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SUMMARY

Sessile organisms with thermally sensitive develop-
mental trajectories are at high risk from climate
change. For example, oviparous reptiles with tem-
perature-dependent sex determination (TSD) may
experience strong (potentially disastrous) shifts in
offspring sex ratio if reproducing females are unable
to predict incubation conditions at the time of ovipo-
sition. How then have TSD reptile taxa persisted over
previous periods of extreme climatic conditions? An
ability of embryos to move within the egg to select
optimal thermal regimes could buffer ambient ex-
tremes, but the feasibility of behavioral thermoregu-
lation by embryos has come under strong challenge.
To test this idea, we measured thermal gradients
within eggs in semi-natural nests of a freshwater
turtle species with TSD, manipulated embryonic
thermoregulatory ability, and modeled the effects of
embryonic thermoregulation on offspring sex ratios.
Behavioral thermoregulation by embryos acceler-
ated development and influenced offspring sex ratio,
expanding the range of ambient conditions under
which nests produce equal numbers of male and fe-
male offspring. Model projections suggest that sex
ratio shifts induced by global warming will be buff-
ered by the ability of embryos to influence their sex-
ual destiny via behavioral thermoregulation.

INTRODUCTION

Climate change imperils many species, but some kinds of organ-

isms are at particularly great risk. A species’ vulnerability

depends upon climatically mediated characteristics of its envi-

ronment (and the nature and degree to which those characteris-

tics will change in the future) and traits of the species itself. For

example, ambient temperatures display great spatial heteroge-

neity inmany terrestrial systems, allowing organisms to evade le-

thal thermal extremes by moving to sites that offer favorable
Current
thermal conditions. Behavioral thermoregulation thus can allow

individuals to persist even if mean climatic conditions within their

local area become unfavorable [1]. Lacking that ability, sessile in-

dividuals may be at high risk in a changing climate—especially if

important components of their phenotypes are influenced by

developmental temperatures [2].

Oviparous (egg-laying) reptiles with temperature-dependent

sex determination (TSD) provide a classic example of taxa at

risk. Although a reproducing female can buffer the impact of cli-

matic change by selecting specific nesting sites (e.g., in shade or

deeper in the soil), she may be unable to predict conditions dur-

ing the several-week incubation period—especially if climate

change results in a modified seasonal progression of soil tem-

peratures or introduces severe short-term peaks in thermal con-

ditions [3]. Many authors thus have suggested that TSD reptile

species may be at high risk under global warming, with the pro-

duction of highly skewed sex ratios among offspring likely to

cause catastrophic population declines [4, 5]. Paradoxically

though, phylogenetic reconstructions of ancestral states of

sex-determination systems indicate that many TSD taxa have

survived for very long periods, through climatic fluctuations

that included conditions far hotter than are predicted to occur

within the next century [6]. How can we reconcile the apparent

vulnerability of TSD species to their long-term persistence

through variable climatic regimes?

Several processes can buffer sex ratio effects of changes to

ambient thermal regimes. For example, nesting females might

select cooler sites or nest in cooler times of year or the pivotal

temperature that shifts offspring sex may evolve [5]. Another

possibility is that embryos may be able to affect their own sexual

destiny by selecting specific thermal environments. Effective

buffering of unpredictable thermal regimes inside a nest requires

mobility, at first sight impossible for a developing embryo. How-

ever, laboratory experiments have shown that reptilian embryos

are capable of moving around within their eggs in response to

externally imposed thermal gradients (as occur, for example, in

sun-heated soil) and thus might be able to move toward optimal

developmental temperatures and away from lethal extremes

[7–9]. Such an ability offers a potential explanation for the resil-

ience of TSD species over evolutionary time, but the feasibility

of behavioral thermoregulation by embryos has come under

strong challenge. Telemeco et al. [10] and Cordero et al. [11]
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Figure 1. Temperature Profiles of Eggs in Semi-natural Nests of a Freshwater Turtle, Mauremys reevesii

(A) Daily oscillations in internal thermal gradients (temperature differential) of turtle eggs.

(B) Mean temperatures at the hot and cold ends of turtle eggs.

Temperature differential is the temperature difference between the two ends inside an egg. Sample sizes are 61 eggs with different angles against sun-warmed

ground surface. Data show means ± SE.

See also Figures S1 and S2 and Table S1.
have argued that thermal heterogeneity within an egg will be too

low, and the embryo’s ability to move within the egg too limited,

for behavioral thermoregulation to play an adaptive role.

To evaluate the possibility that thermoregulatory behavior of

embryos in TSD species can buffer unpredictable variation in

ambient temperatures, we conducted experiments on eggs

and embryos of a freshwater turtle (Mauremys reevesii) in

semi-natural and laboratory settings. We measured the magni-

tude of thermal gradients within eggs directly, and we used

drugs to block ion channels that control thermoregulatory

behavior by embryos (to compare sex ratios of embryos able

to thermoregulate with those that were not able to do so). Finally,

we used these results to build mechanistic models to predict

offspring sex ratios under climate change. Our analyses suggest

that, via behavioral thermoregulation, embryos can ameliorate

impacts of climate change on offspring sex ratios and thus on

population viability.

