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ABSTRACT

Metabolic processes are affected by both temperature and
thyroid hormones in ectothermic vertebrates. Temperature is
the major determinant of incubation length in oviparous
vertebrates, but turtles can also alter developmental rate in-
dependent of temperature. Temperature gradients within nat-
ural nests cause different developmental rates of turtle embryos
within nests. Despite temperature-induced reductions in de-
velopmental rate, cooler-incubated neonates often hatch syn-
chronously with warmer siblings via metabolic compensation.
The physiological mechanisms underlying metabolic com-
pensation are unknown, but thyroid hormones may play a
critical role. We applied excess triiodothyronine (T3) to de-
veloping eggs of Murray River short-necked turtle (Emydura
macquarii)—a species that exhibits metabolic compensation and
synchronous hatching—to determine whether T3 influences
developmental rate and whether changes to incubation period
incur metabolic costs. We measured heart rate, oxygen con-
sumption and incubation period of eggs, and morphology and
performance of hatchlings. Embryos that were exposed to T3

pipped up to 3.5 d earlier than untreated controls, despite no
change in total metabolic expenditure, and there were no
treatment differences in hatchling morphology. Hatchlings
treated with T3 demonstrated similar righting ability to hatch-
lings from the control groups. Exposure to T3 shortens incuba-
tion length by accelerating embryonic development but without
his paper was included by the Editor’s request in a Focused Issue on “Early-
ife Effects on the Adult Phenotype: A Comparative Perspective.”
Corresponding author; e-mail: j.vandyke@westernsydney.edu.au.

hysiological and Biochemical Zoology 90(1):34–46. 2017. q 2016 by The
niversity of Chicago. All rights reserved. 1522-2152/2017/9001-6001$15.00.
OI: 10.1086/689744
*T
L
†

P
U
D

This content downloaded from 137
All use subject to University of Chicago Press Term
statistically increasing embryonic metabolism. Thus, T3 is a
mechanism that cooler-incubated reptiles could use to accelerate
their development to allow synchronous hatching with their
warmer clutch mates but at little or no metabolic cost. Thus,
metabolic compensation for synchronous hatching may not be
metabolically expensive if T3 is the underlying mechanism.

Keywords: triiodothyronine, T3, synchronous hatching, envi-
ronmentally cued hatching, phenotypic plasticity, embryogenesis,
egg.
Introduction

All physiological processes in ectothermic animals are tem-
perature dependent (Wilhoft 1958; Packard and Packard 1988;
Packard et al. 1988; Rome et al. 1992; Johnston et al. 1996). In
developing oviparous vertebrates, warmer incubation tem-
peratures accelerate embryogenesis and reduce incubation
periods (Birchard andReiber 1996; Spencer et al. 2001; Lin et al.
2008; Colbert et al. 2010). Oxygen consumption ( _VO2) and
heart rates of embryos are also temperature dependent, partially
as a result of accelerated embryogenesis (Birchard and Reiber
1996; Lillywhite et al. 1999; Booth et al. 2000; Vladimirova et al.
2005; Du et al. 2010, 2011). Ultimately, incubation temperature
also influences aspects of offspring phenotype, including
morphology (Packard and Packard 1988; Du et al. 2009, 2010),
performance (Dial 1987; Janzen 1993; Weisrock and Janzen
1999; Booth et al. 2004; Nelson et al. 2004; Colbert et al. 2010),
and sex differentiation in species that have temperature-
dependent sex determination (Yntema 1968, 1978; Bull and Vogt
1979; Bull 1985; Christie and Geist 2017).
In reptile nests, mean temperature differences occur

