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Abstract

The evolution of sex determination is complex and yet crucial in our understanding
of population stability. In ectotherms, sex determination involves a variety of mecha-
nisms including genetic determination (GSD), environment determination (ESD), but
also interactions between the two via sex reversal. In this study, we investigated
whether water deprivation during pregnancy could override GSD in two heteroga-
metic squamate reptiles. We demonstrated that water restriction in early gestation
induced a male-biased secondary sex ratio in both species, which could be explained
by water sex reversal as the more likely mechanism. We further monitored some
long-term fitness estimates of offspring, which suggested that water sex determina-
tion (WSD) represented a compensatory strategy producing the rarest sex according
to Fisher's assumptions of frequency-dependent selection models. This study pro-
vides new insights into sex determination modes and calls for a general investigation

of mechanisms behind WSD and to examine the evolutionary implications.
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1 | INTRODUCTION

Sex determination, the process by which an individual expresses the
phenotype of female, male, or both during development and adult-
hood, provides the cornerstone for sexual reproduction, and thus
plays a key role in the maintenance of genetic diversity, dynamics of
small populations and sexual selection (Le Galliard, Fitze, Ferriére, &
Clobert, 2005; Kokko, Klug, & Jennions, 2012; Uller, Pen, Wapstra,
Beukeboom, & Komdeur, 2007). Sex determination mechanisms vary
amazingly among living species of eukaryotes and are evolutionary
labile. In animals, sex can be determined at fertilization (GSD for ge-
netic sex determination) either through heterogamety (XY males or
ZW females) or polygenic sex determination (Bachtrog et al., 2014;
Kraak & Pen, 2002). In many species of reptiles, amphibians and
fishes, sex can also be determined by external conditions (ESD for
environmental sex determination) (Bachtrog et al., 2014).

By far, ESD has been disproportionally focusing on the effects
of temperature (TSD for temperature sex determination) given the
broad occurrence of this strategy. In particular, reptiles are key
models to study the TSD where the secondary sex ratio (i.e., ratio
between males and females at birth) varies along the thermal gra-
dient of the nest (i.e., oviparous species) or is actively controlled
via maternal thermoregulation (i.e., viviparous species) (Robert &
Thompson, 2001). In reptiles exhibiting TSD, temperature drives
the sex determination during the early development of embryos
through the thermo-sensitive action of various physiological
pathways such as epigenetic control of gene expression (e.g.,
aromatase) and hormonal secretion (Matsumoto, Buemio, Chu,
Vafaee, & Crews, 2013; Pieau & Dorizzi, 2004). Although exact
mechanisms of TSD remain fuzzy in many species, the evolution of
TSD should be favored when the fitness of females (resp. males) is
higher under thermal conditions that promote female-biased (resp.
male-biased) sex ratios (Charnov & Bull, 1977; Pen et al., 2010;
Warner & Shine, 2008).

Although most animal species have been historically classified
with either GSD or ESD, both strategies are now treated as ex-
tremes of a continuum of relative influence between genotypic
and environmental factors (Capel, 2017; Mank & Uller, 2014; Pen
et al., 2010). For example, cases of environmental sex reversal
offer striking examples of labile interactions between GSD and
ESD, whereby the genetic sex is environmentally reversed during
ontogeny (Stelkens & Wedekind, 2010). In reptiles for instance,
high temperature during development overrides GSD in Australian
bearded dragon (Pogona vitticeps) by feminizing ZZ males (Quinn et
al., 2007), and these sex-reversed ZZ females then performed bet-
ter reproduction than heterogametic ones (Holleley et al., 2015).
These findings thus place temperature sex reversal as a transient
strategy which may rapidly evolve to TSD and lead to a progres-
sive degeneration of the W or Y chromosomes in the population
(Holleley et al., 2015). Many additional examples among animals
showed that sex reversal might be a common strategy influenced
by abiotic (temperature, pH, photoperiod, endocrine effects) or

biotic (social rank, population density, parasitic Wolbachia sp)
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factors whose prevalence might accelerate with anthropogenic
activities (Stelkens & Wedekind, 2010). Notably, in regards with
global warming, abnormal temperature exposures can destabi-
lize operational sex ratio (i.e., ratio between breeding females
and males), potentially leading to a population extinction (Pezaro,
Doody, & Thompson, 2017). Such statement illustrates the critical
importance to clarify the environmental cues leading to ESD or
sex reversal in understanding and predicting organisms’ responses
to future climates.

