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A B S T R A C T

Experimental and field studies of different turtle species suggest that moisture influences embryonic develop-
ment and sex ratios, wetter substrates tend to produce more males, and drier substrates produce more females. In
this study, we used Trachemys scripta elegans to test the effect of moisture on embryonic development and sex
ratios. T. s. elegans eggs were incubated under different temperature and moisture regimes. We monitored
embryonic development until stage 22 (after sex determination) and, for the first time, we estimated sex ratios
using a male-specific transcriptional molecular marker, Sox9. Among treatments, we found differences in de-
velopmental rates, egg mass, and sex ratio. Embryos developed slowly in cooler and wetter sand substrate while
water uptake by the eggs was significantly greater on wetter substrates. Developmental differences were due to
moisture interacting with temperature where increased water content of the sand resulted in temperatures that
were 2–3 °C lower than air temperatures. The coolest and the wettest substrates produced 100% males compared
to 42% males from the warmest and driest treatment. Further, we found that embryonic growth appears to be
more sensitive to temperature at earlier stages of development and to moisture at later stages. This study shows
how moisture may change the incubation conditions inside nests by changing the temperature experienced by
eggs, which affects development, growth and sex ratios. The results of this study highlight the importance of
including moisture conditions when predicting embryo growth and sex ratios and in developing proxies of
embryonic development.

1. Introduction

During development, the incubation environment, combined with
the embryo’s genetic program, shape the organism’s phenotype (Gilbert
and Epel, 2015). Several studies show that organisms’ phenotypes are
under the influence of genetic adaptations to past environmental con-
ditions as well as epigenetic control of phenotypic plasticity to the
current environment (Janzen and Krenz, 2004; Morgan and Mackay,
2006). In reptiles, these environmental conditions include temperature
and moisture, which affect embryogenesis and the phenotype of the
resulting hatchlings (Ackerman, 1997). Nest temperature affects em-
bryonic metabolism (Ligon and Lovern, 2012), hatching success, length
of incubation, hatchling body size, hatchling locomotor performance
(Elphick and Shine, 1998; Du and Ji, 2003; Booth et al., 2004; Tang
et al., 2012); and may indirectly affect turtle growth (Rhen and Lang,
1995; Rhen and Lang, 1999) and behavior (Vervust et al., 2011; Siviter
et al., 2017).

Many oviparous reptiles, including crocodilians and the majority of
turtles, lack sex chromosomes and have temperature-dependent sex
determination (TSD) (Bull, 1987; Pieau et al., 1999; Merchant-Larios,
2001). In species with TSD, differentiation of gonads into ovaries or

testes depends on incubation temperature during a critical period of
embryonic development known as the thermosensitive period (TSP)
(Pieau and Dorizzi, 2004). Following the action of temperature, a
downstream network of molecular interactions directs the formation of
the ovary or testis. Gene expression analysis found that some genes
respond to temperature and show differential expression patterns at
male and female promoting temperatures (MPT and FPT respectively)
(Shoemaker and Crews, 2009; Rhen and Schroeder, 2010). Among
them, Sox9 has high expression levels toward the end of the TSP at MPT
and therefore, is considered a marker of testis differentiation in sea
turtles (Torres-Maldonado et al., 2002) and freshwater turtles
(Shoemaker et al., 2007; Rhen et al., 2007).

In addition to temperature, substrate moisture may also influence
development, particularly in turtle species with porous, parchment-
shelled eggs (Packard, 1991). Higher moisture during incubation causes
greater water uptake by the egg and longer incubation, and thus pro-
duces larger and heavier hatchlings (Janzen et al., 1995; Tucker et al.,
1998; Delmas et al., 2008). Furthermore, moisture may play some role
in sex determination. A series of experiments performed with the
painted turtle (Chrysemys picta) suggested that, under constant in-
cubation temperatures, wetter substrates produced males, while drier
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substrates produced both males and females (Gutzke and Paukstis,
1983). In a subsequent study, fluctuating temperatures resulted in
nearly equal sex ratios in moist substrates, whereas mostly males were
produced in drier substrates (Paukstis et al., 1984). A more recent lab
study showed that a daily water application to red-eared slider turtle
(Trachemys scripta) eggs during the TSP significantly shifted sex ratios
to male biases compared to controls (Leblanc and Wibbels, 2009).
These differences in the effect of moisture over sex ratios, more than a
difference in the response among species, are probably due to different
experimental designs coupled with the tight relationship between
temperature and moisture that make separating both effects difficult.

The composite effects of moisture and temperature may explain also
the weak relationship between natural nest temperature and sex ratios
in situ (e.g., freshwater species including Graptemys spp., Bull, 1985; C.
picta, Bodensteiner et al., 2015; and a sea turtle Caretta caretta,
Wyneken and Lolavar, 2015). Particularly, in the loggerhead turtle (C.
caretta), average nest temperatures during the TSP were compared to
sampled sex ratios; loggerhead nests produced more males than ex-
pected based on nest temperatures. This trend was particularly no-
ticeable in years with high rainfall. When the effect of increased
moisture by rainfall is considered along with in situ nest temperatures,
sex ratio trends become more predictable (Wyneken and Lolavar,
2015). This observation and laboratory experiments (Lolavar and
Wyneken, 2015; Lolavar and Wyneken, 2017), suggest that moisture
influences sex determination and hence sex ratios.