throughout development as a result of diel and seasonal changes
in ambient temperature (Thompson 1988, 1997; Thompson et al.
1996; Shine and Elphick 2001). Within shallow nests, a temper-
ature gradient occurs during the day—where eggs at the bottom
of the nest experience cooler temperatures and eggs at the top of
the nest experience warmer temperatures—by up to 67C (Thomp-
son 1988; Thompson et al. 1996; Christie and Geist 2017). Because
they are closer to the ground surface, eggs from the top of the
nest experience higher temperatures during the day than do eggs
at the bottom, while at night all eggs within the nest experience
similar temperatures (Thompson 1988; Thompson et al. 1996;
Christie and Geist 2017). Thus, the eggs at the top of the nest
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T3 Reduces Incubation Period without Costs in Turtles 35
experience temperatures that are more variable throughout the
course of the day than do the eggs at the bottom of the nest but
are never cooler than those at the bottom. The major effect is that
the eggs at the top of the nest experience considerably warmer
temperatures than eggs at the bottom for much of their incuba-
tion period and develop faster (Thompson 1988, 1997). In cap-
tive experiments, the easiest way to approximate this effect is to
incubate turtle eggs at different constant temperatures. For ex-
ample,MurrayRiver short-neck turtle (Emydura macquarii) eggs
incubated at a constant 307C can hatch up to 3 wk earlier than
do sibling eggs incubated at a constant 267C (Dormer et al.
2016). Despite considerable variation in incubation tempera-
tures and their impacts on incubation period, many reptilian
embryos still hatch synchronously within a nest (Vleck et al.
1980; Cannon et al. 1986; Thompson 1989; Spencer et al. 2001;
Colbert et al. 2010; Du et al. 2011; McGlashan et al. 2012).
The majority of evidence for synchronous hatching in the

literature is anecdotal, with only a few species studied in depth.
The pig-nosed turtle (Carettochelys insculpta) delays hatching
until an environmental trigger (hypoxia) stimulates a syn-
chronized hatching event (Webb et al. 1986; Doody et al. 2001,
2012). Synchronous hatching occurs in E. macquarii and the
North American painted turtle (Chrysemys picta) when less
developed embryos—incubating at cooler temperatures—either
adjust their developmental rate through metabolic compensation
(McGlashan et al. 2012) or hatch early, potentially prematurely
(Colbert et al. 2010; Spencer and Janzen 2011). In E. macquarii, we
have previously established developmental asynchrony by incu-
bating eggs for 7 d at either 267 or 307C and then reuniting sibling
eggs at the same temperature (267C) for the remainder of devel-
opment. Eggs incubated at 267C are initially able to advance their
hatching date by 2–3 d to hatch nearly at the same time as their
siblings that were temporarily incubated at 307C (McGlashan
et al. 2012). Under these conditions, cool-incubated E. macquarii
increase their developmental rates to developmentally catch up
with warm-incubated embryos, likelywith ametabolic cost,which
we defined as metabolic compensation (McGlashan et al. 2012).
Synchronous hatching through metabolic compensation is also
evident through circadian rhythms in the eastern long-necked
turtle (Chelodina longicollis), which may be stimulated by com-
munication through diel adjustments of heart rate (McGlashan
et al. 2015), as they are in embryonic E. macquarii (Loudon et al.
2013). Remarkably, these changes in metabolic and developmental
rates do not incur costs to hatchling morphology or locomotor
performance (McGlashan et al. 2012, 2015).
The physiological mechanisms that underlie metabolic

compensation are not known. Thyroid hormones are likely
candidates for regulatingmetabolic compensation because they
regulate embryonic development, growth, and metabolism in
animals (Himms-Hagen 1976; Dauncey 1990; Silva 2001;
Hollenberg and Forrest 2008). Triiodothyronine (T3) and
thyroxine (T4) are secreted from the thyroid gland into cir-
culation for distribution to target tissues (Ford et al. 1957;
Norris 1997; Rivera and Lock 2008). Responsiveness to thyroid
hormones occurs early in embryonic development, and ma-
ternal thyroid hormones deposited into the yolk are the primary
This content downloaded from 137
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supply for the early stages of embryogenesis (Forrest et al.
1990; McNabb and Wilson 1997; McComb et al. 2005). Thyroid
hormone concentrations decrease throughout the early stages
of developmentwhen there is a significant biological requirement
for the hormone, particularly for neurodevelopment (Bernal
and Nunez 1995; de Escobar et al. 2004; Morreale de Escobar
et al. 2004), but concentrations increase following develop-
ment of the thyroid gland and the onset of organ function
(Prati et al. 1992). Exposure to more T3 and T4 can accelerate
development in the embryos of vertebrates and conversely,
lack of thyroid hormones can significantly arrest development
and result in deformity (Miwa and Inui 1987; Brown 1997;
Callery and Elinson 2000; de Escobar et al. 2004; Morreale de
Escobar et al. 2004). Thus, differences in the production of thy-
roid hormones within individual embryos may explain why some
individuals develop faster than others.
In reptile nests, eggs incubate in close contactwith eachother.