RESULTS

Thermal Gradients within Eggs inside Semi-natural
Nests
In nests dug by female turtles beside an outdoor pond, temper-

atures on the ground surface varied seasonally and with weather

and vegetative ground cover, creating a mean nest temperature

(27.50�C ± 0.04�C; see also Figure S1) close to the pivotal tem-

perature that produces a 1:1 sex ratio of offspring in semi-natural

nests (27.9�C). Thermal gradients were detectable inside the

eggs of turtles under all conditions that we assessed. Tempera-

ture was consistently higher at one end of an egg than the other

(t = 15.902; df = 60; p < 0.001; Cohen’s d = 2.903). Thermal dif-

ferentials averaged larger by day (mid-day [1100–1500 h]mean ±

SE = 1.25�C ± 0.02�C; daytime [0700–1800 h] 0.77�C ± 0.01�C)
than by night ([1900–0600 h] �0.09�C ± 0.003�C; Cohen’s
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d = 116.49; Figure 1; see also Table S1), with a maximum differ-

ence of 4.7�C between the two ends of an egg (see Figure S2).

Manipulating Embryonic Thermoregulatory Behavior
with Capsazepine
Inmany animals, transient receptor potential ion channels (TRPs)

function as temperature sensors; by blocking these channels,

capsazepine can inhibit thermoregulatory behavior in reptiles

[12]. In pilot studieswhere eggswere incubated under conditions

that did not create thermal gradients, we found that administra-

tion of capsazepine did not significantly affect incubation pe-

riods, hatchling phenotypes, hatching success, or offspring

sex ratios from eggs either under constant (28�C and 29�C) or
fluctuating (28�C ± 3�C) temperatures (incubation period 28�C:
F1,30 = 0.326, p = 0.572; 29�C: F1,40 = 2.003, p = 0.165; 28�C ±

3�C: F1,30 = 0.031, p = 0.861; sex ratio 28�C: F1,68 = 1.443,

p = 0.234; 29�C: F1,82 = 0.036, p = 0.851; 28�C ± 3�C: F1,68 <

0.001, p > 0.990; Figure 2; see Table 1, showing results for hatch-

ing success and hatchling traits [body size and righting

response]). However, in experiments that created an opportunity

for behavioral thermoregulation, the embryos inside capsaze-

pine-treated eggsmoved shorter distances than did those inside

control eggs (Figures 3A and 3B). This reduction in embryonic

movement was seen both in captivity, when the heat source

was placed to one side of the egg (lateral-heating: F1,15 =

6.574, p = 0.022, Cohen’s d = 3.719) (Figure 3C), and in semi-nat-

ural nests (where sunshine on the ground surface created ther-

mal differentials: F1,59 = 8.608, p = 0.005, Cohen’s d = 4.056;

Figure 3C).

The Effect of Capsazepine on Offspring Sex Ratios and
Other Traits
In the lateral-heating experiment, the more sessile embryos from

capsazepine-treated eggs exhibited longer incubation periods



Figure 2. Effects of Capsazepine on the In-

cubation Period and Offspring Sex Ratio of

a Freshwater Turtle, Mauremys reevesii

(A) Eggs incubated at a constant temperature

of 28�C.
(B) Eggs incubated at a fluctuating temperature of

28�C ± 3�C.
(C) Eggs incubated at a constant temperature

of 29�C.
Eggs were treated with either a capsazepine-

containing or control solution. Generalized

linear mixed models were used to determine the

significance of the between-group difference in

incubation period and offspring sex ratio, with

clutch identity as a random effect. Data show

means ± SE.
(82.67 ± 0.37 days versus 80.98 ± 0.39 days; F1,28 = 9.702;

p = 0.004; Cohen’s d = 4.440) and produced more male hatch-

lings (F1,62 = 4.931; p = 0.030; Cohen’s d = 3.120) (Figure 4A)

than did the control group but did not differ significantly in

mean hatching success, body mass, carapace size, or righting

response (Table 2). The impact of capsazepine on eggs in

semi-natural nests differed among seasons, depending upon

ambient conditions. Under relatively cold conditions (May

2018), all eggs hatched asmales; and under hot (June 2017) con-

ditions, nearly all eggs hatched as females. But in months with

intermediate temperatures, close to the threshold at which sex

shifts from male to female, capsazepine treatment shifted the

sex ratio of offspring toward males under cool conditions (June

2016; 45.1% versus 11.3% females; F1,21 = 6.444; p = 0.020;

Cohen’s d = 3.831) and toward females under warm conditions

(June 2018; 34% versus 59.1% females; F1,32 = 4.949;

p = 0.033; Cohen’s d = 2.191; see Figure 4C). Overall thermal re-

gimes, incubation periods, and hatching success rates did not
Current Bio
differ significantly between capsazepine

and control eggs during any of these pe-

riods (see Tables S2 and S3).

Predicting Offspring Sex Ratios
under Climate Change
Models that incorporated embryonic

behavioral thermoregulation predicted

less highly skewed sex ratios than did

otherwise identical models lacking that

feature, both under current climatic con-

ditions (Figures 5A and 5D) and under

predicted future climatic conditions (Fig-

ures 5B and 5E). The effect of embryonic

thermoregulation on offspring sex ratios

depended onweather, season, and vege-

tation cover, because these factors

determine the intensity of sunlight reach-

ing the ground and hence the magnitude

of thermal gradients within an egg. Vege-

tation cover strongly influenced offspring

sex ratios early in the breeding season at

lower latitudes, but at higher latitudes, it

had most impact later in the breeding
season (see Figure S3). Without embryonic thermoregulation,

our models predicted increasingly female-biased sex ratios un-

der global warming (Figures 5C and 5F). The impact of global

warmingwas higher inmore densely vegetated areas and shifted

seasonally (more intense in high-latitude regions later in the

breeding season; see Figure S4).