Despite numerous studies on the effects of incubation moisture on
hatchling phenotype and performance, little is known about how
moisture levels affect the developing embryo per se. Here, we tested the
effect of moisture on embryonic development and sex ratio using the
red-eared slider, which is an emerging animal model that in recent
years has gained increasing attention for the study of several develop-
mental processes (Czerwinski et al., 2016; Rowe et al., 2016; Segovia
et al., 2016; Treidel et al., 2016). The red-eared slider has a warm fe-
male-cool male TSD system, where warmer temperatures (> 31 °C)
produce predominantly females and cooler temperatures (< 26 °C)
produce predominantly males. In this turtle the embryonic develop-
ment is divided into 27 stages and the TSP spans from Greenbaum
stages (st) 15 to 19 (Greenbaum, 2002) at female promoting tempera-
tures (FPT) and from st 14 to 20 at male promoting temperature (MPT),
approximately in the middle third of development (Shoemaker-Daly
et al., 2010). The Pivotal Temperature (PT) is the constant temperature
(29 °C for T. scripta) at which 50:50 sex ratio is expected (Wibbels et al.,
1991; Wibbels and Crews, 1995). In this study, red-eared slider eggs
were incubated under different temperature and moisture regimes to
study the effect of the two environmental factors on developmental
rate, egg mass, embryo mass and length, and sex ratio. We show that
moisture affects the incubation temperature, influencing developmental
rates and sex ratios and greater substrate moisture is associated with the
production of larger embryos.

2. Materials and methods

2.1. Egg incubation

Freshly laid Trachemys scripta elegans eggs were purchased from
Concordia Turtle Farms (Hammond, LA, USA) and transported to
Florida Atlantic University, Boca Raton, Florida. Clutches were divided
evenly among four treatments (Tmt); Tmt 1: 29 °C with high moisture
(defined as 50% water saturation or ≈0.10 m3 m−3); Tmt 2: 29 °C with
moderate moisture (defined as 25% water saturation or
≈0.05 m3 m−3); Tmt 3: 31 °C with high moisture; Tmt 4: 31 °C with
moderate moisture.

2.2. Temperature conditions

Groups of 20 eggs were placed in Styrofoam™ boxes (hereafter, nest

boxes) containing sterilized sand from a local beach. The nest boxes
were then placed in one of two different incubation chambers (here-
after, incubators). Each incubator contained 10 nest boxes (five for each
moisture treatment). Temperature of the incubators was set at either
29 °C (PT) or 31 °C (FPT) and was controlled by an Omega.com iSeries
Temperature and Process Controller Model CNi32, (Stamford, CT,
USA). Humidity in the incubators was maintained at high levels (80-
90%) using a fan-assisted mist humidity system (Walgreens Cool
Moisture Humidifier Model 890-WGN). Air in incubators and sand
temperatures in individual nest boxes were recorded every 15 min
using HOBO U22-001 temperature loggers (accuracy ± 0.21 °C and a
resolution = 0.02 °C; Onset Computer Corp., Bourne, MA, USA).

2.3. Moisture settings

Water treatments were based on Mcgehee (1990) showing that 25%
H2O saturation of the sand (≈0.05 m3 m−3) was the optimum level to
maximize hatch success and hatchling size in loggerhead turtles. Vo-
lumetric sand moisture in each nest box was measured with Decagon
EC-5 Soil Moisture probes fitted to HOBO H21-002 Micro Station Data
Loggers [Onset Computer Corp., resolution (mean ± S.D)
= 0.0007 m3 H2O per m3 sand, accuracy ± 0.031 m3 m−3 (± 3.1%)]
where 25% moisture ≈0.05 m3 m−3 and 50% moisture
≈0.10 m3 m−3. Moisture in the nest boxes was maintained by spraying
the surface of the sand with distilled H2O (Di-H2O) every day until they
reached the treatment’s target (≈0.05 and 0.10 m3 m−3). Di-H2O was
kept inside the chambers to maintain it at the same temperature as the
incubator air.

2.4. Data collection

Two embryos per treatment, randomly selected from different nest
boxes, were sacrificed weekly to verify their developmental stages
through st 22 (the stage at which the embryo sex determination is
complete) based on Greenbaum’s series of embryonic stages for T.
scripta (Greenbaum, 2002). Developmental trajectories were based on
the time required for embryos to reach st 22. To document growth, we
harvested 30 eggs per Tmt at st 16 (the start of sex determination) and
20 eggs per Tmt at st 22. The difference in the number of eggs harvested
among the stages was due to embryo mortality throughout the experi-
ment. For each harvested egg, the presence and viability of the embryo
were verified. Egg mass and embryo mass were recorded only for those
eggs with a live embryo. Digital photographs were taken to document
the developmental stage. Embryo straight carapace length (SCL) was
digitally measured using ImageJ 1.46r (Rasband, 1997–2012).