Cues frommore advanced warmer eggs could stimulate cooler,
less advanced eggs to secrete more thyroid hormone to accel-
erate development to catch up and hatch synchronously. These
cues could include sibling heart rate, CO2 concentrations in
the nest (Spencer et al. 2001; Spencer and Janzen 2011), and
acoustic communication through stridulation, vibration, and
audible clicks (Vergne et al. 2009; Ferrara et al. 2013, 2014).
Natural increases of thyroid hormone concentrations may be
responsible for accelerated development in freshwater turtles
that results in synchronous hatching through metabolic com-
pensation.
The aim of this study was to determine whether thyroid

hormones influence incubation period in a way that could
facilitate synchronous hatching. We focused on T3 because it is
the active form of thyroid hormone in mammals (Braverman
et al. 1970; Schwartz et al. 1971; DiStefano et al. 1982a, 1982b;
Hollenberg and Forrest 2008) and would be most likely to
influence embryonic metabolic rate in turtles (O’Steen and
Janzen 1999). Triiodothyronine is also the primary hormone
that increases O2 consumption in thyroidectomized lizards
(Chandola-Saklani and Kar 1990). In addition, we have pre-
liminary evidence that metabolically compensating E. mac-
quarii exhibit slightly elevated T3 concentrations during de-
velopment (McGlashan 2016). We specifically tested the
hypothesis that experimentally increased T3 would accelerate
developmental rate in embryos of the turtle E. macquarii by
inducing positive metabolic compensation (e.g., increased
heart rate and _VO2).

Methods

Study Species

Emydura macquarii is the focal species for this study because
embryos can be stimulated to accelerate development through
metabolic compensation when incubated with more advanced
embryos (McGlashan et al. 2012). Emydura macquarii is an
Australian pleurodiran (side-necked) turtle that lays clutches of
10–30 eggs in relatively shallow terrestrial nests from October
to December. Females usually emerge to nest in the riparian
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zones close to aquatic habitat during or after rain (Chessman
1986).
Egg Collection and Incubation

Female E. macquarii were captured from the Murray River,
Albury, New South Wales, from October 30 to November 1,
2012, using lobster and cathedral traps. Gravidity was deter-
mined by palpation. Gravid females were injected subcutane-
ously with oxytocin (Ilium Syntocin 10 IU/mL, Troy Labora-
tories) at a dose of 1 mL/kg to stimulate oviposition, and they
were placed in 150-mm-deep water in tubs (600 mm # 400
mm) in a dark quiet room for up to 24 h (Spencer et al. 2001).
Eggs were collected from tubs, weighed, individually marked in
laying order using an HB pencil, and placed in moist vermic-
ulite. Before release, all females were palpated to ensure that all
eggs were oviposited; if not, then a second oxytocin injection
was administered to complete oviposition. Clutches were trans-
ported to the University of Western Sydney for incubation.
Three eggs from each of the 12 clutches were used for this

experiment.Oneof the three eggs fromeach clutchwas assigned
to one of three containers, one for thyroid hormone treatment
and two for controls (vehicle and H2O). Each container held a
total of 12 eggs. Eggs were half buried in a 1∶1 mixture of
vermiculite and deionized water and incubated in clear plastic
incubator containers (200 mm # 100 mm # 50 mm). To
account for evaporation and maintain water potential of ver-
miculite, containers were weighed and rehydrated weekly. Con-
tainers were incubated in environmental chambers at 307C and
were rotated weekly within chambers to counteract potential
thermal gradients in the incubator (Janzen 1993).
Hormone Application