DISCUSSION

The hypothesis that embryos can thermoregulate behaviorally

within their eggs has been challenged on the basis that (1) ther-

mal gradients within eggs in natural nests are too small and tran-

sient and (2) most embryos lack either the ability or the room to

move within their egg [10, 11]. Our study falsifies the first of these

objections, at least in the case of our study species: eggs in

semi-natural nests exhibited significant within-egg thermal vari-

ation. Our novel experimental approach (inhibiting behavioral

thermoregulation by administering capsazepine) also allowed
logy 29, 2597–2603, August 19, 2019 2599



Table 1. Effects of Capsazepine on Hatching Success and Offspring Traits in the Freshwater Turtle Mauremys reevesii

Variable Thermoregulation- Inhibited Thermoregulation Statistical Analysis

Constant Incubation Temperature (28�C)

Hatching success (%) 85.2 ± 5.8 (n = 40) 90.2 ± 4.8 (n = 40) F1,78 = 0.454; p = 0.502

Body mass (g) 6.20 ± 0.09 (n = 31) 6.42 ± 0.09 (n = 31) F1,27 = 3.391; p = 0.077

Carapace length (mm) 28.86 ± 0.21 (n = 31) 29.03 ± 0.21 (n = 31) F1,27 = 0.365; p = 0.551

Carapace width (mm) 22.71 ± 0.16 (n = 31) 22.90 ± 0.16 (n = 31) F1,27 = 0.764; p = 0.390

Righting response (s) 156.9 ± 36.1 (n = 16) 201.5 ± 36.1 (n = 16) F1,30 = 0.765; p = 0.389

Fluctuating Incubation Temperature (28�C ± 3�C)

Hatching success (%) 89.6 ± 4.9 (n = 39) 87.4 ± 5.2 (n = 40) F1,77 = 0.087; p = 0.769

Body mass (g) 6.24 ± 0.05 (n = 31) 6.32 ± 0.05 (n = 32) F1,23 = 1.372; p = 0.253

Carapace length (mm) 29.14 ± 0.22 (n = 31) 29.09 ± 0.21 (n = 32) F1,23 = 0.033; p = 0.857

Carapace width (mm) 22.86 ± 0.19 (n = 31) 23.07 ± 0.19 (n = 32) F1,23 = 0.603; p = 0.446

Righting response (s) 308.8 ± 53.4 (n = 12) 216.6 ± 49.5 (n = 14) F1,24 = 1.671; p = 0.208

Constant Incubation Temperature (29�C)

Hatching success (%) 94.2 ± 3.6 (n = 43) 94.4 ± 3.4 (n = 45) F1,86 = 0.001; p = 0.976

Body mass (g) 6.58 ± 0.07 (n = 41) 6.53 ± 0.07 (n = 43) F1,39 = 0.302; p = 0.586

Eggs were treated with either a capsazepine-containing (i.e., thermoregulation-inhibited) or control solution. Data are presented as means ± SE.

Generalized linear mixedmodels (with clutch identity as a random factor) were used to detect the effect of capsazepine on hatching success and right-

ing response. General linear mixed models (with egg mass as a covariate and clutch identity as a random factor) were used to determine the between-

group difference in hatchling morphology.
us to test the impact of embryonic thermoregulation more

directly than has heretofore been possible. Capsazepine had

no significant effects on hatching success, developmental rate,

or hatchling phenotypes (including sex) when eggs were

incubated under conditions that did not allow embryonic ther-

moregulation; but when heating was provided laterally (creating

a thermal gradient within each egg), the disruption of thermoreg-

ulatory behavior by capsazepine significantly modified sex ratios

among offspring. These data unequivocally support the hypoth-

esis that embryonic behavioral thermoregulation has phenotypic

consequences (e.g., influences sex determination) [7, 13]. In our

experiments, embryonic thermoregulation affected the sex of

offspring but did not influence other traits, such as develop-

mental rates and righting responses. That pattern suggests

that embryonic thermoregulation functions to fine-tune sexual

differentiation (i.e., to produce the minority sex) rather than for
2600 Current Biology 29, 2597–2603, August 19, 2019
other advantages (e.g., avoidance of extreme developmental

temperatures).

By moving within its egg, an embryo can avoid temperatures

that would otherwise shift mean developmental temperatures

above the sex-determining threshold during the critical phase

of incubation. That control over sexual destiny has limits, how-

ever; when mean temperatures in semi-natural nests were either

well above or well below the threshold temperature, embryonic

thermoregulation had no impact on offspring sex (Figure 4C).

The same is likely to be true for the influence of facultative shifts

in maternal nesting behavior; mothers may manipulate the phe-

notypes of their offspring by laying eggs earlier in the season or in

deeper or more shaded nests, but that flexibility is effective only

over a limited range of ambient thermal and hydric conditions [5].

Global warming threatens the viability ofmany TSD species [4],

but its effects are likely to be mitigated by a range of processes.
Figure 3. Effect of Capsazepine on the
Thermoregulatory Behavior of Embryonic

Turtles, Mauremys reevesii, during the

Lateral Heating Experiment and the Semi-

natural Experiment

(A) A capsazepine-treated embryo stays in the

middle of an egg.

(B) A control embryo moves to the warmer end of

an egg.

(C) Comparison of the magnitude of embryonic

movements in the two experiments. Embryo

movement is expressed as the distance that the

positions of the embryos’ midpoints shifted along

the long axis.

Data are presented as means ± SE, with sample

sizes of 25 and 18 for the capsazepine and control

groups in the laboratory-based lateral heating

experiment, and 34 and 35 for capsazepine and

control groups in the semi-natural experiment,

respectively. Data show means ± SE.



