & Ozkul, M.
(2013). Natural and anthropogenic factors affecting the nest-site se-
lection of loggerhead turtles, Caretta caretta, on Dalaman-Sarigerme
beach in South- west Turkey. Zoology in the Middle East, 50(1), 47-58.
https://doi.org/10.1080/09397140.2010.10638411

Kaska, Y., Downie, R., Tippett, R., & Furness, R. W. (1998). Natural tem-
perature regimes for loggerhead and green turtle nests in the eastern
Mediterranean. Canadian Journal of Zoology, 76, 723-729.

Ko, C. 1., Chesnel, A., Mazerbourg, S., Kuntz, S., Flament, S., & Chardard,
D. (2008). Female-enriched expression of ERa during gonad dif-
ferentiation of the urodele amphibian Pleurodeles waltl. General
and Comparative Endocrinology, 156(2), 234-245. https://doi.
org/10.1016/j.ygcen.2008.01.012

Laloé, J.-O., Cozens, J., Renom, B., Taxonera, A., Hays, G. C,, Vicente, S.,
Nicolau, S., Boa Vista, S., Santiago, M., & Brava, F. (2014). Climate
change induced extinction does not seem imminent at an import-
ant sea turtle rookery. Nature Climate Change, 4, 1-7. https://doi.
org/10.1038/NCLIMATE2236

Lande, R. (2009). Adaptation to an extraordinary environment
by evolution of phenotypic plasticity and genetic assimila-
tion. Journal of Evolutionary Biology, 22, 1435-1446. https://doi.
org/10.1111/j.1420-9101.2009.01754.x

Lange, I. G., Hartel, A., & Meyer, H. H. D. (2002). Evolution of oestro-
gen functions in vertebrates. Journal of Steroid Biochemistry and
Molecular Biology, 83(1-5), 219-226. https://doi.org/10.1016/50960
-0760(02)00225-X

Lee, P. L. M., & Hays, G. C. (2004). Polyandry in a marine turtle: Females
make the best of a bad job. Proceedings of the National Academy of
Sciences of the United States of America, 101(17), 6530-6535. https://
doi.org/10.1073/pnas.0307982101

Lee, P. L. M., Luschi, P, & Hays, G. C. (2007). Detecting fe-
male precise natal philopatry in green turtles using assign-
ment methods. Molecular Ecology, 16, 61-74. https://doi.
org/10.1111/j.1365-294X.2006.03115.x

Levasseur, K. E., Stapleton, S. P., & Quattro, J. M. (2020). Precise natal
homing and an estimate of age at sexual maturity in hawksbill turtles.
Animal Conservation. https://doi.org/10.1111/acv.12657

Lockley, E. C., Reischig, T., & Eizaguirre, C. (2020). Maternally derived sex
steroid hormones impact sex ratios of loggerhead sea turtles. bioRxiv.
https://doi.org/10.1101/2020.01.10.901520

Lolavar, A., & Wyneken, J. (2015). Effect of rainfall on loggerhead
turtle nest temperatures, sand temperatures and hatchling
sex. Endangered Species Research, 28(3), 235-247. https://doi.
org/10.3354/esr00684

Lolavar, A., & Wyneken, J. (2017). Experimental assessment of the ef-
fects of moisture on loggerhead sea turtle hatchling sex ratios.
Zoology, 123, 64-70. https://doi.org/10.1016/j.z00l.2017.06.007

Lolavar, A., & Wyneken, J. (2020). The impact of sand moisture on the
temperature-sex ratio responses of developing loggerhead (Caretta
caretta) sea turtles. Zoology, 138, 125739. https://doi.org/10.1016/j.
200l.2019.125739

Marcovaldi, M., Godfrey, M. H., & Mrosovsky, N. (1997). Estimating sex
ratios of loggerhead turtles in Brazil from pivotal incubation dura-
tions. Canadian Journal of Zoology, 75, 755-770.

Martinez-Juarez, A., & Moreno-Mendoza, N. (2019). Mechanisms re-
lated to sexual determination by temperature in reptiles. Journal
of Thermal Biology, 85, 102400. https://doi.org/10.1016/j.jther
bi0.2019.102400

Massey, M. D., Holt, S. M., Brooks, R. J.,, & Rollinson, N. (2019).
Measurement and modelling of primary sex ratios for species with
temperature-dependent sex determination. Journal of Experimental
Biology, 222(1), 190215. https://doi.org/10.1242/jeb.190215

Matsumoto, Y., Hannigan, B., & Crews, D. (2016). Temperature shift al-
ters DNA methylation and histone modification patterns in gonadal
aromatase (cyp19al) gene in species with temperature-dependent
sex determination. PLoS One, 11(11), e0167362. https://doi.
org/10.1371/journal.pone.0167362

Matsuzawa, Y., Sato, K., Sakamoto, W., & Bjorndal, K. A. (2002). Seasonal
fluctuations in sand temperature: Effects on the incubation period
and mortality of loggerhead sea turtle (Caretta caretta) pre-emergent
hatchlings in Minabe, Japan. Marine Biology, 140(3), 639-646. https://
doi.org/10.1007/s00227-001-0724-2