Eggs in the treatment group were treated with the thyroid
hormone 3,30,5-triiodo-L-thyronine (T3; Sigma-Aldrich) dis-
solved in the vehicle dimethyl sulfoxide (DMSO; Sigma-
Aldrich). Eggs in the vehicle control group were treated with
DMSO only, while eggs in the H2O control group were treated
with deionized water (H2O). In the treatment group, 2.0 mg of
T3 was dissolved in 5.0 mL of DMSO (before the concentration
volume 0.4 mg/mL; O’Steen and Janzen 1999). DMSO was used
because of its ability to transport and penetrate through mem-
branes (Kolb et al. 1967).
The dosage was determined on the basis of doses of the same

hormone applied to Chelydra serpentina embryos, which were
observed to increase resting metabolic rates (RMRs) of
hatchlings and reduce incubation periods (O’Steen and Janzen
1999). The dose given to C. serpentina at embryonic stages 18–
19 was calculated for E. macquarii embryo size (crown to rump
length) at approximately the same stage of development
(Yntema 1968; Greenbaum and Carr 2001; Dormer et al. 2016).
Emydura macquarii reached stages 18–19 at approximately
day 20 of development at an incubation temperature of 307C
(Dormer et al. 2016). At this stage of embryonic development,
the thyroid gland is differentiated and functional (Dimond
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1954; Ewert 1985; O’Steen and Janzen 1999), so a single dose of
5 mL of T3/DMSO and controls (DMSO and H2O) was applied
to the top surface of each egg in the corresponding container,
using a pipette.
Metabolic Measurements

Oxygen consumption ( _VO2)wasmeasured inweeks 4–6onall 36
eggs to determine whether added T3 increased metabolic rate in
embryonic turtles. _VO2 was measured using an Oxy-4 mini four-
channel fiber optic oxygen transmitter (PreSens, Precision Sens-
ing, Regensburg). Eggs were placed in a glass container (50mm#
50 mm# 50 mm) in 100 g of moist vermiculite (1∶1), sealed and
placed in an incubator for a period of 4–24 h, depending on the
stage of development based on incubationweek. An initial reading
was taken immediately after the container was sealed, and a final
reading was taken at the end of the time period. The differences in
individuals’ initial and final readings (mL/h) were compared
between treatment and control groups to see whether T3 exposure
affected _VO2. One empty container containing only moist ver-
miculite was used as a control. Hourly _VO2 of hatchlings was also
measured after hatching to determine whether hormone appli-
cation had any lasting effects on RMRs of neonates. Hatchlings
between 35 and 40 d old were placed in the same glass containers
previously used for measuring embryonic _VO2, on a moist paper
towel, for a period up to 3 h. Initial and final readings were taken,
and the difference was used to determine total _VO2 for each
individual. _VO2 rates were also used to calculate individual total
_VO2 during incubation.
Heart Rate Measurements

Wemeasured heart rate (beats perminute) of all 36 eggs weekly
to infer metabolic rate of embryos (Wallace and Jones 2008;
Du et al. 2009). Eggs were individually removed from the in-
cubation container and immediately placed in a Buddy digital
egg monitor system (Avian Biotech) in complete darkness.
Three readings were taken once heart rates stabilized (within
2 min; McGlashan et al. 2015; Sartori et al. 2015). The mean
of three readings, taken at 30-s intervals, was calculated. Eggs
were not disturbed during the recording period, and any em-
bryonic movement could be detected and distinguished from
heart rate readings, in which case we waited for movement
to cease and heart rate to stabilize before recording again
(McGlashan et al. 2015).
Calculation of Total Oxygen Consumption