Given the dominant effect of thermal conditions on the ecology
and the evolution of reptiles, the role of other environmental factors
in sex determination has been neglected. Together with environ-
mental temperatures, water availability is another critical ecolog-
ical factor that dramatically influences homeostasis and fitness in
reptiles (Bradshaw, 1997). Water sex determination (WSD) occurs in
plants (Freeman & Vitale, 1985), and in one turtle species known for
exhibiting TSD, nest moisture seems to interact with thermal con-
ditions in shaping secondary sex ratio, thereby suggesting a poten-
tial contribution of water in sex determination (Sifuentes-Romero,
Tezak, Milton, & Wyneken, 2018). Furthermore, reptiles are known
to express considerable developmental plasticity in response to
water conditions during embryogenesis (Packard, 1991). Contrary to
temperature, water is a depreciable resource meaning that during
gravidity or gestation, females have to divide water between em-
bryos hence suggesting an additional level of variation with in utero
intraclutch competition (Bonnet, Naulleau, & Shine, 2017). Maternal
control of water allocation into offspring through hydroregulation
mechanisms during gestation influences offspring fitness and can
differentially influence sons and daughters (Dupoué et al., 2018; Le
Galliard, Massot, Landys, Meylan, & Clobert, 2006). Yet, it remains
unknown if changes in water availability during embryonic develop-
ment can cause sex reversal.

In this study, we tested the impact of water availability during
gestation on sex ratio variation in two heterogametic and vivip-
arous (live-bearing) reptiles, a snake (Vipera aspis) and a lizard
(Zootoca vivipara). In these species, sex at birth is reported to be
chromosomally determined through the ZZ-ZW system (Aprea,
Gentilli, Zuffi, & Odierna, 2006; Chevalier, Dufaure, & Lecher,
1979). We first experimentally tested whether a two-week pe-
riod of water restriction in mid-pregnancy can cause secondary
sex ratio variation beyond the 1:1 expectation in GSD species.
Since water restriction protocol has previously been shown to
significantly dehydrate females without modifying reproductive
investment (Dupoué et al., 2015, 2018), unbalanced sex ratios
could imply WSD. We further investigated whether distorted sec-
ondary sex ratios could be explained by alternative hypotheses
to WSD per se including (a) differential sex-biased mortality, (b)
methodological biases, or (c) statistical artifacts. We lastly ex-
amined the potential for WSD as a selective strategy by testing
the assumptions of the Charnov & Bull models for evolution of
sex determination (Charnov & Bull, 1977; Warner & Shine, 2008).
If water restriction increases the proportion of one sex at birth,
this theoretical model predicts that fitness of this sex should be
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favored when produced by water restricted mothers. Given that
both species are capital breeders with strong influence of body
size on reproductive investment, we used offspring early body
growth and annual survival rates, as reliable estimates of lifetime
reproductive success (Bonnet, Lourdais, Shine, & Naulleau, 2002;
Le Galliard, Clobert, & Ferriére, 2004).

2 | MATERIALS AND METHODS
2.1 | Capture, husbandry, and experimental design

2.1.1 | Species 1: the Asp viper

The Aspic viper (V. aspis) is a medium-size snake (~60 cm adult body
size) that is typically found in hedgerow landscapes in Western
Europe. In May and June 2012, we caught 29 pregnant females from
neighboring sites in western France (Vendée and Loire-Atlantique
Districts) and we assessed gestation using ultrasonography
(Dupoué et al., 2015). Females were housed 3-4 per cage in 8 cages
(100 x 30 x 35 cm) following the husbandry as detailed previously
(Dupoué et al., 2015). Females were provided a thermal gradient
(20-40°C) 5 hr per day with a 75W light bulb at one extremity of the
cage and were provided with water ad libitum with four water bowls
and two sprays per day. Each female was randomly assigned to ei-
ther a control or a water deprivation treatment. In the control group,
females were maintained in the same conditions while we removed
the full access to water in the water-deprived group for three weeks
(Dupoué et al., 2015). We measured the changes in plasma osmolal-
ity during the treatment as an index of hydration state, showing that
water-deprived females faced a severe dehydration, directly related
to their reproductive effort (Dupoué et al., 2015). The day of partu-
rition, we measured all neonates and stillborn offspring and sexed
each individual by everting the hemipenis. Live neonates (n = 125)
were then individualized in plastic boxes (30 x 16 x 10 cm), kept in
conditions as described previously (Dupoué et al., 2016), and meas-
ured again two weeks after birth to calculate early growth rate.
They were then released together with their respective mothers at

the exact capture location.

2.1.2 | Species 2: the Common lizard

The European Common Lizard (Zootoca vivipara) is a small (~70 mm
adult body size), widespread lacertid from humid peat bog and
heathland habitats across northern Eurasia. In 2015, 2016, and
2017, we caught 420 adult pregnant females from 24 outdoor
enclosures (10 x 10 m) at the Centre de Recherche en Ecologie
Expérimentale et Prédictive (Saint-Pierre-lés-Nemours, France,
48°17'11.42N, 2°40'46.00E). The day of capture, each lizard was
identified with a unique toe clip code and maintained in conditions
as previously described (Dupoué et al., 2018). Lizards were indi-
vidually housed in terraria (25 x 15 x 16 cm) containing a shelter,
peat soil as substrate and opportunities for optimal thermoregula-
tion with a thermal gradient (23-38°C) 9 hours per day created

by suspending a 25 W light bulb over one end of the terraria. All
lizards had access to a standardized mass (400 + 20 mg) of crickets
(Acheta domesticus) every three days. Lizards had ad libitum access
to a water bowl, and terraria were sprayed with water three times
per day. At the time when pregnant females were at mid-gestation
(late May-early June), they were randomly assigned to two experi-
mental treatments following a previously established procedure
(Lorenzon, Clobert, Oppliger, & John-Alder, 1999). In the water re-
stricted treatment, we removed the water bowl and reduced the
misting frequency to once in the morning. In the control treat-
ment, females had permanent access to the water bowl and were
misted three times per day. Each year, water restriction lasted for
14 days. After the period of water restriction, all individuals re-
turned to the control water conditions, having permanent access
to water in a water bowl and being misted three times per day. The
day of parturition, we measured all neonates and we sexed each
individual by counting the ventral scales as previously established
(Lecomte, Clobert, & Massot, 1992). This method has proven suc-
cessful in sex determination. At recapture the next year, when the
phenotypic sex is determined with clear secondary sexual charac-
ters (e.g., hemipenises in males), we found an error rate of 8% in
sex determination of juveniles at birth.

Live juveniles (n = 2,766) were released in outdoor enclosures the
day of birth (mid-June to mid-July) and recaptured in early September
to assess the early growth rate. On the day of capture, lizards were
identified with their unique toe-clipped code, measured, weighed,
and released at the end of the day. Early growth rate was calculated
as the change in SVL divided by the days between measurements,
since growth rate in this species is linear during the first month life
(Fitze & Le Galliard, 2008).

2.2 | Statistical analyses

All analyses were performed using R software (version 3.2.0, R Core
Team 2016, https:// www.r-project.org/). Secondary sex ratio was
calculated for each litter as the ratio between the number of males
and number of females and analyzed with logistic regressions includ-
ing a logit link and binomial error term [package Ime4] and z tests
were performed [package ImerTest]. We tested the relationships
between secondary sex ratio and water deprivation treatment, fe-
male body size and reproductive timing. Reproductive timing was
retro-calculated as the day differential between parturition date and
the last day of exposure to water restriction, to estimate the em-
bryonic developmental stage when females were exposed to water
restriction. For analyses in the Common lizard, we used mixed-effect
models to include the random effects of female identity given that
some females had repeated contributions between years. Moreover,
models included the fixed effects of year alone or interactively with
female hydric treatment.

We analyzed the juvenile early body growth rate with a linear
mixed model by accounting for random effects of mother identity
given the non-independence between siblings. In lizard analyses,
the random effect of mother identity was nested into the outdoor
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FIGURE 1 Male-biased secondary sex
ratio following water restriction in two
viviparous reptile species. The average
proportion of males at birth is higher in
litters from water restricted pregnant
females in both (a) V. aspis and (b) Z.
vivipara compared to their respective
controls. Data are represented as
mean * SEM and significant differences
between female hydric treatments are
symbolised: * p < 0.05
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enclosure in which juveniles were released. Fixed effects included
the mother hydric treatment, juvenile sex, the year and first- or sec-
ond-order interactive terms.

In all cases, a minimum adequate model was obtained by a
backward procedure where we removed nonsignificant terms one
by one starting with second-order interactions. In the Common
lizard analyses, we used mixed effects models, which can generate
statistical artifact due to variation in litter size among females. We
therefore tested the robustness of each term selected in the final
model using a parametric bootstrap analysis [package pbkrtest]. In
this analysis, we compared the likelihood ratio test (LRT) of the
final model (i.e., large model) to model without the selected term
(i.e., simple model). For each term, we generated 1,000 samples of
the simple model LRT that were either larger (p < 0.05) or equal
(p > 0.05) than the LRT of the large model.

Results are presented as the mean + SE. In figures, secondary sex

ratio was represented as proportion of males in the litter.

3 | RESULTS

3.1 | Water restriction causes unbalanced sex ratios

In both species, water restriction during mid-pregnancy led
to a male-biased secondary sex ratio (vipers: n = 13 females,
p = 0.68 + 0.28, z = 240, p = 0.016; lizards: n = 218 females,
$=0.26+0.06,z=4.3,p <0.001), while ad libitum water availability
was associated with a balanced secondary sex ratio (vipers: n = 14
females, g = -0.24 + 0.25, z = -0.95, p = 0.343; lizards: n = 200
females, f=0.07 £ 0.06, z = 1.26, p = 0.208). Final model retained
the additive influence of the hydric treatment (Figure 1a,b, Table 1)
and reproductive timing (Figure 2a,b, Table 1). That is, male-biased
sex ratio was enhanced when pregnant females were exposed to
water restriction in early pregnancy, while the effects were rela-
tively moderated in late pregnant females (Figure 2a,b). In both
species, females were in the same reproductive timing during the
exposition to hydric treatments (vipers: t) 95 = -0.8, p = 0.429; liz-
ards: t 417 = -0.9,p =0.366). In lizards specifically, these results did
not show any inter-annual variation (between years comparisons:

all p > 0.384) and the effects of water restriction or reproductive

Hydric treatment

timing as presented above did not change between years (inter-
active terms between treatment and year or reproductive timing
and year, all p > 0.289). These results demonstrate that WSD was
consistent across years in this species and not an artifact of a small

sample size and unique study year.

3.2 | Alternative hypotheses to WSD

The first alternative hypothesis to WSD is that male-biased sex ratio
was caused by differential in utero mortality after conception and
before parturition. In vipers, only 5% of neonates were stillborn (5
from control females, 3 from water restricted females) but formed
enough to be sexed and therefore included in our analysis of sex
ratio at birth. Moreover, thanks to an ultrasounding monitoring from
ovulation to parturition, we assessed neither a loss of embryo, nor
an effect of the hydric treatment on maternal water allocation nor on
reproductive success at birth (Dupoué et al., 2015). Therefore, this
hypothesis is not valid in vipers and sex ratio at birth provides an un-
biased estimate of the secondary sex ratio. In lizards, we determined
the sex of the majority of offspring including aborted, stillborn, and
viable offspring (96.5% of individuals). In nonviable sex-determined
offspring (n = 147 late aborted fetus and stillborn), we found a similar
tendency (proportion of dead males: 53.0 + 8.1% from control moth-
ersvs. 61.1 + 6.3% from water restricted mothers), although nonsig-
nificant difference between hydric treatments (z = 1.4, p = 0.163).
This still shows that higher mortality of females was not the cause of
male-biased secondary sex ratios in water-deprived litters. We fur-
ther confirmed this result by performing the same statistical tests
of sex ratio variation following a hypothetical scenario with a sex
differential mortality. That is, in the remaining 3.5% of offspring for
which sex was not determined due to uncountable scales (n = 110
early aborted embryos), we hypothesized female-biased mortality
of embryos by arbitrarily attributing a 1:1 male-female mortality in
control mothers vs. 0:1 male-female mortality in water restricted
mothers. Even under this extreme and unrealistic scenario, our re-
sults remained similar as described before hence confirming that
water deprivation influenced the secondary sex ratio (Table 2).
Inlizards, a second alternative hypothesis to WSD would involve

that hydric treatment influences the relationship between scale
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FIGURE 2 Combined effects of water treatment and reproductive timing (embryonic development) on the secondary sex ratio. We
calculated the reproductive timing as the differences (days) between parturition date and the exposure to water restriction in order to
estimate the embryonic developmental stage when pregnant females were exposed to water restriction (O = parturition date). In both a) V.
aspis and b) Z. vivipara, the male proportion increases when exposure to water restriction occurred earlier in gestation. The predictions of
the final model were fitted on the data (solid line) together with the 95% confidence interval (dashed lines) of both control (gray lines) and