Maulany, R. 1., Booth, D. T., & Baxter, G. S. (2012). The effect of incu-
bation temperature on hatchling quality in the olive ridley turtle,
Lepidochelys olivacea, from Alas Purwo National Park, East Java,
Indonesia: Implications for hatchery management. Marine Biology,
159(12), 2651-2661. https://doi.org/10.1007/s00227-012-2022-6

Mazaris, A. D., Kallimanis, A. S., Pantis, J. D., & Hays, G. C. (2013).
Phenological response of sea turtles to environmental variation
across a species’ northern range. Proceedings. Biological Sciences/
The Royal Society, 280(1751), 20122397. https://doi.org/10.1098/
rspb.2012.2397

McCoy, C. J,, Vogt, R. C., & Censky, E. J. (1983). Temperature-controlled
sex determination in the sea turtle Lepidochelys olivacea. Journal of
Herpetology, 17(4), 404-406.

McGaugh, S. E., Bowden, R. M., Kuo, C. H., & Janzen, F. J. (2011). Field-
measured heritability of the threshold for sex determination in a
turtle with temperature-dependent sex determination. Evolutionary
Ecology Research, 13(1), 75-90.

McMahon, C. R., & Hays, G. C. (2006). Thermal niche, large-scale move-
ments and implications of climate change for a critically endangered
marine vertebrate. Global Change Biology, 12(7), 1330-1338. https://
doi.org/10.1111/j.1365-2486.2006.01174.x

Merchant-Larios, H., Ruiz-Ramirez, S., Moreno-Mendoza, N., &
Marmolejo-Valencia, A. (1997). Correlation among thermosensitive
period, estradiol response, and gonad differentiation in the sea turtle
Lepidochelys olivacea. General and Comparative Endocrinology, 107(3),
373-385. https://doi.org/10.1006/gcen.1997.6946

Meril3, J., & Hendry, A. P. (2014). Climate change, adaptation, and phe-
notypic plasticity: The problem and the evidence. Evolutionary
Applications, 7(1), 1-14. https://doi.org/10.1111/eva.12137

Meyers, L. A., & Bull, J. J. (2002). Fighting change with change: Adaptive
variation in an uncertain world. Trends in Ecology & Evolution, 17(12),
551-557.

Meylan, A. B., Bowen, B. W., & Avise, J. C. (1990). A genetic test of the
natal homing versus social facilitation models for green turtle migra-
tion. Science, 248, 724-728.

Mitchell, N. J., & Janzen, F. J. (2010). Temperature-dependent sex de-
termination and contemporary climate change. Sexual Development,
4(1-2), 129-140. https://doi.org/10.1159/000282494

Monsinjon, J. R., Wyneken, J., Rusenko, K., Lépez-Mendilaharsu, M.,
Lara, P, Santos, A., dei Marcovaldi, M. A. G., Fuentes, M. M. P. B,,
Kaska, Y., Tucek, J., Nel, R., Williams, K. L., LeBlanc, A. M., Rostal, D.,
Guillon, J. M., & Girondot, M. (2019). The climatic debt of loggerhead
sea turtle populations in a warming world. Ecological Indicators, 107,
105657. https://doi.org/10.1016/j.ecolind.2019.105657


https://doi.org/10.1111/j.1420-9101.2006.01138.x
https://doi.org/10.1002/(SICI)1097-010X(19980801)281:5%3C428:AID-JEZ8%3E3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1097-010X(19980801)281:5%3C428:AID-JEZ8%3E3.0.CO;2-Q
https://doi.org/10.1155/2014/419410
https://doi.org/10.1155/2014/419410
https://doi.org/10.1080/09397140.2010.10638411
https://doi.org/10.1016/j.ygcen.2008.01.012
https://doi.org/10.1016/j.ygcen.2008.01.012
https://doi.org/10.1038/NCLIMATE2236
https://doi.org/10.1038/NCLIMATE2236
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1016/S0960-0760(02)00225-X
https://doi.org/10.1016/S0960-0760(02)00225-X
https://doi.org/10.1073/pnas.0307982101
https://doi.org/10.1073/pnas.0307982101
https://doi.org/10.1111/j.1365-294X.2006.03115.x
https://doi.org/10.1111/j.1365-294X.2006.03115.x
https://doi.org/10.1111/acv.12657
https://doi.org/10.1101/2020.01.10.901520
https://doi.org/10.3354/esr00684
https://doi.org/10.3354/esr00684
https://doi.org/10.1016/j.zool.2017.06.007
https://doi.org/10.1016/j.zool.2019.125739
https://doi.org/10.1016/j.zool.2019.125739
https://doi.org/10.1016/j.jtherbio.2019.102400
https://doi.org/10.1016/j.jtherbio.2019.102400
https://doi.org/10.1242/jeb.190215
https://doi.org/10.1371/journal.pone.0167362
https://doi.org/10.1371/journal.pone.0167362
https://doi.org/10.1007/s00227-001-0724-2
https://doi.org/10.1007/s00227-001-0724-2
https://doi.org/10.1007/s00227-012-2022-6
https://doi.org/10.1098/rspb.2012.2397
https://doi.org/10.1098/rspb.2012.2397
https://doi.org/10.1111/j.1365-2486.2006.01174.x
https://doi.org/10.1111/j.1365-2486.2006.01174.x
https://doi.org/10.1006/gcen.1997.6946
https://doi.org/10.1111/eva.12137
https://doi.org/10.1159/000282494
https://doi.org/10.1016/j.ecolind.2019.105657

LOCKLEY anp EIZAGUIRRE

Morijan, A. C. L., & Janzen, F. J. (2003). Nest temperature is not related to
egg size in a turtle with temperature-dependent sex determination.
Copeia, 2,366-372.

Morreale, S. J., Ruiz, G. J., Spotila, J. R., & Standora, E. A. (1982).
Temperature-dependent sex determination: Current practices
threaten conservation of sea turtles. Science, 216, 1245-1247.

Morrish, B. C., & Sinclair, A. H. (2002). Vertebrate sex determination:
Many means to an end. Reproduction, 124(4), 447-457. https://doi.
org/10.1530/rep.0.1240447

Mortimer, J. A., & Donnelly, M. (2008). Eretmochelys imbricata, The [IUCN
Red List of Threatened species. p. e T8005A12881238.

Mrosovsky, N. (1988). Pivotal temperatures for loggerhead turtles
(Caretta caretta) from northern and southern nesting beaches.
Canadian Journal of Zoology, 66(3), 661-669. https://doi.org/10.1139/
288-098

Mrosovsky, N. (2006). Distorting gene pools by conservation: Assessing
the case of doomed turtle eggs. Environmental Management, 38(4),
703. https://doi.org/10.1007/s00267-006-8348-4

Mrosovsky, N. (2008). Against oversimplifying the issues on relocating
turtle eggs. Environmental Management, 41(4), 465-467. https://doi.
org/10.1007/s00267-007-9044-8

Mrosovsky, N., Bass, A., Corliss, L. A., Richardson, J. I., & Richardson,
T. H. (1992). Pivotal and beach temperatures for hawksbill turtles
nesting in Antigua. Canadian Journal of Zoology, 70(10), 1920-1925.
https://doi.org/10.1139/292-261

Mrosovsky, N., Kamel, S., Rees, A. F., & Margaritoulis, D. (2002). Pivotal
temperature for loggerhead turtles (Caretta caretta) from Kyparissia
Bay. Greece, Canadian Journal of Zoology, 80(12), 2118-2124. https://
doi.org/10.1139/202-204

Mrosovsky, N., & Pieau, C. (1991). Transitional range of temperature,
pivotal temperatures and thermosensitive stages for sex deter-
mination in reptiles. Amphibia Reptilia, 12(2), 169-179. https://doi.
org/10.1163/156853891X00149

Muralidhar, P., & Veller, C. (2018). Sexual antagonism and the instability
of environmental sex determination. Nature Ecology & Evolution, 2,
343-351. https://doi.org/10.1038/s41559-017-0427-9

Nakabayashi, O., Kikuchi, H., Kikuchi, T., & Mizuno, S. (1998).
Differential expression of genes for aromatase and estrogen recep-
tor during the gonadal development in chicken embryos. Journal of
Molecular Endocrinology, 20(2), 193-202. https://doi.org/10.1677/
jme.0.0200193

Navarro-Martin, L., Vifas, J., Ribas, L., Diaz, N., Gutiérrez, A., Di Croce,
L., & Piferrer, F. (2011). DNA methylation of the gonadal aromatase
(cyp19a) promoter is involved in temperature-dependent sex ratio
shifts in the European sea bass. PLoS Genetics, 7(12), €1002447.
https://doi.org/10.1371/journal.pgen.1002447

Nelson, D. R., Goldstone, J. V., & Stegeman, J. J. (2013). The cytochrome
P450 genesis locus: the origin and evolution of animal cytochrome
P450s. Philosophical Transactions of the Royal Society of London. Series
B, Biological Sciences, 368, 20120474.

Neukom, R., Steiger, N., Gbmez-Navarro, J. J.,, Wang, J., & Werner, J. P.
(2019). No evidence for globally coherent warm and cold periods
over the preindustrial common era. Nature, 571, 550-554. https://
doi.org/10.1038/541586-019-1401-2

Oz, M., Erdogan, A., Kaska, Y., Diisen, S., Aslan, A., Sert, H., Yavuz, M., & Tung,
M. R. (2004). Nest temperatures and sex-ratio estimates of loggerhead
turtles at Patara beach on the southwestern coast of Turkey. Canadian
Journal of Zoology, 82, 94-101. https:/doi.org/10.1139/z03-200

Patel, S. H., Morreale, S. J., Saba, V. S., Panagopoulou, A., Margaritoulis,
D., & Spotila, J. R. (2016). Climate impacts on sea turtle breeding
phenology in Greece and associated foraging habitats in the wider
Mediterranean region. PLoS One, 11(6), e0157170. https://doi.
org/10.1371/journal.pone.0157170

Patricio, A. R., Marques, A., Barbosa, C., Broderick, A. C., Godley, B. J,,
Hawkes, L. A., Rebelo, R., Regalla, A., & Catry, P. (2017). Balanced

T\ || £y

primary sex ratios and resilience to climate change in a major sea tur-
tle population. Marine Ecology Progress Series, 577, 189-203. https://
doi.org/10.3354/meps12242

Pen, 1., Uller, T., Feldmeyer, B., Harts, A., While, G. M., & Wapstra, E.
(2010). Climate-driven population divergence in sex-determining
systems. Nature, 468(7322), 436-438. https://doi.org/10.1038/
nature09512

Pfaller, J. B., Limpus, C. J., & Bjorndal, K. A. (2009). Nest-site selection
in individual loggerhead turtles and consequences for doomed-
egg relocation. Conservation Biology, 23(1), 72-80. https://doi.
org/10.1111/j.1523-1739.2008.01055.x

Pike, D. A. (2008). The benefits of nest relocation extend far beyond
recruitment: A rejoinder to Mrosovsky. Environmental Management,
41(4), 461-464. https://doi.org/10.1007/s00267-006-0434-0

Pokorna, M. J., & Kratochvil, L. (2009). Phylogeny of sex-determining
mechanisms in squamate reptiles: Are sex chromosomes an evolu-
tionary trap ? Zoological Journal of the Linnean Society, 156, 168-183.
https://doi.org/10.1111/j.1096-3642.2008.00481.x

Quinn, A. E., Georges, A, Sarre, S. D., Guarino, F., Ezaz, T., & Graves, J.
A. M. (2007). Temperature sex reversal implies sex gene dosage in a
reptile. Science, 316, 411. https://doi.org/10.1126/science.1135925

Quinn, A. E,, Sarre, S. D., Ezaz, T., Graves, J. A. M., & Georges, A. (2011).
Evolutionary transitions between mechanisms of sex determi-
nation in vertebrates. Biology Letters, 7(3), 443-448. https://doi.
org/10.1098/rsbl.2010.1126

Radder, R. S. (2007). Maternally derived egg yolk steroid hormones and sex
determination: Review of a paradox in reptiles. Journal of Biosciences,
32(6), 1213-1220. https://doi.org/10.1007/s12038-007-0123-z

Reed, D. H., & Frankham, R. (2003). Correlation between fitness and ge-
netic diversity. Conservation Biology, 17(1), 230-237.

Refsnider, J. M., Bodensteiner, B. L., Reneker, J. L., & Janzen, F. J. (2013).
Nest depth may not compensate for sex ratio skews caused by cli-
mate change in turtles. Animal Conservation, 16(5), 481-490. https://
doi.org/10.1111/acv.12034

Refsnider, J. M., Warner, D. A., & Janzen, F. J. (2013). Does shade
cover availability limit nest-site choice in two populations of a tur-
tle with temperature-dependent sex determination? Journal of
Thermal Biology, 38(3), 152-158. https://doi.org/10.1016/j.jther
bi0.2013.01.003

Reneker, J. L., & Kamel, S. J. (2016). The maternal legacy: Female iden-
tity predicts offspring sex ratio in the loggerhead sea turtle. Scientific
Reports, 6,29237. https://doi.org/10.1038/srep29237

Reusch, T. B. H. (2014). Climate change in the oceans: evolutionary ver-
sus phenotypically plastic responses of marine animals and plants.
Evolutionary Applications, 7, 104-122. https://doi.org/10.1111/
eva.12109

Rey, O.,Eizaguirre, C.,Angers, B., Baltazar-Soares, M., Sagonas, K., Prunier,
J. G, & Blanchet, S. (2020). Linking epigenetics and biological conser-
vation: Towards a conservation epigenetics perspective. Functional
Ecology, 34(2), 414-427. https://doi.org/10.1111/1365-2435.13429

Rhen, T., & Lang, J. W. (1995). Phenotypic plasticity for growth in the
common snapping turtle: Effects of incubation temperature, clutch,
and their interaction. The American Naturalist, 146(5), 726-747.

Rhen, T., & Lang, J. W. (2004). Phenotypic effects of incubation tempera-
ture in reptiles. In N. Valenzuela, & V. A. Lance (Eds.), Temperature-
dependent sex determination in vertebrates (pp. 90-98). Washington:
Smithsonian Institution.

Rhen, T., & Schroeder, A. L. (2010). Molecular mechanisms of sex de-
termination in reptiles. Sexual Development, 10(4), 16-28. https://doi.
org/10.1159/000282495

Rhen, T., & Schroeder, A. L. (2017). The genetics of thermosensi-
tive sex determination. Temperature, 4(2), 109-111. https://doi.
org/10.1080/23328940.2016.1259723

Rice, E. S., Kohno, S., St John, J., Pham, S., Howard, J., Lareau, L. F.,,
O’Connell, B. L., Hickey, G., Armstrong, J., Deran, A., Fiddes, I.,


https://doi.org/10.1530/rep.0.1240447
https://doi.org/10.1530/rep.0.1240447
https://doi.org/10.1139/z88-098
https://doi.org/10.1139/z88-098
https://doi.org/10.1007/s00267-006-8348-4
https://doi.org/10.1007/s00267-007-9044-8
https://doi.org/10.1007/s00267-007-9044-8
https://doi.org/10.1139/z92-261
https://doi.org/10.1139/z02-204
https://doi.org/10.1139/z02-204
https://doi.org/10.1163/156853891X00149
https://doi.org/10.1163/156853891X00149
https://doi.org/10.1038/s41559-017-0427-9
https://doi.org/10.1677/jme.0.0200193
https://doi.org/10.1677/jme.0.0200193
https://doi.org/10.1371/journal.pgen.1002447
https://doi.org/10.1038/s41586-019-1401-2
https://doi.org/10.1038/s41586-019-1401-2
https://doi.org/10.1139/z03-200
https://doi.org/10.1371/journal.pone.0157170
https://doi.org/10.1371/journal.pone.0157170
https://doi.org/10.3354/meps12242
https://doi.org/10.3354/meps12242
https://doi.org/10.1038/nature09512
https://doi.org/10.1038/nature09512
https://doi.org/10.1111/j.1523-1739.2008.01055.x
https://doi.org/10.1111/j.1523-1739.2008.01055.x
https://doi.org/10.1007/s00267-006-0434-0
https://doi.org/10.1111/j.1096-3642.2008.00481.x
https://doi.org/10.1126/science.1135925
https://doi.org/10.1098/rsbl.2010.1126
https://doi.org/10.1098/rsbl.2010.1126
https://doi.org/10.1007/s12038-007-0123-z
https://doi.org/10.1111/acv.12034
https://doi.org/10.1111/acv.12034
https://doi.org/10.1016/j.jtherbio.2013.01.003
https://doi.org/10.1016/j.jtherbio.2013.01.003
https://doi.org/10.1038/srep29237
https://doi.org/10.1111/eva.12109
https://doi.org/10.1111/eva.12109
https://doi.org/10.1111/1365-2435.13429
https://doi.org/10.1159/000282495
https://doi.org/10.1159/000282495
https://doi.org/10.1080/23328940.2016.1259723
https://doi.org/10.1080/23328940.2016.1259723

LOCKLEY anp EIZAGUIRRE

2376
= Lwiey- e m—

Platt, R. N., Gresham, C., McCarthy, F.,, Kern, C., Haan, D., Phan, T,
Schmidt, C., Sanford, J. R, ... Green, R. E. (2017). Improved genome
assembly of American alligator genome reveals conserved architec-
ture of estrogen signaling. Genome Research, 27(5), 686-696. https://
doi.org/10.1101/gr.213595.116

Rimblot, F., Fretey, J., Mrosovsky, N., & Lescure, J. (1985). Sexual differ-
entiation as a function on the incubation temperature of eggs in the
sea turtle Dermochelys coriacea (Vandelli, 1761). Amphibia Reptilia, 6,
83-92.

Rollinson, N. (2019). A simple explanation for the evolution and main-
tenance of temperature-dependent sex determination. Authorea.
https://doi.org/10.22541/au.157592480.00795832

Sanford, E., & Kelly, M. W. (2011). Local adaptation in marine inverte-
brates. Annual Review of Marine Science, 3, 509-535. https://doi.
org/10.1146/annurev-marine-120709-142756

Santidrian Tomillo, P., Fonseca, L., Paladino, F. V., Spotila, J. R., & Oro, D.
(2017). Are thermal barriers “higher” in deep sea turtle nests? PLoS
One, 12(5), 1-14. https://doi.org/10.1371/journal.pone.0177256

Santidrian Tomillo, P., Oro, D., Paladino, F. V., Piedra, R., Sieg, A. E., &
Spotila, J. R. (2014). High beach temperatures increased female-
biased primary sex ratios but reduced output of female hatchlings
in the leatherback turtle. Biological Conservation, 176, 71-79. https://
doi.org/10.1016/j.biocon.2014.05.011

Santidrian Tomillo, P., & Spotila, J. R. (2020). Temperature-dependent
sex determination in sea turtles in the context of climate change:
Uncovering the adaptive significance. BioEssays, 42, 1-6. https://doi.
org/10.1002/bies.202000146

Sarre, S. D., Georges, A., & Quinn, A. (2004). The ends of a continuum:
Genetic and temperature-dependent sex determination in reptiles.
BioEssays, 26, 639-645. https://doi.org/10.1002/bies.20050

Schofield, G., Hobson, V. J,, Fossette, S., Lilley, M. K. S., Katselidis, K.
A., & Hays, G. C. (2010). Fidelity to foraging sites, consistency
of migration routes and habitat modulation of home range by
sea turtles. Diversity and Distributions, 16, 840-853. https://doi.
org/10.1111/j.1472-4642.2010.00694.x

Schroeder, A. L., Metzger, K. J., Miller, A., & Rhen, T. (2016). A novel
candidate gene for temperature-dependent sex determination in
the common snapping turtle. Genetics, 203, 557-571. https://doi.
org/10.1534/genetics.115.182840

Schwabl, H. (1993). Yolk is a source of maternal testosterone for de-
veloping birds. Proceedings of the National Academy of Sciences
of the United States of America, 90, 5. https://doi.org/10.1073/
pnas.90.24.11446

Sebastian, S., & Bulun, S. E. (2001). A Highly Complex Organization of the
Regulatory Region of the Human CYP19 (Aromatase) gene revealed
by the human genome project. The Journal of Clinical Endocrinology &
Metabolism, 86(10), 4600-4602.

Senko, J., Mancini, A., Seminoff, J. A., & Koch, V. (2014). Bycatch and
directed harvest drive high green turtle mortality at Baja California
Sur, Mexico. Biological Conservation, 169, 24-30. https://doi.
org/10.1016/j.biocon.2013.10.017

Sheldon, B. C., & West, S. A. (2004). Maternal dominance, maternal
condition, and offspring sex ratio in ungulate mammals. American
Naturalist, 163(1), 40-54. https://doi.org/10.1086/381003

Shen, Z. G., & Wang, H. P. (2014). Molecular players involved in
temperature-dependent sex determination and sex differentiation
in Teleost fish. Genetics Selection Evolution, 46(1), 1-21. https://doi.
org/10.1186/1297-9686-46-26

Shine, R. (1999). Why is sex determined by nest temperature in many
reptiles? Trends in Ecology and Evolution, 14(5), 186-189. https://doi.
org/10.1016/50169-5347(98)01575-4

Shine, R., Elphick, M. J., & Donnellan, S. (2002). Co-occurrence of multi-
ple, supposedly incompatible modes of sex determination in a lizard
population. Ecology Letters, 5, 486-489.

Shoemaker, C. M., & Crews, D. (2009). Analyzing the coordinated gene
network underlying temperature-dependent sex determination in
reptiles. Seminars in Cell & Developmental Biology, 20(3), 293-303.
https://doi.org/10.1016/j.semcdb.2008.10.010

Simpson, E. R. (2004). Aromatase: Biologic relevance of tissue-specific
expression. Seminars in Reproductive Medicine, 22(1), 11-23.

Smith, C. A., Andrews, J. E., & Sinclair, A. H. (1997). Gonadal sex differen-
tiation in chicken embryos: Expression of estrogen receptor and aro-
matase genes. Journal of Steroid Biochemistry and Molecular Biology,
60(5-6), 295-302. https://doi.org/10.1016/50960-0760(96)00196
-3

Steele, A. L., & Warner, D. A. (2020). Sex-specific effects of develop-
mental temperature on morphology, growth and survival of off-
spring in a lizard with temperature-dependent sex determination.
Biological Journal of the Linnean Society, 130(2), 320-335. https://doi.
org/10.1093/biolinnean/blaa038/5815733

Stiebens, V. A., Merino, S. E., Roder, C., Chain, F. J. J., Lee, P. L. M., &
Eizaguirre, C. (2013). Living on the edge: How philopatry maintains
adaptive potential. Proceedings of the Royal Society B: Biological
Sciences, 280, 1-9.

Stocker, T. F., Qin, D., Plattner, G.-K., Alexander, L. V., Allen, S. K., Bindoff,
N. L., Bréon, F.-M., Church, J. A., Cubasch, U., Emori, S., Forster, P,,
Friedlingstein, P., Gillett, N., Gregory, J. M., Hartmann, D. L., Jansen,
E., Kirtman, B., Knutti, R., Kumar, K. K., ... Xie, S.-P. (2013). Technical
summary. In Climate Change 2013: The Physical Science Basis.
Contribution of Working Group | to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (pp. 33-109).

Strauss, J. F., & FitzGerald, G. A. (2018). Steroid hormones and other lipid
molecules involved in human reproduction. Yen & Jaffe’s reproductive
endocrinology: physiology, pathophysiology, and clinical management
(8th ed.). Elsevier Inc.

Tanner, C., Marco, A., Martins, S., Abella-Perez, E., & Hawkes, L. (2019).
Highly feminised sex ratio estimations for the world’s third-largest
nesting aggregation of the loggerhead sea turtle. Marine Ecology
Progress Series, 621, 209-219. https://doi.org/10.3354/meps12963

Telemeco, R. S., Abbott, K. C., & Janzen, F. J. (2013). Modeling the ef-
fects of climate change-induced shifts in reproductive phenology on
temperature-dependent traits. The American Naturalist, 181(5), 637-
648. https://doi.org/10.1086/670051

Telemeco, R. S., Elphick, M. J., & Shine, R. (2009). Nesting lizards (Bassiana
duperreyi) compensate partly, but not completely, for climate change.
Ecology, 90(1), 17-22. https://doi.org/10.1890/10-1922.1

Tezak, B., Sifuentes-Romero, I., Milton, S., & Wyneken, J. (2020).
Identifying sex of neonate turtles with temperature-dependent sex
determination via small blood samples. Scientific Reports, 10, 1-8.
https://doi.org/10.1038/541598-020-61984-2

Tilley, D., Ball, S., Ellick, J., Godley, B. J., Weber, N., Weber, S. B., &
Broderick, A. C. (2019). No evidence of fine scale thermal adaptation
in green turtles. Journal of Experimental Marine Biology and Ecology,
514-515, 110-117. https://doi.org/10.1016/j.jembe.2019.04.001

Tomillo, P. S., Saba, V. S., Piedra, R., Paladino, F. V., & Spotila, J. R.
(2008). Effects of illegal harvest of eggs on the population de-
cline of leatherback turtles in Las Baulas Marine National Park,
Costa Rica. Conservation Biology, 22(5), 1216-1224. https://doi.
org/10.1111/j.1523-1739.2008.00987.x

Trivers, R. L., & Willard, D. E. (1973). Natural selection of parental ability
to vary the sex ratio of offspring. Science, 179(4068), 90-92.

Tuttle, J., & Rostal, D. (2010). Effects of nest relocation on nest tempera-
ture and embryonic development of loggerhead sea turtles (Caretta
caretta). Chelonian Conservation and Biology, 9(1), 1-7. https://doi.
org/10.2744/CCB-0769.1

Uhlenhaut, N. H., Jakob, S., Anlag, K., Eisenberger, T., Sekido, R., Kress, J.,
Treier, A. C., Klugmann, C., Klasen, C., Holter, N. I., Riethmacher, D.,
Schiitz, G.,Cooney, A.J., Lovell-Badge, R., & Treier, M. (2009). Somatic


https://doi.org/10.1101/gr.213595.116
https://doi.org/10.1101/gr.213595.116
https://doi.org/10.22541/au.157592480.00795832
https://doi.org/10.1146/annurev-marine-120709-142756
https://doi.org/10.1146/annurev-marine-120709-142756
https://doi.org/10.1371/journal.pone.0177256
https://doi.org/10.1016/j.biocon.2014.05.011
https://doi.org/10.1016/j.biocon.2014.05.011
https://doi.org/10.1002/bies.202000146
https://doi.org/10.1002/bies.202000146
https://doi.org/10.1002/bies.20050
https://doi.org/10.1111/j.1472-4642.2010.00694.x
https://doi.org/10.1111/j.1472-4642.2010.00694.x
https://doi.org/10.1534/genetics.115.182840
https://doi.org/10.1534/genetics.115.182840
https://doi.org/10.1073/pnas.90.24.11446
https://doi.org/10.1073/pnas.90.24.11446
https://doi.org/10.1016/j.biocon.2013.10.017
https://doi.org/10.1016/j.biocon.2013.10.017
https://doi.org/10.1086/381003
https://doi.org/10.1186/1297-9686-46-26
https://doi.org/10.1186/1297-9686-46-26
https://doi.org/10.1016/S0169-5347(98)01575-4
https://doi.org/10.1016/S0169-5347(98)01575-4
https://doi.org/10.1016/j.semcdb.2008.10.010
https://doi.org/10.1016/S0960-0760(96)00196-3
https://doi.org/10.1016/S0960-0760(96)00196-3
https://doi.org/10.1093/biolinnean/blaa038/5815733
https://doi.org/10.1093/biolinnean/blaa038/5815733
https://doi.org/10.3354/meps12963
https://doi.org/10.1086/670051
https://doi.org/10.1890/10-1922.1
https://doi.org/10.1038/s41598-020-61984-2
https://doi.org/10.1016/j.jembe.2019.04.001
https://doi.org/10.1111/j.1523-1739.2008.00987.x
https://doi.org/10.1111/j.1523-1739.2008.00987.x
https://doi.org/10.2744/CCB-0769.1
https://doi.org/10.2744/CCB-0769.1

LOCKLEY anp EIZAGUIRRE

sex reprogramming of adult ovaries to testes by FOXL2 ablation. Cell,
139(6), 1130-1142. https://doi.org/10.1016/j.cell.2009.11.021

Varela, M. R., Patricio, A. R., Anderson, K., Broderick, A. C., DeBell, L.,
Hawkes, L. A., Tilley, D., Snape, R. T. E., Westoby, M. J., & Godley, B.
J. (2019). Assessing climate change associated sea-level rise impacts
on sea turtle nesting beaches using drones, photogrammetry and a
novel GPS system. Global Change Biology, 25(2), 753-762. https://doi.
org/10.1111/gcb.14526

Visser, M. E. (2008). Keeping up with a warming world; assessing the
rate of adaptation to climate change. Proceedings of the Royal Society
B: Biological Sciences, 275(1635), 649-659. https://doi.org/10.1098/
rspb.2007.0997

Von Holle, B., Irish, J. L., Spivy, A., Weishampel, J. F., Meylan, A., Godfrey,
M. H., Dodd, M., Schweitzer, S. H., Keyes, T., Sanders, F., Chaplin, M.
K., & Taylor, N. R. (2019). Effects of future sea level rise on coastal
habitat. Journal of Wildlife Management, 83(3), 694-704. https://doi.
org/10.1002/jwmg.21633

Wallace, B. P., Kot, C. Y., Dimatteo, A. D., Lee, T, Crowder, L. B., &
Lewison, R. L. (2013). Impacts of fisheries bycatch on marine turtle
populations worldwide: Toward conservation and research priorities.
Ecosphere, 4(3), 1-49. https://doi.org/10.1890/ES12-00388.1

Wang, D. S., Kobayashi, T., Zhou, L. Y., Paul-Prasanth, B., ljiri, S., Sakai,
F., Okubo, K., Morohashi, K. I., & Nagahama, Y. (2007). FoxI2 up-
regulates aromatase gene transcription in a female-specific manner
by binding to the promoter as well as interacting with Ad4 binding
protein/steroidogenic factor. Molecular Endocrinology, 21(3), 712-
725. https://doi.org/10.1210/me.2006-0248

Warner, D. A., Addis, E., Du, W. G., Wibbels, T., & Janzen, F. J. (2014).
Exogenous application of estradiol to eggs unexpectedly induces
male development in two turtle species with temperature-dependent
sex determination. General and Comparative Endocrinology, 206, 16-
23. https://doi.org/10.1016/j.ygcen.2014.06.008

Warner, D. A., Mitchell, T. S., Bodensteiner, B. L., & Janzen, F. J. (2017).
The effect of hormone manipulations on sex ratios varies with en-
vironmental conditions in a turtle with temperature-dependent sex
determination. Journal of Experimental Zoology Part A: Ecological and
Integrative Physiology, 327(4), 172-181. https://doi.org/10.1002/
jez.2085

Warner, D. A., & Shine, R. (2008). The adaptive significance of
temperature-dependent sex determination in a reptile. Nature, 451,
2006-2009. https://doi.org/10.1038/nature06519

Weber, S. B., Broderick, A. C., Groothuis, T. G. G., Ellick, J., Godley,
B. J.,, & Blount, J. D. (2012). Fine-scale thermal adaptation in a
green turtle nesting population. Proceedings of the Royal Society B:
Biological Sciences, 279(1731), 1077-1084. https://doi.org/10.1098/
rspb.2011.1238

T\ || £y

Weishampel, J. F., Bagley, D. A., & Ehrhart, L. M. (2004). Earlier
nesting by loggerhead sea turtles following sea surface warm-
ing. Global Change Biology, 10(8), 1424-1427. https://doi.
org/10.1111/j.1365-2486.2004.00817.x

Wibbels, T., Bull, J. J., & Crews, D. (1991). Synergism between tempera-
ture and estradiol: A common pathway in turtle sex determination?
The Journal of Experimental Zoology, 260(1), 130-134. https://doi.
org/10.1002/jez.1402600117

Wibbels, T., & Crews, D. (1994). Putative aromatase inhibitor induces
male sex determination in a female unisexual lizard and in a tur-
tle with temperature-dependent sex determination. Journal of
Endocrinology, 141, 295-299.

Wibbels, T., Rostal, D., & Byles, R. (1998). (1998) High pivotal temperature
in the sex determination of the olive ridley sea turtle, Lepidochelys oli-
vacea, from Playa Nancite, Costa Rica. Copeia, 4, 1086-1088.

Witt, M. J., Hawkes, L. A., Godfrey, M. H., Godley, B. J., & Broderick,
A. C. (2010). Predicting the impacts of climate change on a glob-
ally distributed species: the case of the loggerhead turtle. Journal
of Experimental Biology, 213(6), 901-911. https://doi.org/10.1242/
jeb.038133

Wyneken, J., Epperly, S. P., Crowder, L. B., Vaughan, J., & Blair Esper, K.
(2007). Determining sex in posthatchling loggerhead sea turtles using
multiple gonadal and accessory duct characteristics. Herpetologica,
63(1), 19-30.

Xia, Z.-R., Li, P.-P.,, Gu, H.-X., Fong, J. J., & Zhao, E.-M. (2011). Evaluating
noninvasive methods of sex identification in green sea turtle
(Chelonia mydas) hatchlings. Chelonian Conservation and Biology, 10(1),
117-123. https://doi.org/10.2744/CCB-0852.1

Yntema, C. L., & Mrosovsky, N. (1982). Critical periods and pivotal
temperatures for sexual differentiation in loggerhead sea tur-
tles. Canadian Journal of Zoology, 60(5), 1012-1016. https://doi.
org/10.1139/2z82-141

Zbinden, J., Davey, C., Margaritoulis, D., & Arlettaz, R. (2007). Large spa-
tial variation and female bias in the estimated sex ratio of loggerhead
sea turtle hatchlings of a Mediterranean rookery. Endangered Species
Research, 3, 305-312. https://doi.org/10.3354/esr00058

How to cite this article: Lockley EC, Eizaguirre C. Effects of
global warming on species with temperature-dependent sex
determination: Bridging the gap between empirical research
and management. Evol Appl. 2021;14:2361-2377. https://doi.
org/10.1111/eva.13226



https://doi.org/10.1016/j.cell.2009.11.021
https://doi.org/10.1111/gcb.14526
https://doi.org/10.1111/gcb.14526
https://doi.org/10.1098/rspb.2007.0997
https://doi.org/10.1098/rspb.2007.0997
https://doi.org/10.1002/jwmg.21633
https://doi.org/10.1002/jwmg.21633
https://doi.org/10.1890/ES12-00388.1
https://doi.org/10.1210/me.2006-0248
https://doi.org/10.1016/j.ygcen.2014.06.008
https://doi.org/10.1002/jez.2085
https://doi.org/10.1002/jez.2085
https://doi.org/10.1038/nature06519
https://doi.org/10.1098/rspb.2011.1238
https://doi.org/10.1098/rspb.2011.1238
https://doi.org/10.1111/j.1365-2486.2004.00817.x
https://doi.org/10.1111/j.1365-2486.2004.00817.x
https://doi.org/10.1002/jez.1402600117
https://doi.org/10.1002/jez.1402600117
https://doi.org/10.1242/jeb.038133
https://doi.org/10.1242/jeb.038133
https://doi.org/10.2744/CCB-0852.1
https://doi.org/10.1139/z82-141
https://doi.org/10.1139/z82-141
https://doi.org/10.3354/esr00058
https://doi.org/10.1111/eva.13226
https://doi.org/10.1111/eva.13226