Total daily _VO2 was calculated for each embryo during incu-
bation, using each individual’s weekly _VO2 per hour and mul-
tiplying it by 24. _VO2 increases in a sigmoid pattern throughout
development in many turtles (Thompson 1989; Booth 2000;
Booth andAstill 2001; Du et al. 2010;McGlashan et al. 2012), but
embryonic _VO2 was collectedonly in thefinalweeks of incubation
(weeks 4–6). We plotted _VO2 against Julian day for each mea-
surement (fig. 1), and the linear equation for each week to week
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line was calculated. Each linear equation was then integrated to
estimate the total _VO2 over each weekly interval. The values for
each weekly interval were summed to estimate total oxygen
consumed during incubation (Van Dyke and Beaupre 2011).We
used the same procedure to estimate _VO2 of hatchlings from the
last measurement of eggmetabolism before hatching to the RMR
measurement 35–40 d after hatching.
Pipping, Posthatching Measurements, and Hatchling Care

Eggs were inspected twice daily for signs of pipping (initial
break of egg with caruncle; Gutzke et al. 1984). The incubation
period was measured as time in days from oviposition until
pipping. Neonates were allowed to hatch unassisted (within 1–
4 d), after which they were weighed (g), and straight carapace
length and straight plastron length were measured. Perfor-
mance tests (righting ability) were undertaken within 12 h of
hatching. Residual yolk sac volumes (Packard and Packard 1988)
were estimated as volumes of ellipsoids using length, width, and
height measurements. Furthermore, we hypothesized that hatch-
lings that experienced accelerated development—and potentially
premature hatching (e.g., Du and Shine 2014) via manipulation of
T3—might have experienced physiological consequences that
could not be observed by studying incubation period,metabolism,
or hatchling morphology alone. We tested this hypothesis by
comparing turtles’ abilities to right themselves. Tests of righting
ability have been used to similarly assess hidden developmental
effects of incubation temperature and pollutants on neonate rep-
tiles, which might have consequences for posthatch survival (Du
and Shine 2014; Steen et al. 2015). Hatchlings were placed on their
carapace, and the time taken to right themselves was measured as
an index of neuromuscular development (Vleck et al. 1979, 1980;
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Peterson andKruegl 2005;Colbert et al. 2010).Righting timeswere
recorded once (to the nearest second) using a digital stopwatch,
and all tests were stopped at 180 s if a turtle did not right itself.
Hatchlings were initially marked with an identifiable number

using enamel paint, and within 2 wk their marginal scutes were
individually notched using dissecting scissors (Spencer et al.
2001). Hatchlings were housed together in a 70-L aquarium that
was filtered using an external filter (Eheim 440 power filters).
Turtles were fed three to four times a week on a diet of white bait
(Richmond Seafoods), commercial frozen turtle foods (Fish Fuel),
and bloodworms (Orca). Ultraviolet B lighting (Exo Terra Repti
Glo 2.0, 40 W, Rolf C. Hagen) was supplied on a 7 a.m. to 7 p.m.
timer, and a foam floating dock for basking was available at all
times. All hatchlings were treated the same for 2 mo before being
dissected to determine whether there were any effects of excess T3

on internal morphology.
Histology

Out of the 36 eggs, 34 hatched successfully. Neonates were eu-
thanized via an overdose of inhaled isoflurane followed by pithing
for measurements of the thyroid gland, including thyroid gland
width and the ratio of epithelial height and follicular diameter
(Wilhoft 1958). We also identified the sexes of hatchlings and
examined gross morphology to determine whether T3 exposure
affected development of internal organs. Thyroid gland and
gonads were removed and fixed in 10% neutral buffered formalin
for 1–2 wk in 47C. Tissues were processed through graded alcohol
steps and xylene before being embedded in paraffin wax (Wilhoft
1958). Samples were cut into 10-mm sections, mounted on silane-
coated slides (ProSciTech), stained with hematoxylin and eosin
(Bancroft 1975), and coverslipped with DPX. The slides were
Figure 1. Mean weekly _VO2 of Emydura macquarii are plotted against the day of year of each measurement to demonstrate how total _VO2 was
calculated over incubation period and posthatching resting metabolic rate (RMR). Solid lines represent changes in measured oxygen consumption
frommeasurement to measurement. Numbers in parentheses are sample sizes for each time point. Black line, control dimethyl sulfoxide; dark gray
line, control H2O; light gray line, treatment triiodothyronine (T3)5SE. Dashed line indicates the day pipping commenced for treatment (T3)
neonates; thick solid vertical line indicates the day pipping commenced for control group neonates. There was no significant difference in embryo
total _VO2 (F2, 17 p 2.21, P p 0.1406) or total RMR _VO2 (F2, 6 p 2.19, P p 0.1310).
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viewed and photographed using an Olympus BX60 compound
microscope, JenoptikProgResC14digital camera, and ImagePro1
6.2 software. The slides were examined to determine the sex of
each hatchling and the thyroid gland and follicular development
(Wilhoft 1958;Yntema1981;DeSolla et al. 2006;Ross et al. 2009).
Data Analysis