water restricted females (orange lines)

number and phenotypic sex, thus caused a bias in our sexing tech-
nique. To test this hypothesis, we examined data from offspring un-
ambiguously sexed from their reproductive organs once yearling.
Our sexing technique caused some errors (8% error rate). However,
error rates were similar between hydric treatments (n = 919, ;(21 =
2.86, p = 0.091) and the discriminant function between number of
ventral scales and sex did not differ between hydric treatments (all
p > 0.226). This demonstrates that the biased sex ratio at birth was
most likely not caused by a methodological bias.

In lizards, the last alternative hypothesis implies a statistical ar-
tifact caused by the use of mixed logistic models and unequal lit-
ter size among females (Bolker et al., 2009). We therefore used a

parametric bootstrap method for comparing the observed influence
of hydric treatment and reproductive timing to predictions of 1,000
iterations of models under the null hypothesis of a random, balanced
sex ratio. This statistically robust method retains both unambigu-
ously the effects of hydric treatment (parametric bootstrap test:
p = 0.02) and reproductive timing (p = 0.005).

3.3 | WSD helps to maintain a balanced operative
sex ratio

Our best measure of offspring fitness in both species (early
body growth rate and survival) showed species- and sex-specific

TABLE 1 AlCc-based model selection comparing the influence of body size (SVL), water restriction period (Treatment), and embryonic
development (ED) on the secondary sex ratio (proportion of males and females at birth) in the aspic viper (V. aspis) and the common lizards

(Z. vivipara)

V. aspis Z.vivipara

Model k AlCc AAICc wi LoglLik Model k AlCc AAICc wi LoglLik

ED + Treatment 3 71.49 0.00 0.31 -32.22 ED + Treatment 4 1441.62 0.00 0.27 -716.76

SVL + Treatment+ED 4 72.61 1.11 0.18 -31.39 SVL + Treatment 1441.90 0.28 0.23 -715.88
+ED

ED x Treatment 4 73.08 1.59 0.14 -31.63 ED x Treatment 5 1442.44 0.82 0.18 -716.15

SVL + ED 8 74.33 2.84 0.07 -33.64 SVL + Treatment 6 1442.87 1.25 0.14 -715.33
x ED

Treatment 2 74.60 3.11 0.06 -35.08 ED 3 1445.05 3.43 0.05 -719.50

ED 2 74.97 3.48 0.05 -35.23 SVL + ED 4 1445.21 3.59 0.04 -718.55

SVL + Treatment x ED 5 75.00 3.51 0.05 -31.07 SVL + Treatment 4 1445.29 3.67 0.04 -718.59

SVL 2 75.16 3.67 0.05 -35.36 Treatment 3 1446.40 4.78 0.02 -720.17

SVL + Treatment 3 75.48 3.99 0.04 -34.28 SVL 3 1448.21 6.59 0.01 -721.07

Null 1 75.59 4.10 0.04 -36.72 Null 2 1449.43 7.81 0.01 -722.70

Note: Models were built with each factor and covariate alone and in interaction and compared to a model including the intercept only (Null). In lizard
analyses, given the repeated design over 3 years, female identity was set as random factor. See text for details.
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TABLE 2 AlCc-based theoretical model selection as described