Sex ratio was estimated based on expression levels of Sox9, a male
specific gene implicated in testis development. Expression has been
shown to be higher in differentiated T. scripta testis (Shoemaker et al.,
2007). Gonads from two embryos per Tmt at st 16 and from 10-12
embryos per Tmt at st 22, were microdissected and preserved in
RNAlater (Ambion, Waltham, MA, USA) for RT-qPCR analysis. Total
RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA)
followed by DNAse I treatment (Promega, Madison, WI, USA). cDNA
was reverse-transcribed using random primers and the SuperScript IV
reverse transcriptase (Invitrogen) according to the manufacturer’s
protocol. Primers used to assay gene expression were designed from the
coding sequence of T. scripta Sox9 gene (GenBank: EU268286.1) (For-
ward: 5′-GCC TGG GAA GCA AGA CCT GA-3′; Reverse: 5′-TGA CCG
TTG GGT GGG AGG TA-3′) amplifying a fragment of 180 bp. Gene
expression was quantified with an Mx3000p qPCR System (Stratagene,
San Diego, CA, USA) using SybrGreen® (Invitrogen) as an intercalating
dye. Individual samples were analyzed in duplicate. T. scripta β-actin
was used as an internal control (Forward: 5′-CAC CCA CAC TGT GCC
CAT CT-3′; Reverse: 5′-CAC GAT TTC CCT TTC GGC TGT-3′) in order to
normalize raw Sox9 CT data (ΔCT) (Vandesompele et al., 2002). Re-
lative gene expression levels were calculated through the comparative
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ΔCT method according to Livak and Schmittgen (2001). PCR conditions
were as follows: one cycle at 95 °C 10 min, 40 cycles at 95 °C 30 s, and
60 °C 60 s. PCR specificity was confirmed through melting curve ana-
lysis.

2.5. Statistical analyses

All data were tested for normality (Kolmogorov-Smirnov) and for
homogeneity (Bartlett’s test) before statistical analysis. Temperature
data of the air and the sand were compared using a two samples T-Test.
One-way ANOVA followed by an all-pairwise multiple comparison
analysis (Tukey Test) was performed to identify statistical differences
among treatments (α< 0.05) for egg mass and embryo mass and
length. For Sox9 expression levels, ΔCT values were converted to the
linear form using the 2−ΔCT equation (Livak and Schmittgen, 2001).
One-way ANOVA coupled to an all pairwise multiple comparison ana-
lysis (Holm-Sidak test) was performed to identify any statistical dif-
ferences in gene expression between st 22 embryos of the four treat-
ments and st 16 embryos as the control group, since it is known that
Sox9 expression is lower in undifferentiated embryos compared to fully
differentiated embryos (α < 0.05). Statistical procedures were based
on (Zar, 1999) and SigmaStat software (ver 4.0).

3. Results

3.1. Temperature outside and inside the nest

In all four treatments, the sand temperature was significantly cooler
than the air temperature (Table 1) and was affected by sand moisture in
the nest boxes. Differences between air and sand temperature
(mean ± S.D) were 3.14 °C ± 0.02 in high moisture Tmts and
2.04 °C ± 0.10 in the moderate moisture treatments. Although sand
temperatures differed from air temperatures, we were able to maintain
the two target moisture treatments throughout the experiment with
expected daily fluctuations due to water evaporation (Table 1). This
means that temperatures were primarily at MPTs (26 and 27 °C) and at
temperatures closer to the PT (28° and 29 °C). While moisture sig-
nificantly cooled the sand below air temperatures, the effect was not
great enough to override the differences due to air temperatures. Thus
sand temperatures were distinct and characterized: cooler (26 °C) with
high moisture < cooler (27 °C) with moderate moisture < warmer
(28 °C) with high moisture < warmer (29 °C) with moderate moisture.
Therefore the treatments are hereafter termed: 26-H (Tmt 1), 27-M
(Tmt 2), 28-H (Tmt 3) and 29-M (Tmt 4) for the remainder of this
paper.

3.2. Egg mass

Fig. 1 summarizes egg mass at st 16 and st 22 for the four treat-
ments. At st 16, water uptake by the eggs (reflected in egg mass but not
embryo size, see below) showed a lesser influence of moisture or tem-
perature; therefore we found no difference in egg mass among the four
treatments (Table 2). At st 22, H2O uptake by the eggs differed among
treatments. Eggs maintained on wetter substrates (26-H and 28-H)
absorbed significantly more H2O than the eggs incubated in drier sub-
strates (27-M and 29-M; Table 3) regardless of the incubation tem-
perature.

3.3. Developmental trajectory

Since moisture differences resulted in sand temperature differences
even when air temperatures in the incubators were the same, the em-
bryos developed at different rates. Embryos from the different treat-
ments were approximately one stage apart from each other throughout
development (Fig. 2). Embryos from 29-M (warmer, moderate
moisture) developed the fastest, reaching st 22 in only 6 weeks while
embryos from 26-H (cooler, high moisture) were the slowest, taking 10
weeks to reach st 22.

3.4. Embryo mass and length

Along with embryos reaching stage 22 at different rates, embryonic
growth rates also differed under the different treatment regimens. At st
16, both mass (Fig. 3) and straight carapace length (SCL, Fig. 4) differed

Table 1
Incubation conditions (moisture and temperature) in each one of the treatments throughout the experiment. 26-H:≈26 °C, high moisture; 27-M:≈27 °C, moderate moisture; 28-
H:≈28 °C, high moisture; 29-M:≈29 °C, moderate moisture. Air T: mean ± s.d. of the air temperature in the incubators. Sand T: mean ± s.d. of the sand temperature in the nest boxes.
Significant differences are in bold. T-test: t, (df, degrees of fredom); P = value. Moisture Min: mean ± s.d. of the daily minimum moisture in the nest boxes. Moisture Max: mean ± s.d.
of the daily maximum moisture in the nest boxes. Moisture Average: mean ± s.d. of the moisture maintained in the nest boxes throughout the experiment.

Treatment Air T (°C) Sand T (°C) T-test results Moisture (m3/m3)

Min Max Average

26-H 29.10 ± 0.29 25.84 ± 0.61 t = 59.375 (84) 0.088 ± 0.018 0.117 ± 0.009 0.103 ± 0.021
P = < 0.001

27-M 29.10 ± 0.29 27.04 ± 0.73 t = 29.665 (84) 0.046 ± 0.015 0.059 ± 0.009 0.053 ± 0.014
P = < 0.001

28-H 31.01 ± 0.20 27.88 ± 0.50 t = 81.002 (84) 0.083 ± 0.022 0.120 ± 0.011 0.100 ± 0.025
P = < 0.001

29-M 31.01 ± 0.20 28.85 ± 0.64 t = 45.422 (84) 0.048 ± 0.017 0.062 ± 0.010 0.055 ± 0.016
P = <0.001

Fig. 1. Difference in mean egg mass (g) among the four treatments at stage 16 and stage
22 (during and after the TSP, respectively). * Denotes statistically significant differences
by ANOVA (Table 2) and post hoc Tukey Test (Table 3, α < 0.05); error bars represent
95% confidence intervals. 26-H: ≈26 °C, high moisture; 27-M: ≈27 °C, moderate
moisture; 28-H: ≈28 °C, high moisture; 29-M: ≈29 °C, moderate moisture.
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among treatments (Table 2). Embryos incubating at cooler tempera-
tures (≈26 and 27 °C) were significantly bigger and heavier than those
incubating at warmer temperatures (≈28 and 29 °C) but did not differ
with moisture regime (Table 3). Interestingly, at st 22, high moisture
treatments embryos (26-H and 28-H) tended to be bigger and heavier
than embryos incubated at moderate moisture treatments regardless of
incubation temperatures. However, only embryos at the ≈26 °C and
high moisture treatment (26-H) were significantly different from the
rest of the treatments (Table 3).

3.5. Sex ratio: Sox9 expression

We found that undifferentiated st 16 embryos of the four treatments
were expressing low levels of Sox9 (Fig. 5), while differentiated st 22
embryos of 26-H, 27-M, and 28-H expressed significantly higher levels
of Sox9, suggesting that in those three treatments 100% of the embryos
were males (Tables 2 and 4). However, 29-M was not statistically dif-
ferent from st 16 embryos (Tables 2 and 4) due to the low levels of Sox9
found in some of the embryos analyzed (7 out of 12), suggesting a mix
of male and female embryos.

4. Discussion

During incubation, the turtle embryo grows inside the nest from a
few cells to a fully formed and independent organism at hatching. For
proper development, embryos require an appropriate range of tem-
perature, moisture, salinity, and respiratory gases (reviewed by
Ackerman, 1997). In this study, we focused our attention on how
moisture conditions inside the nest affect the development of T. s. ele-
gans embryos. We found that the temperature inside the nest is strongly
influenced by the water content of the sand; the sand temperatures

were approximately 2–3 °C cooler than the air temperatures within
each incubator (29 °C and 31 °C) (Table 1). This drop in sand tem-
perature likely occurred due to evaporative cooling. Our results show
that moisture changes the microclimate experienced by the eggs inside
the nest and that this can significantly affect their development.

Effects of moisture on nest temperatures have been reported for sea
turtles nesting in Suriname (Godfrey et al., 1996), in Florida (Foley
et al., 2000; Lolavar and Wyneken, 2015) and in Costa Rica (Hill et al.,
2015); and also in painted turtle Chrysemys picta nesting areas
(Bodensteiner et al., 2015). None have focused upon why and how H2O
affects embryonic phenotype. The tight biophysical relationship

Table 2
ANOVA analysis for egg mass, embryo mass and size, and Sox9 expression com-
paring the four different treatments in two developmental stages (st). 26-H: ≈26 °C,
high moisture; 27-M: ≈27 °C, moderate moisture; 28-H: ≈28 °C, high moisture; 29-M:
≈29 °C, moderate moisture. Significant differences are in bold. df, degrees of freedom;
SS, sum of squares; MS, mean sum of squares.

Source df SS MS F-ratio P-value

Egg mass st 16 Between
groups

3 15.883 5.294 1.723 0.168

Residual 92 282.68 3.073
Total 95 298.563

Egg mass st 22 Between
groups

3 392.367 130.789 13.836 <0.001

Residual 52 491.542 9.453
Total 55 883.909

Embryo mass st
16

Between
groups

3 0.384 0.128 40.3830 <0.001

Residual 92 0.292 0.00317
Total 95 0.676

Embryo mass st
22

Between
groups

3 1.692 0.564 3.287 0.028

Residual 52 8.924 0.172
Total 53 10.616

Embryo size st
16

Between
groups

3 2.978 0.993 12.748 <0.001

Residual 92 7.165 0.078
Total 95 10.14

Embryo size st
22

Between
groups

3 10.712 3.573 3.317 0.027

Residual 52 56.015 1.077
Total 55 66.735

Sox9 Expression Between
groups

4 0.0417 0.0104 17.2316 <0.001

Residual 50 0.0303 0.0006
Total 54 0.072

Table 3
Tukey-Test analyses to identify sources of statistical difference in egg mass and
embryo mass and size. 26-H: ≈26 °C, high moisture; 27-M: ≈27 °C, moderate moisture;
28-H: ≈28 °C, high moisture; 29-M: ≈29 °C, moderate moisture. Significant differences
are in bold.