Incubation period was analyzed using a mixed linear model
analysis (PROCMIXED; SAS ver. 9.3, SAS Institute, Cary, NC)
with egg mass included as the covariate. Embryonic _VO2 and
heart rate were compared among weeks and among treatment
and control groups, using a repeatedmeasures ANCOVA in SAS
(PROC MIXED). Egg mass (g) was included in the model as a
covariate. A nonrepeated ANCOVA was used to compare hatch-
ling RMR 35–40 d after hatching, using hatchling mass as a co-
variate. Estimated total _VO2 of embryos and hatchlings was also
compared using ANCOVA models in PROC MIXED. Egg mass
was included as a covariate for the comparison among embryos,
while hatchling mass was used as a covariate for the comparison
among hatchlings.
Phenotypic differences in carapace length, plastron length,

mass, and yolk sac volume were compared among treatment and
controls using a multivariate analysis of variance (MANCOVA),
with egg mass as a covariate in SAS (PROC GLM). Hatchling
righting ability was individually analyzed using a mixed linear
model analysis (PROC MIXED) with egg mass as a covariate. A
binomial test was used to assess propensity to right in SAS (PROC
GLIMMIX). Differences in thyroid width and epithelial follicular
ratio were analyzed using ANCOVA with hatchling mass (g) as a
covariate.
Clutch was included as a random effect in all models, and if

treatment effects were found to be significant, then post hoc
F
s
P
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Tukey tests were used to determine where pairwise differences
occurred. All data analyzed with ANCOVA were log trans-
formed before analysis to ensure linearity in the models. Ex-
amination of residuals ensured that all assumptions of uni-
variate parametric statistics were met. In the multivariate
analysis, the assumption ofmultivariate normality could not be
directly tested because of sample size limitations. Thus, Pillai’s
trace was used as a test statistic because it is robust to violations
of multivariate normality (Scheiner 2001). Statistical signifi-
cance was determined at the 0.05 type I error level, and data are
presented as means 5 SE.

Results

Incubation Period

Only two of the 36 eggs failed to hatch. One egg pipped but
failed to hatch, and the other failed to pip; both were from the
T3 treatment group. Triiodothyronine reduced the incubation
period of embryos by 2–3 d (F2, 17 p 4.25, P p 0.033; fig. 2).
Eggs that were treated with T3 hatched on average 2.5 d earlier
than DMSO-treated eggs (t17 p 3.18, P p 0.014) and 3 d
earlier than eggs treated with H2O alone (t17 p 3.10, P p
0.014).
Oxygen Consumption

There was a time effect on _VO2 over the course of incubation
(F3, 92 p 36.07, P ! 0.0001; fig. 3). Across all treatments, mean
embryo _VO2 at weeks 5 and 6 of incubation were significantly
higher than at week 4 and higher than hatchling _VO2 (both t92 ≥
4.2, P ! 0.0001). There was no significant difference in _VO2

between treatment and control groups at any time point (F2, 92p
0.66, P p 0.5183), nor was there a significant interaction of
igure 2. Least squares means 5 SE of incubation period of eggs in treatment and control groups (F2, 17 p 4.27, P p 0.031). Letters indicate
ignificant pairwise differences among treatments within each measurement (triiodothyronine [T3]–dimethyl sulfoxide [DMSO]: t17 p 3.15,
p 0.015; T3-H2O: t17 p 3.07, P p 0.018). T3: n p 10; DMSO and H2O: n p 12.
.166.087.031 on May 08, 2018 16:12:54 PM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