Figure 4. Effects of Embryonic Thermoreg-

ulatory Behavior on Offspring Sex Ratios in

a Freshwater Turtle, Mauremys reevesii

(A) Eggs incubated under a lateral heating thermal

gradient in the laboratory.

(B and C) Eggs incubated in semi-natural experi-

ments from 2016 to 2018 with different mean

nest temperatures (B) and resultant offspring sex

ratios (C).

Eggs from the thermoregulation-inhibited group

were capsazepine treated to inhibit embryonic

thermoregulation. Data are presented as means ±

SE. In the lateral heating experiment, sample sizes

are 33 and 31 for the thermoregulation-inhibited

and thermoregulation groups, respectively. In the

semi-natural experiments, sample sizes are 23, 20,

20, and 17 for June 2016, June 2017, May 2018,

and June 2018, respectively. In (B), the boxplots

showmedian, first and third quartile, andminimum

and maximum of nest temperatures; numbers

above the boxplots are mean temperatures.

See also Tables S2 and S3.
Embryonic thermoregulation is only one of these and must

interactwith the others. For example, annual and seasonal fluctu-

ations in nest temperaturesmay generate sex ratios near parity in

long-lived species, even if thermal conditions in any given season

or year generate highly skewed sex ratios among progeny. Sec-

ond, any sex ratio skew may be reduced by shifts in maternal

traits, such as thermal criteria for nest-site choice (e.g., selection

of shaded rather than sun-exposed sites), or seasonal timing of

nesting (e.g., spring rather than summer). Even at a given nest

temperature, offspring sex ratios may be modified by maternal

allocation of hormones into eggs [5, 14]. Lastly, the pivotal tem-

perature for sex determination (i.e., the threshold at which

offspring develop into one sex versus the other) may evolve to

buffer the sex ratio skew that otherwise would be induced by

global warming; a matching of pivotal temperatures to local ther-

mal conditions across locationswithinwide-ranging species sug-

gests that such adaptive matching also will be possible through

time within a single locality [15, 16]. These mechanisms operate

over a rangeof timescales, fromshort-term facultative responses

(as in embryonic thermoregulation and, potentially, seasonality of

nesting) through to long-term evolved changes (e.g., of pivotal

temperatures). The rapid pace of climate change suggests that

short-term mechanisms, such as embryonic thermoregulation,

maybe especially important in preventing extinction and allowing

longer-term mechanisms to operate [3].
Table 2. Effects of Embryonic Thermoregulatory Behavior on Offsp

Lateral-Heating Thermal Gradient in the Laboratory

Variable Thermoregulation-Inhibited

Hatching success (%) 86.8 ± 5.6 (n = 38)

Body mass (g) 5.57 ± 0.09 (n = 31)

Carapace length (mm) 27.61 ± 0.16 (n = 31)

Carapace width (mm) 22.23 ± 0.16 (n = 31)

Righting response (s) 188.4 ± 37.2 (n = 17)

Eggs from the thermoregulation-inhibited group were capsazepine-treated t

Generalized linear mixed models (with clutch identity as a random factor)

righting response. General linear mixed models (with egg mass as a covar

between-group difference in hatchling morphology.
Embryonic behavioral thermoregulation can influence the sex

of offspring only under a restricted set of circumstances; that is,

whenmean nest temperatures are close to the pivotal sex-deter-

mining threshold and where ambient thermal regimes provide

enough scope for thermoregulation within the egg. Our models

predict that the ability of embryonic behavioral thermoregulation

to buffer sex ratio skewing depends on vegetation cover above

nests and differs seasonally and geographically (see Figures

S3 and S4). If climates change more rapidly than expected, the

buffering effect of embryonic thermoregulation may be effective

only in cooler areas, in cooler seasons, and in shaded nests. Em-

bryonic thermoregulation cannot buffer the impact of episodes

of extremely high temperatures, which are predicted to increase

with global warming [17].

Another important complexity is that the magnitude of embry-

onic thermoregulation behavior differs among clutches (see Fig-

ure S6). We incorporated this effect into our predictions by

running a temperature-sex ratio model based on Kernel density

estimation (we fitted a density curve of sex ratio for each devel-

opmental temperature) 1,000 times. However, clutches also are

likely to vary in other aspects, such as pivotal temperatures for

sex determination (as seen in other TSD reptiles) [18]. Such

variation among clutches may allow natural selection to

quickly adapt a species’ developmental biology to changing

ambient conditions, by favoring clutches with specific pivotal
ring Traits in the Turtle Mauremys reevesii Incubated under a

Thermoregulation Statistical Analysis

75.6 ± 6.8 (n = 41) F1,77 = 1.465; p = 0.230

5.60 ± 0.09 (n = 30) F1,24 = 0.044; p = 0.836

27.73 ± 0.16 (n = 30) F1,24 = 0.283; p = 0.600

22.25 ± 0.16 (n = 30) F1,24 = 0.005; p = 0.945

216.2 ± 35.2 (n = 19) F1,34 = 0.294; p = 0.591

o inhibit embryonic thermoregulation. Data are presented as means ± SE.

were used to detect the effect of capsazepine on hatching success and

iate and clutch identity as a random factor) were used to determine the

Current Biology 29, 2597–2603, August 19, 2019 2601



Figure 5. The Sex Ratio of Offspring (% Female) across the Geographic Distribution (within China) of the Freshwater Turtle Mauremys

reevesii as Predicted by Models that Do or Do Not Include the Impact of Embryonic Behavioral Thermoregulation

Predictions were generated under climatic conditions as experienced over historic times (1960–1990) and as predicted to occur in the future (2070). These

predictions were generated for the month of July, in nesting sites with a vegetation coverage of 60%.

(A and D) The left-hand panels show predicted sex ratios under historic conditions either with (A) or without (D) the ability of embryos to thermoregulate within

the egg.

(B, C, E, and F) The middle column of (B) and (E) shows the same comparison for predicted future climatic conditions, and the right-hand (C) and (F) subtract the

predicted future sex ratio from the predicted sex ratio under historic conditions. Incorporating embryonic ability to thermoregulate reduces themagnitude of shifts

in offspring sex ratio that otherwise are predicted to occur due to global warming.

See also Figures S3 and S4.
temperatures and/or magnitudes of behavioral thermoregulation.

In this scenario, embryonic thermoregulation behavior may

become more widespread and more important for sex ratio bal-

ance under climate warming.

Moregenerally, the phenotypic traits of offspringwill be affected

by many factors, including ambient abiotic conditions as well as

the duration of exposure to specific conditions (e.g., the lack of a

significant effect of capsazepine on incubation periods in the field

nests [versus the laboratory situation] likely reflects the fact thatwe

exposed eggs to natural thermal regimes for only part of develop-

ment [until sex hadbeendetermined]). Species traitswill be impor-

tant also. For example, the minor thermal changes elicited by

embryonic thermoregulatory behavior affected offspring sex ratio

in our study species because the thermal shift needed to transition

from100%male to 100% female offspring is narrow (ca. 2�C) [19],
as is common in TSD turtles [20, 21]. For a species where the

threshold is broader [20], the relatively small thermal change ob-

tained through embryonic thermoregulation might be too trivial

to affect offspring sex. Despite these caveats, our data and ana-

lyses suggest that an ability to thermoregulate behaviorally within

the egg may play a significant adaptive role within oviparous rep-

tiles and canbuffer the impacts of climate change.Moregenerally,

our study falsifies the assumption that embryos have little control

over the conditions under which they develop. Embryos of a
2602 Current Biology 29, 2597–2603, August 19, 2019
freshwater turtle with TSD actively thermoregulate, thereby

affecting their own sexual destiny.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d LEAD CONTACT AND MATERIALS AVAILABILITY

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Turtle farm location

B Species

B Age

B Maintenance and Care

B Institutional permission

d METHOD DETAILS

B Thermal gradients within eggs inside semi-natural

nests

B Manipulating embryonic thermoregulatory behavior

with capsazepine

B The impact of capsazepine on behavioral thermoregu-

lation and offspring traits

B Predicting offspring sex ratios under climate change



d QUANTIFICATION AND STATISTICAL ANALYSIS

B Statistical analysis

d DATA AND CODE AVAILIBILITY

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

cub.2019.06.038.

ACKNOWLEDGMENTS

We thank X. Hao and W.Q. Tang for their help in the laboratory and L.J. Bao,

P.F. Wu, and B. Zhao for their help in the field. This work was supported by

grants from National Natural Science Foundation of China (31525006 and

31821001), the National Key Research and Development Program of China

(2016YFC0503200), and The Strategic Priority Research Program of the Chi-

nese Academy of Sciences (XDB31000000).

AUTHOR CONTRIBUTIONS

W.-G.D. designed the study, analyzed data, and wrote the paper; Y.-Z.Y.,

L.M., and B.-J.S. collected and analyzed data and wrote the paper; T.L.

collected data; Y.W. analyzed data; and R.S. assisted with manuscript

preparation.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: March 28, 2019

Revised: May 20, 2019

Accepted: June 12, 2019

Published: August 1, 2019

REFERENCES

1. Kearney, M., Shine, R., and Porter, W.P. (2009). The potential for behav-

ioral thermoregulation to buffer ‘‘cold-blooded’’ animals against climate

warming. Proc. Natl. Acad. Sci. USA 106, 3835–3840.

2. Deeming, D.C. (2004). Post-hatching phenotypic effects of incubation on

reptiles. Reptilian Incubation: Environment, Evolution and Behaviour

(Nottingham University Press), pp. 229–251.

3. Telemeco, R.S., Elphick, M.J., and Shine, R. (2009). Nesting lizards

(Bassiana duperreyi) compensate partly, but not completely, for climate

change. Ecology 90, 17–22.

4. Janzen, F.J. (1994). Climate change and temperature-dependent sex

determination in reptiles. Proc. Natl. Acad. Sci. USA 91, 7487–7490.

5. Mitchell, N.J., and Janzen, F.J. (2010). Temperature-dependent sex deter-

mination and contemporary climate change. Sex Dev. 4, 129–140.

6. Valenzuela, N., and Lance, V. (2004). Temperature Dependent Sex

Determination in Vertebrates (Smithsonian Books).

7. Du, W.G., Zhao, B., Chen, Y., and Shine, R. (2011). Behavioral thermoreg-

ulation by turtle embryos. Proc. Natl. Acad. Sci. USA 108, 9513–9515.

8. Zhao, B., Li, T., Shine, R., and Du, W.-G. (2013). Turtle embryos move to

optimal thermal environments within the egg. Biol. Lett. 9, 20130337.

9. Li, T., Zhao, B., Zhou, Y.-K., Hu, R., and Du, W.-G. (2014).

Thermoregulatory behavior is widespread in the embryos of reptiles and

birds. Am. Nat. 183, 445–451.

10. Telemeco, R.S., Gangloff, E.J., Cordero, G.A., Mitchell, T.S.,

Bodensteiner, B.L., Holden, K.G., Mitchell, S.M., Polich, R.L., and

Janzen, F.J. (2016). Reptile embryos lack the opportunity to thermoregu-

late by moving within the egg. Am. Nat. 188, E13–E27.
11. Cordero, G.A., Telemeco, R.S., and Gangloff, E.J. (2018). Reptile embryos

are not capable of behavioral thermoregulation in the egg. Evol. Dev. 20,

40–47.

12. Seebacher, F., and Murray, S.A. (2007). Transient receptor potential

ion channels control thermoregulatory behaviour in reptiles. PLoS ONE

2, e281.

13. Shine, R., and Du, W.-G. (2018). How frequent and important is behavioral

thermoregulation by embryonic reptiles? J. Exp. Zool. A Ecol. Integr.

Physiol. 329, 215–221.

14. Sun, B.J., Li, T., Mu, Y., McGlashan, J.K., Georges, A., Shine, R., and Du,

W.-G. (2016). Thyroid hormone modulates offspring sex ratio in a turtle

with temperature-dependent sex determination. Proc. Biol. Sci. 283,

20161206.

15. Ewert, M.A., Lang, J.W., and Nelson, C.E. (2005). Geographic variation in

the pattern of temperature-dependent sex determination in the American

snapping turtle (Chelydra serpentina). J. Zool. (Lond.) 265, 81–95.

16. Refsnider, J.M., and Janzen, F.J. (2016). Temperature-dependent sex

determination under rapid anthropogenic environmental change:

Evolution at a turtle’s pace? J. Hered. 107, 61–70.

17. IPCC (2013). Climate Change 2013: The Physical Science Basis.

Contribution of Working Group I to the Fifth Assessment Report of the

Intergovernmental Panel on Climate Change (Cambridge University

Press).

18. Bowden, R.M., Ewert, M.A., and Nelson, C.E. (2000). Environmental sex

determination in a reptile varies seasonally and with yolk hormones.

Proc. Biol. Sci. 267, 1745–1749.

19. Du, W.-G., Hu, L.-J., Lu, J.-L., and Zhu, L.-J. (2007). Effects of incubation

temperature on embryonic development rate, sex ratio and post-hatching

growth in the Chinese three-keeled pond turtle, Chinemys reevesii.

Aquaculture 272, 747–753.

20. Ewert, M.A., Jackson, D.R., and Nelson, C.E. (1994). Patterns of temper-

ature-dependent sex determination in turtles. J. Exp. Zool. 270, 3–15.

21. Bull, J.J. (1980). Sex determination in reptiles. Q. Rev. Biol. 55, 3–21.

22. R Core Team (2018). R: A Language and Environment for Statistical

Computing (R Foundation for Statistical Computing). https://www.

R-project.org/.

23. Du, W.-G., Shen, J.-W., andWang, L. (2009). Embryonic development rate

and hatchling phenotypes in the Chinese three-keeled pond turtle

(Chinemys reevesii): the influence of fluctuating temperature versus con-

stant temperature. J. Therm. Biol. 34, 250–255.
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Wei-Guo Du

(duweiguo@ioz.ac.cn). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Once widespread in the subtropical and temperate zones (latitudes of 20–45�) of central and southern China and southeastern Asia,

the Chinese three-keeled pond turtle (Mauremys reevesii) is now threatened by habitat loss and overexploitation. Most current

populations occur in commercial turtle-farms. Females produce multiple clutches of eggs during the reproductive season (May to

August), and incubation temperatures affect the developmental rate and hatching success of embryos, as well as the body size,

locomotor performance, growth rate, and sex of hatchlings [19, 23]. The species exhibits a male-female pattern of temperature-

dependent sex determination whereby 100% males are produced at constant temperatures less than 26�C and 100% females at

temperatures greater than 30�C, with a pivotal temperature of 29�C [19].

Turtle farm location
Jiaxing (30�15’N, 120�20’E), Zhejiang Province

Species
Chinese three-keeled pond turtle (Mauremys reevesii)

Age
about 15 years old

Maintenance and Care
Turtles are kept in outdoor ponds. Each pond has basking sites for turtle thermoregulation. Turtles are fed with commercial turtle food

and fresh fish once a day except during hibernation period.

Institutional permission
Research was performed under approvals from the Animal Ethics Committee at the Institute of Zoology, Chinese Academy of

Sciences (IOZ14001).
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METHOD DETAILS

Thermal gradients within eggs inside semi-natural nests
In June, July and August of 2018, we located 12 nests (mean depth ± SE = 10.91 ± 0.17 cm) of eggs that had been laid beside a pond

at a commercial turtle-farm, and used those nests to quantify thermal gradients within eggs. Wemeasured thermal gradients of eggs

with different angles (disparities of 0–30�, 31–60�, and 61–90� between the long axis of eggs and the ground surface) in both the upper

and lower layers of eggs within each nest. We inserted two data-logger thermocouples (RDXL12SD; OMEGA, USA) inside each end

of each egg (along the longest axis), and sealed the punctures using bee wax. We then replaced each egg in the position in which it

had been found, and recorded temperature differentials within the egg hourly. After measuring thermal gradients, we dissected these

eggs to check the viability of embryos. The data on temperatures of eggs that contained live embryos (mean egg length ± SE = 34.0 ±

0.2 mm, n = 61) were used in subsequent analyses. Because we needed to dissect the eggs to establish viability of embryos, these

eggs could not be used to examine aspects such as incubation duration and offspring sex ratio.

Manipulating embryonic thermoregulatory behavior with capsazepine
The ability to sense thermal heterogeneity is essential for behavioral thermoregulation. In many animals, transient receptor potential

ion channels (TRPs) respond to heat, and thermo-sensitive TRPs include the TRPV1-4 and TRPM8 subfamilies, which function as

temperature sensors and may play an important role in thermoregulatory behavior [24]. As a blocker of TRPV1 and TRPM8, capsa-

zepine can inhibit thermoregulatory behavior in reptiles [12]. Accordingly, we used capsazepine to inhibit the thermoregulatory

behavior of turtle embryos in the present study.

To determine whether or not capsazepine itself affects embryonic development and offspring traits, we collected 246 freshly-laid

turtle eggs from a private farm in Zhejiang Province of China. All eggs were weighed (±0.001 g) using a Mettler Toledo balance

(AB135-S, Germany) and incubated individually in 80-mL jars that contained moist vermiculite (�220 kPa). The eggs were randomly

assigned to three incubation regimes using a split-clutch design: (i) constant temperature of 28�C (n = 79); (ii) fluctuating temperature

of 28 ± 3�C (n = 79); (iii) constant temperature of 29�C (n = 88). In each temperature treatment, half of the eggs were treated with 5 mL

capsazepine (0.37 mg mL-1; MedChemExpress, China) dissolved in a solution of 10% ethanol (EtOH, Sigma-Aldrich, USA), 10%

Tween80 (Amresco, USA), and 80%saline. The treatment was applied when embryos reached developmental stage 13 [25]; the other

eggs were treated with an equivalent volume of the solution without capsazepine. Neither the constant (28�C and 29�C) nor fluctu-
ating (28 ± 3�C) treatments (conducted in programmable incubators: KB240; Binder, Germany) created thermal gradients within

eggs.

One potential problem is that inhibiting TRP might affect sex determination because inhibiting TRPV4 can downregulate sex-

related genes (AMH and SOX9) in the American alligator (Alligator mississippiensis) [26]. However, capsazepine blocked TRPV1

and TRPM8 rather than TRPV4 in our experiments. Second, the association between TRP and sex determination in TSD reptiles

appears to be indirect, affecting downstream genes related to testicular differentiation rather than the key genes (e.g., DMRT1)

involved in male determination (regulated by the histone demethylase KDM6B [27]).

The impact of capsazepine on behavioral thermoregulation and offspring traits
Laboratory experiments

We conducted lateral-heating experiments (with thermal gradients) to compare embryonic development and offspring traits between

the capsazepine-treated and control groups. We collected 79 eggs for the lateral-heating experiment, using the same procedures as

above. Capsazepine-treated (n = 38) and control (n = 41) eggs were heated using 45-W heating mats (803 28 cm), with the distance

between the jars and heating mats adjusted to obtain egg-surface temperatures of 29�C at the hot end and 27�C at the cool end of

each egg [8]. At the beginning of the lateral-heating experiment, we candled 25 and 18 eggs from the capsazepine-treated and con-

trol groups respectively, in order to quantify the position of the embryo’s midpoint (the point where the neck met the carapace, an

obvious morphological feature in turtle embryos). Wemarked this point on the egg surface with a pencil, then candled the eggs again

after one week and used digital calipers (Digimatic Caliper; Mitutoyo, Japan) to measure the distance (±0.01 mm) that the embryos

had shifted along the long axis of the egg [8].

After emergence, hatchlings were weighed (±0.001 g) and measured (carapace length and width, ± 0.01 mm). Within 24 h after

hatching, we assessed the righting response of hatchlings from the capsazepine-treated (n = 45) and control (n = 49) groups in a tem-

perature-controlled room at 28�C. Briefly, each hatchling was placed upside-down in an open arena (250 3 200 3 40 mm), and the

animal’s performance was recorded using a digital camera (DCR-SR220E; Sony, Japan). Each hatchling was tested twice, and the

righting time of each hatchling was determined from videotapes. If a turtle did not right itself within 10 min, its data were excluded

from the statistical analysis.

Semi-natural experiments

To incorporate sources of variation that affect natural nests but not laboratory incubation regimes, we carried out experiments in

semi-natural thermal environments. Because free-living populations of Chinese three-keeled pond turtles are difficult to locate,

weworked at an outdoor pond (103 10m)with breeding turtles at a private turtle farm in Jiaxing (30.75N, 120.75E), Zhejiang Province

of China (see Figure S5). The bank of the pondwas covered by grass, shrubs, and trees, providing a variety of thermal conditions from

which female turtles could choose to build their nests. We confirmed the spatial heterogeneity of the thermal environment using

iButtons (DS1921G; MAXIM Integrated Products Ltd., USA) that we placed on the bank of the pond.
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Weexcavated nine nests carefully in July 2016, candled the eggs to determine the initial position of embryos, and treated half of the

eggs in each clutch with capsazepine and the other half of the eggs with an equivalent volume of solution without capsazepine

(applied when embryos reached developmental stage 13 [25]). After one week, we candled the eggs again to determine the distance

(±0.01 mm) that each embryo had shifted along the long axis of its egg.

We conducted further experiments during the reproductive seasons of 2016, 2017 and 2018. In 2016 (9–12 June), we located 23

nests, and randomly assigned them to either capsazepine-treated or control groups. After a female laid her clutch (mean = 8.7 eggs),

the nest was carefully excavated, and the eggs were either treated with capsazepine or with an equivalent volume of solution without

capsazepine, using the methodology described above for the laboratory experiments. In 2017 (17 June to 1 July) and 2018 (26–30

May and 26–29 June), we used a split-clutch design to randomly assign eggs within each clutch to the capsazepine versus control

groups, to avoid any influence of clutch origin. After the nest was excavated (mean clutch size = 7.2 (n = 20) for 2017, mean clutch

size = 7.7 (n = 20) for May 2018, andmean clutch size = 8.6 (n = 17) for June 2018), half of the eggs were treated with capsazepine and

the others with an equivalent volume of solution without capsazepine. Before we backfilled the nests, temperature data-loggers

(iButtons) were placed in each nest to monitor thermal conditions.