@
in Table 1 to test the hypothesis that the male-biased sex ratio in § * * B o
water restricted mothers occurred because of a female-biased ° ~ o o 8 §
mortality o g v+ &8 38 £s
£ 5 8 o O O £ o
E=~ o q I I
Model k AlCc AAICc wi LogLik g K ? g_ Q o § Eo
9] 5 2 4 o 4 E£EE
SVL + Treatment 5 1474.38  0.00 0.22 -732.12 3 = & oo 22
a o 1 1 1 » O
+ED X 5 N 95
o 2 2 £ 838 2°%
ED + Treatment 4 1474.64  0.26 0.19  -733.27 5 8 - & 9 8 %35
< h S oS S S g0
SVL + ED 4 1475.13 0.75 0.15 -733.52 B _Z *g
€ n 5 o
ED 3 1475.48 1.09 0.12 -734.71 c - $ o o o =2
o .8 ©n ¥ v ¢ 8 o0
SVL + Treatment 6 147576  1.38 011 -731.78 & L HoH o wH o occ
c 55 0 @ N2 55
xED 5 e § 599 =3
el o W ™M ™M ™ c =
ED x Treatment 5 1475.90 1.51 0.10 -732.88 g E E
=
SVL + Treatment 4 147742  3.04 0.05 -734.66 c\Q{ v I N o %_
i = J—
SVL 3 147799  3.60 0.04 -73597 I 2 N oL w 29
= = 9 < =5
Treatment 3 147928 489 002 -736.61 P slse 9 ¥ 99 23
= b= S o c 0o
Null 2 147992 553 001 73794 3 €% 38 9 9 ¢ 3
- =]
OE © ®» » » &
Note: Table shows the results from model comparisons (as in Table 1) é - 2 g
when all aborted eggs with uncountable scales have been considered IS o g 4{-:3“
only as females in water restricted mothers and randomly as males or 8 g E
females in the control mothers. Even under this pessimistic scenario, we 2 § g
found similar results than previously, hence invalidating the hypothesis g - M = E -
of a differential mortality between sexes. N g 8 R ¢ B g
o O © c =
L E’ g [T T 3 @

. . s £ v T 28 209
responses. In vipers, early growth was similar between sexes (t1,119 g = 2 g 9« £ £
=-0.9, p = 0.379, Table 3) and increased in juveniles from water- S T ©° PP = §

s O 1 1
deprived females (t1,119 _2.8, p = 0.009, Table 3) irrespective of 'é :é_: é 2 2 9 E 4{_,“—;
juvenile sex (interaction term, t, ,,o = -1.0, p = 0.321, Table 3). f_: £ JRENRE S e g £
’ o w— ©
In lizards, early growth rate showed interactive effects of juve- P © 56
—_— g E
nile sex, mother treatment, and year (t; ;5,5 = 2.2, p = 0.027). g W " 3 (: 3 $ % g
' T = H o+ 4
Specifically in 2015, an abnormally warm and humid summer 2 E_ L2 o <« o ,ﬂ TE“ b
© 2 o 0o I N <
(Figure 3), maternal water restriction led to reduced juvenile fe- 4 é g SESE % "
- < £
male early growth rate only (Table 3). On the contrary, in 2016 and g €3
() [0
2017 that were either respectively associated with warm and dry ° % v " i °
= = n
or normal summer conditions (Figure 3), maternal water restric- S ,,E, 2 ~N v o 8 Tl“)
>= - ¥ & &2
tion led to reduced growth rate of juvenile males only (Table 3). 3L 9 = = : :ﬁ H H B
. L . wE Bl 58 o v N TE
Eventually, this variation in early growth rate resulted in strong ) g S % 'oé &c I8 @ 5;
- =] =
annual variation of juvenile survival (between years comparisons, % 3 R °>° 55
U + ©
all p < 0.001), and lower survival of juvenile from water restricted ‘r‘é g 5 8.
.2 >
mothers compared to controls (n = 2,745, z = -2.7, p = 0.006). § Zz E e
> = — 39
However, juvenile survival rate was not influenced by additive nor o 3 % . g o ?
oo o [ 5 ©
interactive effect of juvenile sex (all p > 0.105, Table 4). > 5 @ =~ = 3 § *? g
583 8 2% 5
» £ 5| ¢ 3L
St §| 2 =£2
4 | DISCUSSION °d & 5 s 9452
St & = E EE Co38
88 2| &  £E&55 §ss
. . .. = B =
ESD is one of the most striking examples of developmental plasticity g ] E E 3
%] c
and provides a unique framework to investigate how complex gene- T:“ ) = N9 o9 N E 2 z
. . . . o 9 O O O O LYo
environment interaction shape phenotypes and ecological responses é = > & & & |« S o &
= v
to environmental variation (Capel, 2017; Mank & Uller, 2014; Pen et al., o £ s 2 g 'g
c v
2010). Here, we documented for the first time that water restriction w 2 T o oo g 273 %
=4 0 == o I =52
can override heterogametic sex determination in two viviparous spe- : 5 :'é ?n;a_ g = S § S
1) >. . - 17y >
cies known to display GSD (Aprea et al., 2006; Chevalier et al., 1979). - 2 @@ N 29 2



DUPOQUE T AL.

6530 WI LEY—ECOlOgy and Evolution

Open Access,

@
<
N
T
R
O
< L
é o [T TF_
= o ®
= 1
© |
[ | |
2015 2016 2017

(b) o
o—
=
-~ o
E ®
E
o o
c ©
kel
=
S o
o ¥
Q
o
o &
o

01-Aug 11-Aug 21-Aug 31-Aug

FIGURE 3 Climatic conditions registered during August in each year from the French meteorological agency. Dashed lines represent
the mean of “normal” (Meteo France, http://publitheque.meteo.fr, Station 77,333,003, alt: 73m, lat: 48°16'12"N, lon: 02°42'54"E) of (a)
temperature and (b) precipitation conditions during August calculated between 1981 and 2010

Specifically, we found a higher proportion of males at birth in two vivip-
arous reptiles from distinct phylogenetic families whenever pregnant
females faced limitations in water availability during early gestation.
We excluded the three alternative hypotheses to WSD including dif-
ferential sex-biased mortality after conception, methodological biases
in sexing, or statistical artifact due to data structure and model con-
struction. Our results, which were noticeably repeatable during three
independent years in lizards, thus demonstrate the occurrence of WSD
consistently with earlier studies in plants or anecdotal evidence in tur-
tles (Freeman & Vitale, 1985; Sifuentes-Romero et al., 2018). At the
same time, our data indicated that the effect size of water deprivation
was generally low on average, especially in lizards where we found an
average 6% male-bias induced by water deprivation. This suggests that
water restriction may have caused sex reversal by masculinizing some
but not all ZW females and/or that water deprivation had large effects
only during a critical embryonic stage (see below).

The two study species invest energy into egg production prior to
gestation during vitellogenesis because they are both characterized
by lecitotrophic placentation. Maternal effort during gestation is thus
mainly oriented to hormone or salt exchange with embryos, regula-
tion of water supply, and thermoregulation (Dupoué et al., 2018; Le
Galliard, Bris, & Clobert, 2003; Lourdais, Lorioux, Dupoué, Wright, &
DeNardo, 2015). One may question the direct link between maternal
water restriction and sex determination in these species since water
restricted reptiles often decrease their thermal preferences or their
basking activity to lower dehydration rates (Ladyman & Bradshaw,

Juvenile females Juvenile males

2003; Lorenzon et al., 1999). However, earlier and independent ex-
periments conducted in both V. aspis and Z. vivipara demonstrated
that exposure of pregnant females to different thermal regimes or
basking activity time did not influence the secondary sex ratio in
these species (Foucart, Heulin, & Lourdais, 2018; Lorioux et al., 2013).
Besides and to limit temperature differential between treatment,
control group had permanent access to water at the opposite side of
heat source (light bulb) and water was always sprayed out of thermo-
regulation time. Although our results clearly support the occurrence
of WSD in early pregnant females in these two species, functional
studies are now critically required to clarify the physiological path-
ways mediating WSD and notably interactions with maternal effects
and hormonal regulation. Dehydration can cause physiological stress
and endocrine dysregulations (Bradshaw, 1997; Dupoué et al., 2016),
and we suspect WSD to be mediated by the impact of water restric-
tion on stress-mediated epigenetic regulation and maternal hormone
mediation (Bowden, Ewert, & Nelson, 2000; Pieau & Dorizzi, 2004).
In other animals, sex reversal is relatively frequent and potentially
mediated with exogenous hormones (Stelkens & Wedekind, 2010).
In reptiles species studied here, water could have reversed the sex of
heterogametic females into males through an inhibition of aromatase
activity early in development (Ramsey & Crews, 2009). Besides, in
both species, dehydration induced an increase in mother corticoste-
rone secretion (Dupoué et al., 2016, 2018), this hormone being known
to interact with sex determination in other lizard species (Warner,
Radder, & Shine, 2009). These proximate mechanisms should be

TABLE 4 Annual variation of the
survival rate among juvenile female

Year Control mothers Restricted mothers Control mothers
2015 20.1+2.2 16.0+2.3 170+ 2.0
2016 56.6+4.2 53.6+5.1 52.9+4.0
2017  46.6+3.3 36.4+3.4 45.0+3.1

and male of common lizard (n = 2,745
observations), born from mothers

Restricted mothers

124+18 exposed either to water restriction in
519+44 mid-gestation (restricted) or fully hydrated
419£3.2 (control)

Note: Table reports the mean (+SEM) of juvenile survival rate (%) within sex and across years
between individuals born from control vs. those born from water restricted mothers. Survival was
highly variable among years (all p < 0.001) and lower in juveniles born from water restricted moth-

ers compared to those born from control mothers. See text for details.
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clarified in future experiments and by more detailed investigations of
the lizard karyotypes or genetic sex markers. Our results also showed
that WSD is stage-dependent since we found greater distortions of
the secondary sex ratio when water restriction occurred earlier in
gestation. As for the temperature sensitive period (Ramsey & Crews,
2009), this suggests that WSD is more likely to occur in early devel-
opmental stages before and/or during gonadal differentiation than in
later development stages.

One evolutionary mechanism by which WSD is likely to be main-
tained involves sex-specific effects of maternal water restriction on
offspring fitness and therefore different fitness optima between
sons and daughters (Charnov & Bull, 1977; Warner & Shine, 2008).
Yet, the relationship between WSD and early fitness indicators
showed either no differential optimum between juvenile females
and males in vipers or complex year-dependent sex-specific growth
trajectories in lizards. Early body growth was enhanced in neonate
vipers from water-deprived mothers (Dupoué et al., 2016) and this
response was equivalent between juvenile females and males. In
turn for lizards, juvenile female and male fitness differed between
water restriction treatments and years. On one hand, juvenile males
that faced water restriction during embryonic life had a lower early
growth rate when exposed to a normal or an abnormally warm and
dry summer conditions. On the other hand, maternal water restric-
tion impacted the early growth trajectories of juvenile females
only during a warm and wet summer. Eventually, these variation in
growth rates were paralleled by annual variation of the survival rate
although the negative impact of year and maternal dehydration on
survival was similar between males and females. Together, these
annual and sex-specific responses are consistent with previous ob-
servations that male fitness curves are more sensitive to maternal
dehydration and availability of free water in natural (Le Galliard et
al., 2006) and seminatural or laboratory experiments (Dupoué et al.,
2018; Romero-Diaz, Breedveld, & Fitze, 2017). These findings how-
ever stand against conclusions of theoretical evolutionary models
of ESD and sex reversal, where growth and survival of sons from
water restricted females should be higher than those of daughters
(Charnov & Bull, 1977; Pezaro et al., 2017; Warner & Shine, 2008).
Since our results provide either no support for such sex-specific fit-
ness curves (i.e., vipers) or even the opposite tendency (i.e., lizards),
the fitness benefits of WSD remain unclear so far. This suggests that
WSD may not have any adaptive significance. Alternatively, one hy-
pothesis, which remains to be tested, could be that WSD was se-
lected in lizards to compensate for an average deleterious effects of
dehydration stress on sons’ fitness (Conover & Van Voorhees, 1990).
In support of this alternative hypothesis in lizards, the fitness of the
minority sex from each treatment group was differently impacted by
postnatal environments across the three study years. Specifically,
sex differencesin early growth rates were exacerbated when postna-
tal environment matched developmental conditions (daughters: con-
trol treatment followed by wet summers vs. sons: water restriction
followed by summer drought). These results imply that consistent
differences in habitat water availability may lead to a female-biased
adult sex ratio, which may select for individual strategies to produce
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the rarest sex according to Fisher's assumptions of frequency-de-
pendent selection models (Fisher, 1930).

Temperature usually covaries with water availability and both
are critical determinants of phenotypic plasticity in ectotherms
(Kearney & Porter, 2009). In the two species studied here, it was
previously suggested that sex was determined solely by GSD, with
females being the heterogametic sex. Here for the first time, we doc-
umented that one snake and one lizard species, GSD can be override
by another environmental cue than temperature. Our study is still
preliminary and both the proximate mechanisms and the adaptive
significance of WSD remain to be elucidated. Taken the vital func-
tion of water, the considerable water embryonic demand during ges-
tation and the convergent results for WSD in two distantly related
species with distinct tolerance to water restriction, we predict that
WSD in early gestation might represent a general pattern in rep-
tiles (Freeman & Vitale, 1985; Sifuentes-Romero et al., 2018). Water
availability is expected to strongly change in the near future thereby
questioning the interaction between WSD and population trends as
for TSD (Pezaro et al., 2017). Our study thereby calls for general
investigations of WSD and offers new insights and perspectives for

our understanding on complex sex determination processes.
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