Multiple contrasts Difference P-value

Egg mass st 22 26-H vs. 29-M 0.484 <0.001
26-H vs. 27-M 0.350 0.003
26-H vs. 28-H 0.190 0.926
28-H vs. 29-M 0.294 <0.001
28-H vs. 27-M 0.161 0.011
27-M vs. 29-M 0.133 0.569

Embryo mass st 16 27-M vs. 28-H 0.168 <0.001
27-M vs. 29-M 0.124 <0.001
27-M vs. 26-H 0.051 0.140
26-H vs. 28-H 0.116 <0.001
26-H vs. 29-M 0.073 <0.001
29-M vs 28-H 0.043 2.047

Embryo mass st 22 26-H vs. 27-M 0.484 0.030
26-H vs. 29-M 0.350 0.134
26-H vs. 28-H 0.190 0.522
28-H vs. 27-M 0.294 0.314
28-H vs. 29-M 0.161 0.742
29-M vs. 27-M 0.133 0.890

Embryo size st 16 27-M vs. 28-H 0.436 <0.001
27-M vs. 29-M 0.345 <0.001
27-M vs. 26-H 0.088 0.684
26-H vs. 28-H 0.348 <0.001
26-H vs. 29-M 0.257 0.0076
29-M vs. 28-H 0.090 0.652

Embryo size st 22 26-H vs. 27-M 1.153 0.043
26-H vs. 29-M 0.671 0.340
26-H vs. 28-H 0.050 0.899
28-H vs. 27-M 1.103 0.057
28-H vs. 29-M 0.622 0.411
29-M vs. 27-M 0.482 0.708

Fig. 2. Developmental trajectories of Trachemys scripta elegans embryos showing differ-
ences in the speed at which they developed as a function of incubation conditions.
Developmental trajectories were determined by stage two embryos per treatment, weekly.
26-H: ≈26 °C, high moisture; 27-M: ≈27 °C, moderate moisture; 28-H: ≈28 °C, high
moisture; 29-M: ≈29 °C, moderate moisture.
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between substrate moisture and nest temperature makes it difficult to
fully separate one factor from the other. Nevertheless, our results
highlight the importance of an experimental design that considers this
cooling effect when studying the effects of temperature and moisture.

By simultaneously measuring the sand temperatures and H2O content,
we were able to distinguish differences in the embryo’s response to
these environmental factors.

4.1. Egg mass

We found that eggs with st 16 embryos tended to gain mass re-
gardless of sand moisture or temperature; while eggs with st 22 em-
bryos, gained more weight at the high moisture treatments regardless of
temperature (Fig. 1). Increase in egg mass is primarily due to water
uptake during development by the parchment-shelled eggs (Packard
et al. 1982). Our results suggest that, water uptake of the eggs did not
depend on the temperature experienced inside the nest but rather de-
pend on developmental stage and water availability. Stage 16 embryos
(Fig. 6A) have distinct limb buds, head, and tail, and are characterized
by a pigmented eye, a digital plate with a smooth periphery with slight
indications of digital ridges and the intestinal loop is herniated
(Greenbaum, 2002). They also have contractile pre-cardiac vessels, and
the yolk sac is much larger in diameter than embryo length (personal
observations). These characteristics suggest that catabolism is still low.
At st 22 (Fig. 6B), the embryo’s length is similar to yolk sac diameter
(personal observations) and it has a shell with scutes, and well-devel-
oped limbs with claws (Greenbaum, 2002). Between st 16 and st 22
embryos increase yolk utilization, a process that requires greater vo-
lumes of water to meet the demands of the larger embryo (Packard and
Packard, 2001). This differential requirement for moisture through
development has been reported previously on other species with flex-
ible-shelled eggs (Delmas et al., 2008) and also in species with rigid-
shelled eggs (Booth, 2002). The authors reported a significant positive
relationship between substrate moisture and egg water uptake espe-
cially during the last third of incubation period, which is consistent to
our results.

Water exchange by eggs is affected by several physical character-
istics of the substrate such as, water content, water potential, tem-
perature, and thermal conductivity (Packard, 1991; Booth, 2002); but
also by several aspects of the egg itself. Among these characteristics are
the egg size (which determines the area of the eggshell making contact
with the substrate) (Ackerman et al., 1985), and the eggshell structure
(e.g., porosity, thickness) that modifies its water conductance (Booth,
2002; Rimkus et al., 2002). Interestingly, these characteristics change
depending on how long the eggs remain in wet or dry conditions, that
is, the longer they spend in a wet substrate, the bigger and thinner-
shelled the eggs will be due to the water uptake (Booth, 2002); which in
turn will favor the continuous exchange of water throughout incuba-
tion. Indeed, in our study, water uptake was enhanced later in devel-
opment (st 22) and it was higher in wetter treatments. Moreover, the
growing embryo can also modify the egg sensitivity to water uptake.
Booth (2002) showed that infertile eggs did not experience any change
in water uptake during the length of incubation. Normally, as the em-
bryo grows and the yolk is consumed and converted into tissue, the
osmotic concentration changes, which in turn, modifies the water

Fig. 3. Difference in mean embryo mass among the four treatments at stage 16 and stage
22 (during and after the TSP, respectively). * Denotes statistically significant differences
by ANOVA (Table 2) and post hoc Tukey Test (Table 3, α < 0.05); error bars represent
95% confidence intervals. 26-H: ≈26 °C, high moisture; 27-M: ≈27 °C, moderate
moisture; 28-H: ≈28 °C, high moisture; 29-M: ≈29 °C, moderate moisture.

Fig. 4. Difference in mean embryo length (SCL, straight carapace length) among the four
treatments at stage 16 and stage 22 (during and after the TSP, respectively). * Denotes
statistically significant differences by ANOVA (Table 2) and post hoc Tukey Test (Table 3,
α < 0.05); error bars represent 95% confidence intervals. 26-H: ≈26 °C, high moisture;
27-M: ≈27 °C, moderate moisture; 28-H: ≈28 °C, high moisture; 29-M: ≈29 °C, mod-
erate moisture.

Fig. 5. Sox9 relative expression levels of undifferentiated embryos (stage 16) and sex
differentiated embryos (stage 22). Stage 16 embryos from the four treatments were
considered as the control group since low Sox9 expression was expected. At st 22, the four
treatments were analyzed separately. Each point represents an individual. * Denotes
statistically significant differences by ANOVA (Table 2) and post hoc Holm-Sidak test
(Table 4, α < 0.05); error bars represent 95% confidence intervals. 26-H: ≈26 °C, high
moisture; 27-M: ≈27 °C, moderate moisture; 28-H: ≈28 °C, high moisture; 29-M:
≈29 °C, moderate moisture.

Table 4
Holm-Sidak analyses to identify sources of statistical difference in Sox9 expression.
Relative Sox9 expression levels of sex determined embryos (st 22) in the four different
treatments were compared against undifferentiated embryos (st 16). Stage 16 embryos
from the four treatments were considered as the control group since low Sox9 expression
was expected. 26-H: ≈26 °C, high moisture; 27-M: ≈27 °C, moderate moisture; 28-H:
≈28 °C, high moisture; 29-M: ≈29 °C, moderate moisture. Significant differences are in
bold.

Multiple contrast Holm-Sidak t-stats P-value

St 16 vs. 26-H 6.5351 <0.001
St 16 vs. 27-M 5.4324 <0.001
St 16 vs. 28-H 3.3377 <0.001
St 16 vs. 29-M 0.5888 0.558
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potential difference across the eggshell inducing egg water uptake
(Delmas et al., 2008). The increased blood circulating in the chor-
ioallantois along the inside surface of the shell allowing gas exchange
and the metabolic heat produced from embryos at later stages might
also favor water exchange (Rimkus et al., 2002).

Thus, the difference in the water uptake we found at st 22 in high
moisture treatments is likely due to a combination of factors. These
include higher water content in the substrate, an increase in eggshell
water conductance caused by shell thinning, increased shell surface
area as the egg swells over incubation time, and finally, by a change in
the chemical composition (less lipid content as yolk is consumed), and
functioning (greater gas exchange) of the egg’s internal environment as
the embryo grows. While not determined in this study, the combination
of these effects could result in heavier eggs in the treatments with high
moisture, independent of the temperature (Fig. 1).

4.2. Developmental trajectory

Our results showed that the developmental trajectory, up to the time
it takes the developing embryos to reach st 22, is affected mostly by
temperature. Warmer temperatures were associated with faster devel-
opment, which is consistent with previous studies (Yntema, 1978) and
thermal effects were not overridden by different moisture regimes. The
effect of temperature on the developmental rate of embryos has been
widely studied in a variety of taxa (Gillooly and Dodson, 2000; Gillooly
et al., 2002). In reptiles, the thermal environment can influence em-
bryonic growth rate (Packard et al., 1977; Deeming and Ferguson,
1989; Georges et al., 2005; Ligon and Lovern, 2012) and therefore,
incubation duration (Yntema, 1978; Lolavar and Wyneken, 2015). It is
not surprising that the speed of development is positively correlated to
temperature (as long as it is within the normal range of incubation
temperatures) because physiological and biochemical rates are gen-
erally positively correlated with temperature (Birchard, 2004).

However, while temperature is clearly the overriding factor im-
pacting embryonic development, moisture played an important role as
well in that it modified the temperature of the nest substrate in all
treatments, and thus affected the pace at which the embryos developed.
Longer incubation periods are correlated with wetter substrates at
constant condition (Packard et al., 1989; Mcgehee, 1990; Packard et al.,
1991; Janzen et al., 1995) or under fluctuating conditions of wet and
dry, where incubation period increases with longer time spent in a wet
substrate (Delmas et al., 2008).

The effects of moisture and temperature, where moisture cools
down the sand and thus influences the developmental rate, have also
been reported in field studies. An increase in substrate moisture by
rainfall events extended the incubation period of three species of fresh
water turtles (Graptemys spp.; Bull, 1985), the painted turtle
(Bodensteiner et al., 2015) and also the loggerhead sea turtle (Lolavar
and Wyneken, 2015). Although we cannot reject the possibility that
moisture may have other, more direct effects on developmental rate,
our results suggest that this effect is at least in large part through a

cooling effect, likely due to the evaporation of water from the sand at
higher moisture conditions and perhaps also by intake by the eggs of
water vapor (Ackerman, 1997).

4.3. Embryo mass and length

While the influence of incubation conditions on the resulting
hatchling traits has been widely studied, fewer studies examine the
embryo’s reaction to the environmental factors inside the nest (Ligon
and Lovern, 2012; Dormer et al., 2016). The mechanisms by which the
environment influences the turtle embryo during different develop-
mental stages is less understood.

As development progresses it is expected that the embryo regulatory
process mature and change (Ackerman 1997). In our study, embryo
length and weight were significantly affected by temperature at st 16;
bigger and heavier embryos were produced in cooler temperatures
(Figs. 3 and 4, respectively). But later in development (st 22), moisture
tended to have a greater effect in both traits (Figs. 3 and 4).

Turtle embryos develop successfully over a narrow range of tem-
peratures with a lower and upper lethal limit (Ackerman, 1997; Du and
Ji, 2003) and they are especially sensitive to temperature changes at
early stages, when crucial developmental processes including histo-
genesis and organogenesis take place (Yntema, 1968; Birchard, 2004).
Temperature affects these aspects of morphogenesis by changing the
rate of development of certain organs and traits (Dormer et al., 2016) or
even by the inhibition of successful development, leading to phenotypic
abnormalities (Telemeco et al., 2013). Furthermore, sex determination,
part of histogenesis and organogenesis, takes place in the middle third
of development and depends on temperature (Bull, 1987; Pieau et al.,
1999; Merchant-Larios, 2001). A change in temperature as subtle as
0.5 °C can alter the offspring sex ratio within a Natator depressus clutch
(Hewavisenthi and Parmenter, 2002). In our study, this embryo sensi-
tivity to temperature at early stages was also evident. Interestingly, the
differences we found at st 16 in embryo SCL and mass were influenced
by temperature and not by the substrate moisture as it occurred at st 22.
To our knowledge, there is no report of moisture influencing crucial
developmental events like organogenesis except for sex determination
(but see discussion below).

Once organogenesis is completed, the embryo is now committed to
increase its body size before hatching. Most of embryonic somatic
growth occurs during the final 50% of development at the end of in-
cubation (Birchard, 2004). Embryonic growth is a metabolic process.
Fuel, stored in the yolk by the female, is moved from the yolk to cells
where it is transformed into energy (Ackerman, 1997). Packard and
Packard (2001) proposed that embryos with access to relatively large
amounts of water seemingly sustained higher rates of metabolism and
growth than embryos having access to relatively small amounts of li-
quid. In agreement with this idea, Morris et al. (1983) and Booth (2002)
found that eggs that absorbed larger amounts of water tended to have
smaller residual yolk mass and bigger hatchlings, suggesting that the
amount of yolk converted to tissue during embryonic development is

Fig. 6. Trachemys scripta elegans embryos at two de-
velopmental stages. (A) Lateral view of a stage 16
embryo. (B) Dorsal view of a stage 22 embryo. Scale
bars = 2 mm.
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influenced by the amount of water absorbed by eggs during incubation.
Therefore differences in metabolism and growth drive by water avail-
ability are translated into observed differences in size (wetter the sub-
strate, larger the embryos) and are evident later in development when
the embryo is increasing its body size in preparation for hatch.

An additional factor that affects embryo water availability is the
osmotic potential. Salinity of the substrate during incubation has been
found to have clear effects on the development of C. expansa (Bower
et al., 2013). Since negative water potential is created by solutes in
water, salty sand will cause eggs to dehydrate. Therefore the morpho-
logical effects of a saline substrate mirrored those of turtles incubated in
drier media, that is, larger residual yolk sac of hatchings, smaller car-
apace size and smaller yolk free mass of hatchlings (Bower et al., 2013),
supporting the role of moisture during embryonic growth.

However, in a study with loggerhead eggs, Mcgehee (1990) showed
that there is an optimum range of substrate moisture, where moisture
levels lower than 25% and higher than 50% by volume produced
smaller embryos. Similar results were found for Chelydra serpentina
(Finkler, 2006), a freshwater species that also has pliable-shelled eggs.
Increasing the water content of the substrate beyond the optimal range,
leads to O2 depletion (Booth, 1998) because pore spaces contain less
air. Responses to chronic hypoxia have been characterized at the mo-
lecular, morphological, and functional level in reptile embryos (Kam,
1993; Crossley and Altimiras, 2005; Eme et al., 2013) and hatchlings
(Wearing et al., 2016). At the morphological level, continuous exposure
to hypoxia (10% O2) beginning early in incubation reduced embryonic
mass but increased relative heart mass later in incubation in both
American alligator (Alligator mississippiensis) and common snapping
turtle embryos (Crossley and Altimiras, 2005; Eme et al., 2013, re-
spectively). Interestingly, embryonic exposure to hypoxia appears to
affect embryonic growth more than developmental events, since hy-
poxic embryos were smaller but hatched at the same time as normoxic
embryos (Kam, 1993).

We suggest that the embryo’s sensitivity to the surrounding en-
vironment changes depending on the developmental process. At earlier
stages, when vital developmental processes such as organogenesis and
histogenesis are occurring, embryos are more responsive to temperature
because small changes in temperature can induce permanent effects in
the phenotype of the hatchlings. Therefore, embryos must have a me-
chanism in place to respond rapidly to thermal fluctuations. Later in
development, once the embryo has all major structures and organ
systems, and the predominant processes are exponential growth and
yolk metabolism, moisture (water availability) and O2 play a larger role
than temperature in enhancing metabolism and growth. During in-
cubation, all physical factors are intimately related to form the nest
environment; this interaction provides the suitable conditions for
proper embryonic development. Our study suggests that embryos are
able to respond to these factors in a stage dependent manner.

4.4. Sex ratio

Studies suggest that moisture affects sex ratios in turtles with TSD.
In a series of experiments performed with the painted turtle, eggs in-
cubated at several constant temperatures with differing moisture
treatments; wetter substrates produced males, while drier substrates
produced both males and females (Gutzke and Paukstis, 1983). Later
studies with the same species were not able to confirm those results at
either constant (Packard et al., 1989) or fluctuating incubation tem-
peratures (Paukstis et al., 1984; Packard et al., 1991). Nevertheless, in a
more recent study with a closely related species, T. scripta, Leblanc and
Wibbels (2009) showed that eggs sprayed with H2O during the thermo-
sensitive period had male-biased sex ratios compare to controls. At a
constant incubation temperature, a daily application of room tem-
perature water to the eggs resulted in more males compared to the
control group, not receiving the water treatment. However, in this last
study, eggs were incubated on racks without any substrate in incubators

of the same temperature. Such experimental conditions do not mimic a
normal nest, since the physical characteristics of the substrate play an
important role in the thermodynamics of the eggs and in nest heat and
moisture retention.

This effect of moisture on sex ratio has also been observed in field
studies. Green (Chelonia mydas) and leatherback (Dermochelys coriacea),
as well as loggerhead (C. caretta) sea turtles nests that experienced
greater rainfall had a higher production of males (Godfrey et al., 1996;
Wyneken and Lolavar, 2015).

This is the first study in which Sox9 was used as a transcriptional
molecular marker to estimate sex ratio. Sox9 is a transcription factor
implicated in testis differentiation in mammals, birds and reptiles
(Western et al., 1999; Moreno-Mendoza et al., 1999; Koopman, 2001;
Western and Sinclair, 2001; Shoemaker et al., 2007). Thus in turtles
with TSD, Sox9 expression levels are higher in differentiated gonads
incubated at MPT than in differentiated gonads at FPT and un-
differentiated gonads from both MPT and FPT (Moreno-Mendoza et al.,
1999; Rhen et al., 2007; Shoemaker et al., 2007). In the present study
we found that all st 22 embryos from 26-H, 27-M and 28-H expressed
significantly higher levels of Sox9 compared to st 16 embryos. Actual
sand temperatures in those treatments ranged from 25.84 to 27.88 °C;
therefore, in those treatments where temperatures were below the PT
(29 °C) and Sox9 levels were high, we assigned the resulting embryos to
be 100% males. However in 29-M, where the mean sand temperature
was very close to the PT at 28.85 °C, only 5 out of 12 embryos expressed
Sox9 at high levels (5-15 fold higher than st 16 embryos). Consequently,
the embryos in 29-M were assigned as 42% males

Together, these results are particularly interesting, because they
show how moisture affects sex ratios by changing the temperature in-
side the nest. However, while moisture per se may not override the
effect of temperature, the cooling effect can result in significant al-
terations to sex ratios vs. air temperatures measured alone. Air tem-
peratures of 31 °C, that alone would suggest a high percentage of female
embryos produced in the nest, instead resulted in 100% males at higher
moisture levels and nearly 50% males at moderate moisture levels, as
the moisture reduced the temperature to near pivotal for this species. In
addition, our focus on one sex-specific gene, Sox9, showed no mod-
ification of its expression with moisture per se. Temperature has long
been shown to be the major cue of TSD not only appearing as a phe-
notypic effect but also showing its influence in the molecular network
responsible for sex determination. The temperature response of sex-
related genes in gonads of turtles has been addressed using approaches
studying individual genes (Moreno-Mendoza et al., 1999; Torres-
Maldonado et al., 2002; Murdock and Wibbels, 2003; Rhen and
Schroeder, 2010; Shoemaker-Daly et al., 2010; Sifuentes-Romero et al.,
2010, 2013; Gómez-Picos et al., 2014) and more recently with broad,
unbiased approaches using transcriptomic analysis (Czerwinski et al.,
2016; Radhakrishnan et al., 2017). In these studies with constant
temperatures or even with shifts within the temperature treatments, the
authors have shown that temperature is able to trigger a genetic re-
sponse.

This study is the first to report an effect of moisture on sex ratios in
combination of empirical measures of temperature inside the nest, and
demonstrate that the substrate temperature varies according to the
water content. This lab study is consistent with field studies of fresh-
water turtles (Bull, 1985; Bodensteiner et al., 2015) and sea turtles
(Godfrey et al., 1996; Lolavar and Wyneken, 2015; Wyneken and
Lolavar, 2015). We suggest that the influence of moisture on sex ratios
is through the temperature, which in turn will modify the molecular
mechanisms responsible for sex determination.

However, to completely reject or accept an influence of moisture on
the molecular mechanism of sex determination and sex ratios; it is
crucial to separate the effect of temperature and moisture, and take the
next steps to include FPTs. Such an approach will allow us to investigate
the molecular mechanisms involved in sex determination such as gene
regulation and epigenetics.
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5. Conclusions

Results of experimental and field studies indicate that temperature
and moisture affect hatchling phenotype through their combined effect
on embryonic development and water relationships with the egg. We
observed stage-related differences in the response of the embryos to
moisture and temperature. At earlier stages of embryogenesis, the ef-
fects of temperature are more evident, reflected by developmental
trajectory and sex determination. However, in later stages, when the
embryo is larger and more complex and growth is the dominant pro-
cess, moisture may have a greater effect by sustaining higher rates of
metabolism that support yolk utilization.

The results may provide valuable insight into development in TSD
species but also herald caution when attempting to predict sex ratios
based on incubation temperature in natural nests that may be subjected
to locally variable and periodic rain events. Our results are relevant
when considering nesting phenology in the wild because conditions
such as temperature and rainfall often vary depending across the
nesting season.

We strongly suggest the incorporation of other environmental fac-
tors such as moisture, in to existing models that attempt to estimate
either embryo growth or sex ratios to increase the accuracy of model
predictions. Improving accuracy is particularly important when trying
to assess the impact of climate change in species with TSD and other
forms of environmental sex determination.
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