After allowing the eggs to incubate for an average of 51 d (43 d for 2016, 53 d for 2017, 64 and 44 d for 2018, depending on nest

temperatures), we found that embryos had concluded the thermosensitive period for sex determination (i.e., > developmental stage

23 in Greenbaum’s classification scheme [25]). Then we retrieved and candled the eggs from the nests, and kept the eggs in incu-

bators (KB240; Binder, Germany) at a constant temperature of 29�C, which is the pivotal temperature of sex determination in this

species [19]. Immediately after the eggs hatched, we measured the mass of each hatchling (±1 mg).

Hatchlings from both the laboratory and semi-natural experiments were housed individually in plastic containers (150 3 100 3

60 mm) in a temperature-controlled room at 28 ± 0.5�C, with a 12 h photoperiod and commercial food provided each day. The

hatchlings were sexed at three months of age, which is when the sex of turtles can be reliably determined using secondary sexual

characteristics [19]. Sex was confirmed by surgically inspecting gonads.

Predicting offspring sex ratios under climate change
We extracted data for hourly soil temperature (loam, 10 cm beneath the soil surface) across eastern Asia at a resolution of ± 0.5�C
(using data for an average day for each month, from ‘‘microclim’’ [28]). We downloaded data on historic (1960–1990) and predicted

future (2070) (rcp60; predicted by BCC-CSM1-1) global annual mean temperatures from the ‘‘Worldclim’’ database (Worldclim 1.4;

generic grid format in a resolution of 10 min), and calculated the difference between historic and future air temperatures to estimate

predicted temperature change for each grid. We then matched historic soil temperature data (from ‘‘microclim’’) with temperature

change data (from ‘‘Worldclim’’) from nearby sites, and we calculated the predicted future soil temperature (at �10 cm, in 2070)

by adding these thermal increments to the historic soil temperature at each site. Daily mean soil temperatures were then calculated

for historic and future conditions respectively.

Rates of daily development of embryos at each incubation temperature were fitted with a linear model (‘‘lm’’ function) using pub-

lished data [19, 23]. We then calculated monthly rates of development under historic and future thermal conditions for each grid.

Estimates of hatching success at each incubation temperature were fitted with a polynomial regression at 1–4 orders (‘‘lm’’ function)

using published data [19], and the model with best fit chosen according to AIC values. We then calculated the predicted hatching

success for each month under historic and future thermal conditions for each grid. We classed a clutch as viable during the temper-

ature-sensitive period for sex determination (middle third of incubation [21]) using two criteria: (a) hatching success during that month

was greater than zero; (b) at least 40% of development had been accumulated in two months both before and after that month

(assuming that eggs cannot hatch if they incubate for longer than 150 days [19], then embryos must complete at least 40% of devel-

opment within 2 months).

To predict sex ratio (proportion of offspring that are female) of clutches with and without embryonic thermoregulation, we esti-

mated the sex ratios of capsazepine-treated and control groups at each rounded soil temperature (integer ± 0.5; see Figure S6)

with the Kernel density estimation (function ‘‘density’’). We then calculated sex ratio for each month where clutches were predicted

to be viable, and did so 1000 times (1000 clutches in each month for every site) by rounding monthly averaged soil temperatures and

sampling from the resultant sex ratio distribution. We estimated monthly mean sex ratio under historic and future thermal conditions,

for both capsazepine-treated and control groups.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
For the laboratory experiment with or without thermal gradients, we used generalized linear mixed models to evaluate the effects of

capsazepine on hatching success, incubation period, hatchling sex ratio, embryomovement, and the righting response of hatchlings,

using treatment as a categorical factor, and clutch identity as a random factor. We used general linear mixed models to analyze

hatchling traits (hatchling mass, carapace length and carapace width), using treatment as a categorical factor, clutch identity as a

random factor, and initial egg mass as a covariate.

In the semi-natural experiment, we extracted the daily mean, maximum, minimum, and range of the thermal data collected by the

iButton data-loggers that were placed in the nests.We used repeated-measures ANOVA to compare the thermal environments of the

two groups of nests in 2016, with treatment (capsazepine versus control) as a fixed factor and time as a repeated-measure. We also
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estimated the constant temperature equivalent [29] for each nest in 2016, and analyzed the between-group difference in constant

temperature equivalents using one-way ANOVA. A paired t test was used to compare the two groups with respect to thermal differ-

entials within the egg. We used generalized linear mixed models to analyze the effect of thermoregulatory behavior on egg survival

and hatchling sex ratio of each clutch, with a binomial distribution, logit link function, treatment as a fixed factor, and clutch as a

random factor. In addition, we used mixed-model ANCOVA to explore the effect of thermoregulatory behavior on incubation period,

with clutch as a random factor, and daily mean temperature as a covariate. We calculated the effect size (Cohen’s d) of each

treatment using the following equation: d = (mean1-mean2)/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððn1� 1ÞSD12 + ðn2� 1ÞSD22Þ=ðn1+ n2� 2Þ

p
,where mean is the

mean value of each treatment, SD is standard deviation, and n is sample size [30].

DATA AND CODE AVAILIBILITY

The datasets generated during this study are available at Mendeley Data

https://doi.org/10.17632/2zx42gjgsk.1
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