T3 Reduces Incubation Period without Costs in Turtles 39
treatment and time throughout the incubation period (F6, 92 p
0.42, P p 0.8630). Egg _VO2 increased with increasing egg mass
(F1, 92 p 9.27, P p 0.003). Analysis of posthatching RMR also
revealed no significant differences among treatment and controls
(F2, 5 p 0.45, P p 0.6636; fig. 3).
Estimated Total Oxygen Consumption

Embryo total _VO2 did not differ among treatment and control
groups (F2, 17 p 2.21, P p 0.1406; fig. 1; table 1), and there was
no interaction of egg mass and treatment (F2, 17 p 2.40, P p
0.1207). Egg mass did not significantly affect total _VO2 of
embryos (F1, 17 p 0.39, P p 0.5412). Estimated total RMR _VO2

from hatchlings did not differ significantly between treatment
and control groups (F2, 6 p 2.91, Pp 0.1310), and there was no
interaction effect of egg mass and treatment (F2, 6 p 3.12, P p
0.1176). Egg mass, treatment, or the interaction of both did not
significantly affect total _VO2 from hatching to RMR measure-
ment (table 1).
Heart Rate

Heart rates did not differ among treatment and control groups
at any point during incubation (F2, 155 p 0.16, P p 0.8512;
fig. 4) and were not affected by the interactions of treatment
and egg mass or of treatment, egg mass, and time. Heart rate
was significantly affected by egg mass (F1, 155 p 6.58, P p
0.0113) and time (F5, 155 p 3.10, P p 0.0107) individually and
as an interaction effect (F5, 155 p 2.52, P p 0.0317).
Heart rates were affected by week of incubation (F5, 155 p

3.1, P p 0.0107; fig. 4). Heart rate gradually increased in both
control groups fromweek 2 to week 4 of incubation and weeks 2–
5 for the treatment group, but there was no interaction effect
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of treatment and time (F10, 155 p 0.78, P p 0.6434). Heart rate
began to decline in week 5 in control groups and week 6 in the
treatment group before hatching.
Posthatching Measurements

A multivariate analysis of all measured hatchling phenotypes
(carapace length, plastron length, mass and yolk sac volume)
revealed that size was not affected by the interaction of treatment
and egg mass (Pillai p 0.1819, F8, 28 p 0.35, P p 0.9377),
treatment alone (Pillai p 0.1604, F8, 28 p 0.31, P p 0.9577), or
egg mass alone (Pillai p 0.2876, F4, 13 p 1.31, P p 0.3166).
Righting ability was not affected by treatment with T3. There was
no significant difference in ability to successfully right (F2, 22 p
0.01, P p 0.999) and total time for neonates to right themselves
at the time of hatching (F2, 17 p 0.12, Pp 0.888; fig. 5). Twenty-
four out of the 34 hatchings righted themselves.

Histological Measurements

The thyroid width and the epithelial follicular ratio were
measured in only 32 hatchlings because two samples were
destroyed during the embedding process. There was no sig-
nificant difference in either measurement (F2, 15 p 1.81, P p
0.197;F2, 15p 0.60,Pp 0.56; table 2). Gonads of hatchingswere
also assessed to determine sex ratio. There was no significant
difference in the ratio of males to females in all groups (F2, 19 p
0.53, P p 0.6).
The histological appearance of thyroid glands from hatch-

lings exposed to T3 did not differ from control groups (fig. 6).
The thyroid gland is made up of tightly packed follicles, en-
closed with simple cuboidal epithelium. Follicles typically contain
colloid that is homogenous in appearance (fig. 6a). Epithelial cells
Figure 3. Least squares means 5 SE of _VO2 of embryos in control groups (dark gray, dimethyl sulfoxide [DMSO]; medium gray, H2O) and
treatment group (light gray, triiodothyronine [T3]); Np 36 across 117 technical replicates. No significant difference among treatment groups (F2, 92 p
0.66, