Marine Biology (2022) 169:89
https://doi.org/10.1007/500227-022-04074-3

REVIEW, CONCEPT, AND SYNTHESIS

=

Check for
updates

A review of how the biology of male sea turtles may help mitigate
female-biased hatchling sex ratio skews in a warming climate

Graeme C. Hays' © - Takahiro Shimada?® - Gail Schofield®

Received: 5 April 2022 / Accepted: 10 May 2022 / Published online: 10 June 2022
© The Author(s) 2022

Abstract

In a warming climate, male sea turtles may become increasingly rare due to temperature-dependent sex determination with
females being produced at warmer temperatures. Hence there is widespread concern that a lack of adult males may impact
population viability. However, there is controversy over this scenario and here we review aspects of the biology of male sea
turtles that will help mitigate female-biased hatchling sex ratios. In particular, there is strong evidence that males generally
breed more frequently than females (i.e. have a shorter remigration interval) and that individual breeding males actively
search for females and may mate with multiple females from different nesting sites. These aspects of the biology of male
turtles will cause female-biased hatchling sex ratios to translate into more balanced adult sex ratios on the breeding grounds
(i.e. operational sex ratios). Sexual dimorphism is widespread with adult male turtles generally being smaller than females.
In freshwater turtles, this sexual dimorphism is linked to earlier age at maturity for males, although this possibility has not
been examined widely in sea turtles. We make a forward-looking horizon-scanning prediction for key changes that might
be expected at sea turtle breeding grounds if female-biased sex ratios become so extreme that male turtles start to become
limiting and start driving populations to extinction. In particular, as the numbers of adult males on the breeding grounds
become limiting there may be changes in egg fertility, multiple paternity and hatching success within clutches.

Keywords Climate change - Multiple paternity - Operational sex ratio - Breeding - Phenology - Convenience polyandry -
Polygyny

Introduction

Across a broad range of taxa and ecosystems, horizon-
scanning expert reviews have been used to identify key
unresolved research questions including important knowl-
edge gaps that need to be filled to help species conserva-
tion (Sutherland et al. 2012). Sometimes for otherwise
well-studied taxa, there may be particular aspects of their
biology that remain little understood, but which may have
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major conservation implications. Such is the case with sea
turtles. While studies around the world have provided huge
advances in our knowledge of the ecology and physiology of
sea turtles, one key remaining knowledge gap concerns the
biology of male turtles, which, in a warming climate, may
hold the key to the survival of populations (Poloczanska
et al. 2009; Hamann et al. 2010). In extreme cases, a lack of
males might lead to the infertility of clutches and so popula-
tion extinction.

Adult female turtles come ashore to nest allowing exten-
sive studies on their biology, including trends in nest-
ing numbers through beach surveys, population structure
through molecular analysis, mortality rates through mark
recapture, movements recorded through tracking and diving
behaviour recorded with data loggers (for overview, see Rees
et al. 2016). However, studying adult male turtles is often
not straightforward since they generally do not come ashore
and so are hard to access, for example for tissue sample col-
lection or to attach tracking devices. Yet, despite this lack of
knowledge about male turtles, there is widespread concern
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that male turtles may become increasingly rare as climate
warming causes increasingly female-biased hatchling sex
ratios due to the combination of temperature-dependent
sex determination and female hatchlings being produced at
warmer incubation temperatures (Poloczanska et al. 2009;
Jensen et al. 2018).

Given the identified need for better information about the
biology of male turtles, here we review some of the recent
advances in this area, including studies on the migration of
male turtles, breeding periodicity and their behaviour on the
breeding grounds. We use this review to identify key meth-
odologies that may have wide utility to extend studies on
adult males around the world. Further, we make a forward-
looking horizon-scanning prediction for key changes that
might be expected at sea turtle breeding grounds if female-
biased sex ratios become so extreme that male turtles start to
become limiting and start driving populations to extinction.
In this way, we provide suggestions for important long-term
studies that are needed.

Phenology of breeding and remigration
intervals

Information on the relative timing of breeding and nesting in
sea turtles has come from observations made by shore-based
(e.g. Limpus 1993; Godley et al. 2002), boat/snorkel (Hays
et al. 2010) and drone surveys (Bevan et al. 2016; Schofield
et al. 2017), as well as long-term satellite tracking (Plot-
kin et al. 1996; Schofield et al. 2013) (Fig. 1a). These stud-
ies point to males arriving at the breeding grounds before
females, presumably in an effort to maximise their chances
of encountering, and mating with, arriving females. Males
then return to their foraging grounds many weeks or sev-
eral months before females, who continue to lay multiple
clutches across the nesting season (Fig. 1a). So in a single
breeding season, male turtles (i) likely are away from their
foraging sites for less time than females and (ii) likely invest
less in reproduction as they are not investing energy in nest-
ing and egg production (Hays et al. 2014). As a consequence
of these two factors, after a breeding season the body condi-
tion likely recovers to pre-breeding levels far more quickly in
males than females and hence the interval between breeding
seasons (termed the remigration interval) is predicted to be
less for males (Hays et al. 2014). So, for example, theoretical
considerations suggest that where the remigration interval
is 2 years for females, then it is likely 1 year for males and
where it is 4 years for females, it is likely 2 years for males,
i.e. males likely have a breeding season about twice as often
as females (Hays et al. 2014).

Empirical evidence supports these theoretical consid-
erations for a shorter remigration interval in male turtles,
and hence an increased likelihood than males breed in any
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Fig. 1 Phenology of breeding and remigration intervals. a The arrival
and departure times of male and female loggerhead sea turtles at a
breeding area in Greece (the island of Zakynthos) that supports one
of the largest nesting populations in the Mediterranean. From satel-
lite tracking, cumulative percentages showing male arrivals (n=11
individuals, blue circles) and departures (n=42, turquoise circles),
female first nesting (n=37, red circles) and departures (n=32, pink
circles). Direct observations of mating pairs (solid black line, n=94
records). Modified from Schofield et al. (2013). Similarly, else-
where in the world and with other species, the mating season has
been shown to immediately precede the nesting season, with males
departing during the early-mid nesting period (Henwood 1987; God-
ley et al. 2002; James et al. 2005). b In a unique and very illuminat-
ing study, Limpus et al (2005) captured adult green turtles on their
foraging grounds in NE Australia and determined, through laparos-
copy, whether individual adults would migrate to breed that year.
Across years, the proportion of males that would breed was almost
always higher than females, i.e. the remigration interval was shorter
for males. The annual breeding rate is the proportion of adult tur-
tles breeding each year. So, for example, an annual breeding rate of
0.2 means that 20% of adult turtles would breed that year and so, by
extension, the remigration interval was 5 years. The higher annual
breeding rate of males reflects their shorter remigration intervals

particular year. For example, by flipper tagging green tur-
tles (Chelonia mydas) in the southern Great Barrier Reef,
Limpus (1993) reported mean and modal remigration inter-
vals for males of 2.1 and 1 year respectively versus 4.7 and
5 years, respectively, for females. In a complimentary study,
Limpus et al. (2005) assessed the breeding condition of
green turtles on their forging grounds through laparoscopy
and so whether they would breed or not in any particular
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year and found that males were far more likely to breed than
females (Fig. 1b). Furthermore, the probability of breeding
co-varied between males and females across years, likely
as a consequence of inter-annual variation in foraging con-
ditions. Long-term satellite tracking of loggerhead turtles
(Caretta caretta) equipped with tags on their breeding
grounds in Greece revealed that 0% of females but 76% of
males bred in successive years (0 of 8 tracked females ver-
sus 13 of 17 tracked males) (Hays et al. 2014). Comparing
resightings of flipper tagged males and female green turtles
in their breeding areas in Hawaii, Balazs (1983) reported the
modal remigration interval was 1 year for males and 3 years
for females. Similarly, satellite tracking male hawksbill tur-
tles in the Caribbean and recaptures of flipper tagged male
green turtles at a breeding site in Brazil have both suggested
some males breed every year (van Dam et al. 2008; Gross-
man et al. 2019).

In short, both theoretical considerations and empirical
studies suggest that remigration intervals are generally
shorter for males than females. Consequently, it might be
expected that female-skewed hatchling sex ratios will trans-
late into more balanced operational sex ratios (OSRs), i.e.
the sex ratio on the breeding grounds.

Operational sex ratios (OSRs)

It is well known that around the world and for different spe-
cies, female-biased hatchling sex ratios predominate for sea
turtles (Hays et al 2014). Set against this backdrop, in recent
years, a number of studies have used innovative methods to
assess OSRs. In elegant work, Wright et al. (2012) used par-
entage analysis of samples collected from loggerhead hatch-
lings in northern Cyprus to estimate the number of breed-
ing males fathering clutches of a known number of females.
They estimated that while the hatchling sex ratio was 95%
female, the OSR was only 42% female, in line with a shorter
remigration interval for males meaning that female-skewed
hatchling sex ratios translate into far more balanced OSRs
(Fig. 2). Similarly, Lasala et al. (2013) used this same type
of parentage analysis to estimate that for loggerhead turtles
nesting at a site in Georgia, USA, the OSR was only 27%
female. Using a different approach of photo-identification
collected during snorkel surveys on the breeding grounds for
loggerhead turtles in Greece, Hays et al. (2010) estimated
an OSR of 43% female compared to a hatchling sex ratio of
70% female. This conclusion of a fairly balanced OSR at this
site was later re-iterated using drone surveys to count males
and females during the breeding season (Schofield et al.
2017). Similarly for green turtles breeding at Heron Island,
Australia, drone and boat surveys have been used to estimate
OSRs of 39 and 49% female respectively (Yaney-Keller et al.
2021) despite estimates of highly female-biased hatchling
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Fig.2 Proportion of males and females among hatchlings and breed-
ing adults for green turtles nesting in northern Cyprus (eastern Medi-
terranean, located indicated in the inset map). The hatchling sex ratio
was estimated from incubation durations versus the breeding sex ratio
(i.e. operational sex ratio or OSR) estimated from paternity analysis
of clutches (redrawn from Wright et al. 2012). Red bars females, Blue
bars males. Likewise, other studies around the world and with differ-
ent species have shown that female-biased hatchling sex ratios gener-
ally translate into far more balanced OSRs

sex ratios (Booth and Astill 2001). So the picture emerging
is that while female-biased hatchling sex ratios dominate
in sea turtle populations across the globe, so far studies are
reporting far more balanced OSRs and so males may not be
as limited as previously thought (Arendt et al. 2021). It is
important to note also that the hatchling sex ratio and the
OSR during the same breeding season may not be exactly
comparable because the sex of the adults was determined
more than 30 years ago when the incubation temperature
may have been lower than in the present day. Nonetheless,
the success of these innovative studies outlined above pro-
vides a good roadmap for similar work to be extended to
other populations around the world.

Mating systems and multiple paternity

Many studies have assessed the extent of multiple pater-
nity within sea turtle clutches, typically assigning parentage
using a small blood sample from each hatchling (Fig. 3).
The extent of multiple paternity varies across studies. For
example, the incidence of multiple paternity in green turtle
nests was 92% at Tortugeuro (Costa Rica), 61% at Ascension
Island (South Atlantic) and 24% at Alagadi Beach (northern
Cyprus) (Lee and Hays, 2004; Wright et al. 2013; Alfaro-
Nunez et al. 2015). A review of values reported across the
globe and across species, suggests that the extent of multiple
paternity is linked to the packing density of adult males and
females on the breeding grounds, i.e. is a consequence of
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Fig.3 Sea turtle mating systems. a A pair of loggerhead turtles mat-
ing in Greece. There is strong evidence supporting the hypothesis
that female sea turtles simply “give in” to unwanted mating attempts,
which is termed “convenience polyandry”. So where there is a high
packing density of males and females on the breeding grounds, high
levels of multiple paternity occur within clutches (Lee et al. 2018).
Photo credit: Kostas Papafitsoros. b and ¢ For locations around the
world, the incidence of multiple paternity across populations of dif-
ferent species. Generally, multiple paternity occurs widely. Modified
from Lee et al. (2018)

both the numbers of turtles and the area they occupy during
the breeding season (Lee et al. 2018). For example, large
mating aggregations that are concentrated close to nesting
beaches on Zakynthos in Greece, have the highest levels
of multiple paternity within clutches (Zbinden et al. 2007).
Another example is the low incidence (27%) of multiple
paternity for leatherback turtles (Dermochelys coriacea)
nesting in the US Virgin Islands, which appears linked to a
relatively smaller population and the fact that female leath-
erbacks disperse quite widely during the breeding season
(Stewart and Dutton 2014; Lee et al. 2018). This finding
is consistent with the suggestion that there is little bene-
fit of multiple paternity for female sea turtles, but rather
females simply give into persistent mating attempts so that
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the number of times they are mated is linked to their male
encounter rate (Lee and Hays 2004). Counterargument to
this is a study on loggerhead turtles in Australia that found
a positive correlation between multiple paternity and the
proportion of developed embryos, warranting further inves-
tigations into this topic (Howe et al 2018).

Individual male turtles can mate with many females
(Limpus 1993; Crim et al. 2002; Papafitsoros et al. 2022).
For example, within a single breeding season, Limpus
(1993) reported that male green turtles were sexually active
for about a month and could mate with several females. Lim-
pus (1993) also reported that over a 33 day period one male
green turtle at Heron Island on the southern Great Barrier
Reef (Australia) was observed mounted on at least six dif-
ferent females, with both males and females being identified
by numbered flipper tags.

In the context of climate change and female-skewed
hatchling sex ratios, the occurrence of multiple paternity
in sea turtle clutches can be viewed as a positive finding,
in that it suggests that adult male turtles are not limiting in
a population. For example, for 25 of 31 studies, Lee et al.
(2018) reported an incidence of multiple paternity of >20%
of all clutches. The incidence of multiple paternity is likely
to vary within and across seasons depending on how the
relative numbers of females and males varies, possibly in
relation to the timing and intensity of the influx of females
(Gonzalez-Cortes et al. 2021; Schofield et al. 2017).

Movements and behaviour of male turtles
on the breeding grounds

A range of methodologies are starting to highlight differ-
ences in the patterns of movement between adult male and
female sea turtles. First, satellite tracking is one approach
that has revealed shorter remigration intervals for males
versus females (see earlier). Further, satellite tracking has
suggested that, in some populations, more males tend to
complete shorter post-breeding migrations. For exam-
ple, Hays et al. (2014) reported that for loggerhead turtles
equipped with satellite tags on their breeding adjacent to
nesting beaches in Greece, 9 of 17 tracked males migrated
to foraging grounds < 500 km distant, while for females this
ratio was only 1 in 8§, i.e. females tended to migrate further to
their foraging grounds. Similarly, others have used satellite
tracking to show that males sometimes stay in the vicinity
of the breeding area year round or travel relatively short
distances (Shaver et al. 2005; van Dam et al. 2008; Arendt
et al. 2012; Cuevas et al. 2020). In some cases, males make
long migrations similar to those of females, although this
generally occurs in a smaller proportion of males compared
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to females (van Dam et al. 2008; Arendt et al. 2012; Casale
et al. 2013).

Satellite tracking and molecular analysis have also both
suggested that males likely travel more widely in the breed-
ing season than females, visiting several breeding areas
in one general location. For example, Wright et al. (2012)
satellite tracked a male loggerhead turtle that visited mul-
tiple nesting beaches in the eastern Mediterranean, while
both FitzSimmons et al. (1997) and Lee et al. (2007) used
molecular analysis to infer that males moved further in the
breeding season than females. As a consequence of these dif-
ferences in movements, males likely father offspring widely
across the genetic stock range while females tend to mate in
more confined areas.

While mating is often thought to be concentrated close to
nesting beaches (e.g. Godley et al 2002), mating may some-
times also occur distant to nesting beaches. For example,
for green turtles nesting in some parts of the Great Bar-
rier Reef, mating is thought to occur at regional courtship
areas before females travel onto their nesting beaches and in
these cases, males may be breeding with females from many
rookeries within the region (Limpus 1993). Furthermore,
direct observations have shown mating out at sea 10 s of km
from nesting beaches (Lee et al. 2007). Presumably, in these
cases males are taking the opportunity to mate after chance
encounters with females while both are en route to nesting
areas and, in these cases, again different mated females may
be travelling to different nesting beaches. Taken together
these studies suggest that a single male will likely be able to
find and mate with many females, and with females that nest
on different beaches, which may again help mitigate female
biased OSRs. For example, even if no males are produced
from a single nesting beach, females from that beach may be
mated with males produced from other beaches in the local-
ity. This conclusion helps explain observations of certain
beaches likely only producing female hatchlings across many
decades when mixed hatchling sex ratios are produced from
nearby beaches (Hays et al. 2003). However, the maximum
number of females a male can mate with successfully is still
not well known and is an important question to address in
future studies.

More extensive movement of males on the breeding
grounds has also been revealed at local levels using drone
surveys. For loggerhead turtles in Greece, drone surveys
revealed that on their breeding grounds male loggerhead
turtles tend to be actively travelling while females tend to
be stationary, resting on the seabed (Dickson et al. 2022).
This difference in behaviour may reflect the advantage
to males of finding many females, in terms of increased
mating opportunities, while for females there may be lit-
tle advantage to mating with many males (Lee and Hays
2004). Indeed females have been observed trying to avoid
approaching males (Reina et al. 2005). Compared to males,

females seem to adopt a strategy of energy conservation in
the breeding season to maximise reproductive output (Jes-
sop et al 2004), a strategy that is likely aided by the ability
of females to store sperm to fertilize many clutches (Pearse
and Avise, 2001; Pearse et al. 2002).

Growth rates and age at maturity

Many studies have reported the size of breeding male and
female sea turtles and in some species there is a consist-
ent finding that adult male turtles are smaller than females
(Godley et al. 2002). For example, Godley reported that for
green turtles around the world, the ratio of female to male
carapace length averaged 1.07, i.e. females were 7% longer.
However, in sea turtles the relative age at which males and
females reach sexual maturity is largely unknown. In theory,
where there is sexual dimorphism with adult females being
larger than adult males, then if growth rates are similar
between sexes then we might expect males to reach matu-
rity earlier. Certainly, this scenario appears to be the case
in freshwater turtles where it has been widely known for
many years that males of some species mature earlier than
females. For example, for the freshwater turtle Malaclemys
terrapin, Lovich and Gibbons (1990) reported that males
mature earlier and at a smaller body size than females, with
males typically reaching maturity at age three and females
at age six. Indeed Lovich and Gibbons (1990) proposed that
male:female differences in age to reach maturity may be the
key driver of adult sex ratios.

Some evidence suggests that male versus female growth
rates of immature sea turtles are similar. For example, Avens
et al. (2021) reported no difference in growth rates between
males and females for immature hawksbill turtles in the
western Atlantic, consistent with reports from the Caribbean
region (Krueger et al. 2011; Hart et al. 2013) and a site in the
northern Great Barrier Reef, Australia (Bell and Pike 2012).
However, an older study in the southern Great Barrier Reef
suggested faster growth rates for juvenile female hawksbills
(Chaloupka and Limpus 1997). No sex-specific differences
in growth rates were reported for juvenile loggerhead sea
turtles in the western North Atlantic (Avens et al. 2013), but
sub-adult males grew faster than females (Avens et al. 2015).
Arendt et al. (2021) concluded that during the oceanic
growth phase, male loggerhead turtles tended to grow faster
than females. For immature green turtles, no sex-specific dif-
ferences in growth rates were reported in the northeast Gulf
of Mexico (Avens et al. 2012), Bahamas (Bolten et al. 1992)
or Australia (Limpus and Chaloupka 1997). Sexual dimor-
phism is not universal across sea turtle species. For example,
for Kemp’s ridley turtles, Avens et al. (2017) found no differ-
ences between male and females in either their size or age at
sexual maturity, while Casale et al. (2005) and Ishihara and
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Kamezaki (2011) suggested that male and female logger-
heads reach maturity at a similar size in the Mediterranean
and the North Pacific respectively. Taken together, these
studies largely suggest comparable growth rates of immature
male and female sea turtles and hence support the sugges-
tion (Lovich and Gibbons 1990) that sexual size dimorphism
likely reflects differences in age at maturation. Clearly, this
is an area warranting much more work considering that an
earlier age-at-first breeding for male sea turtles would be
another mechanism by which female-biased hatchling sex
ratios translate into more-balanced OSRs, provided it is not
offset by a shorter life expectancy in males.

Relative mortality rate

There is a general paucity of information on the relative
mortality rates of males and females. For loggerhead turtles
breeding in Greece, lower annual survival rates in males
have been linked to their post-breeding movements with
males occupying more coastal areas, which is thought to
increase their risk of mortality from human sources such
as boat strikes and fishery bycatch (Schofield et al. 2020).
This interaction between movements and survival estimates
is likely to be heavily dependent on the relative threats that
males and females face in different foraging areas. So while
coastal occupation has been seen in males of other species
(e.g. James et al. 2005; Shaver et al. 2005; van Dam et al.
2008; Cuevas et al. 2020), the impacts on survival rates in
these cases were unknown. When comparing across pop-
ulations, i.e. where mortality rates for males and females
have come from different sites, there is no clear difference
in the mortality rates of males versus females (Schofield
et al. 2020). Based on recapture rates of flipper tagged indi-
viduals, Chaloupka & Limpus (2005) reported no sex differ-
ences in survival rates for green turtles in the southern Great
Barrier Reef. These few estimates of the relative survival
rates of males versus females, highlight that this topic is
an important knowledge gap. Furthermore, a difference in
male versus female survival from hatchling to adult might
also contribute to a change in the sex ratio from hatchlings
to adults, although there is a dearth of information on this
topic (Delgado et al. 2010).

Assessing when males may become limiting

It remains equivocal how the tipping-point can be deter-
mined when males become so limiting that population
viability is compromised due to the resulting low fertility
within clutches. The fact that hatchling sex ratios may be
highly female-skewed in some very large nesting popula-
tions (Hays et al. 2017), suggests that even small numbers
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Fig.4 When does a lack of adult males impact population viability
? In most studies around the world there is a marked female bias in
the hatchling sex ratio. Yet the % of female hatchlings is not linked
to population size, i.e. very large nesting populations may still have a
marked female hatchling sex ratio bias. Hatchling sex ratios from his-
tological techniques (open circles) or incubation/temperature-derived
(black circles). Modified from Hays et al. (2017)

of males may be enough for population viability (Fig. 4). For
example, for loggerhead turtles nesting in Florida it has been
estimated that hatchling sex ratio skews are >94% female on
some nesting beaches and yet nesting populations are very
large and are not in decline (Hays et al. 2017). Aspects of
the life history of males, that we have reviewed here, may
explain why populations remain viable even when hatchlings
sex ratios are massively female skewed. In particular, males
breeding more frequently than females and individual males
mating with many females, will both help to mitigate such
female-biased hatchling sex ratio skews. It remains uncertain
how many females a single male turtle can mate with suc-
cessfully in wild populations and this ratio is likely depend-
ent on the packing density of males and females on the
breeding grounds and hence their encounter rates plus also
the physiological constraint of male sperm production. For
example, if hatchling sex ratios are 98% female biased (i.e.
1 male hatchling for every 50 female hatchlings), then if the
remigration interval for adult males is half that of females,
then each breeding male would need to mate with 25 females
if all females are to produce viable clutches. Using these
sorts of calculations, it is clear that at extreme hatchling sex
ratio skews (>99% female), then the number of females each
male needs to mate with can become very high (> 50). In
such extreme cases, the potential for inbreeding and loss of
genetic variation is unknown and is an important question
to address. Others too have noted that climate warming and
increasingly female-skewed hatchling sex ratios will require
male turtles to mate with an increased number of females to
maintain population viability (Jensen et al. 2022).

Once OSRs are too skewed for all breeding females to
be mated, a point will be reached when clutch viability
is compromised. In short, if females are not mated, then
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they will produce infertile eggs. So declining egg fertility
across years may be a sign that males are becoming more
limited. Interestingly, even at Raine Island, Australia, the
largest green turtle rookery in the world and a site where
female-biased hatchling sex ratios are thought to be extreme
(99%, Jensen et al. 2018), egg fertility in clutches appears to
remain high (Booth et al. 2021). In cases where egg fertil-
ity is not measured, we might expect that the incidence of
multiple paternity would provide an alternative indication
that males are becoming limited, for example if there is a
change within nesting populations from a higher to a lower
incidence of multiple paternity over time. Where neither egg
fertility nor the incidence of multiple paternity are measured,
hatching success provides a simple measure that could be
used to indicate whether males are becoming limited, since
infertile eggs will not hatch. Hatching success is estimated
after hatchlings have emerged, i.e. the proportion of eggs
laid that result in a hatchling emerging. While low hatching
success can have many causes (e.g. nest inundation, disease,
high incubation temperatures), a decline in hatching success
throughout a given rookery (i.e. all possible environmental
conditions) across years might also indicate a decline in egg
fertility. Hence the long-term monitoring of egg fertility,
incidence of multiple paternity and hatching success all have
value for ongoing studies.

Summary and conclusions

Aspects of the biology of male turtles may become increas-
ingly important in mitigating increasingly female-biased
hatchling sex ratios that are predicted to accompany climate
warming. A number of factors will drive how hatchling sex
ratios translate into operational sex ratios and only some of
these factors have been assessed in sea turtles (Fig. 5). There
is good data on sexual dimorphism in some species of sea
turtles, with males often being smaller. Immature growth rates
are generally similar between males and females suggesting
that males will tend to reach maturity sooner although relative
ages at maturity remains an important knowledge gap. Limited
data on relative mortality rates have shown higher male mor-
tality rates linked to their movements. Strong evidence sug-
gests males have a shorter remigration interval than females,
which will help mitigate heavily female-biased hatchling sex
ratios. Future studies could target, with a high priority, impor-
tant knowledge gaps including sexual differences in (1) rela-
tive age at maturity, (2) relative mortality rates and (3) further
information on relative remigration intervals. It should also be
noted that the biology of males is generally best described for
green and loggerhead turtles (e.g. Limpus 1993; Hays et al.
2010). Although theoretical considerations suggest that key
aspects of the biology of males, such as their shorter remigra-
tion intervals compared to females, are likely to occur across

Hatchling sex ratio

30.0
o>

Adult sex ratio

o%o

Relative remigration
}. P intervals
. \ Mating patterns # Egg fertility

Fig.5 Likely drivers of egg fertility in clutches. Schematic represen-
tation of some of the factors that likely drive how hatchling sex ratios
translate into operational sex ratios and thereby subsequent egg fertil-
ity. Red circles depict females and blue circle males and illustrate a
female-biased hatchling sex ratio leading to a more balanced opera-
tional sex ratio, as has been found in many locations. For example, as
illustrated earlier age at maturity (shown in some freshwater turtles
but a knowledge gap at present for sea turtles) and shorter remigra-
tion intervals (now fairly well established) for males will mean that
female-biased hatchling sex ratios translate into more balanced OSRs.
These affects will be countered if mortality rates are higher in males,
although relative mortality rates is another important knowledge gap.
Key aspects of mating patterns that likely drive clutch fertility include
the movements of males and females, which will influence encounter
rates, and how many females can be mated successfully by individual
males

Relative mortality rate

(e.g. related to movements)
Relative growth rate and
adult sexual dimorphism dnve
size & age at maturity

Operational Sex Ratio

species (Hays et al. 2014), further studies on the biology of
males of other species are needed. Ongoing, long-term moni-
toring of egg fertility within clutches, the incidence of multiple
paternity, and hatching success may provide an indication that
a lack of breeding males is impacting population viability. A
concern that remains, aside from hatchling sex ratio skews, is
that increases in incubation temperature, occurring as part of
climate warming, will raise embryonic death in eggs (Hays
et al. 2017) and so negatively impact populations.
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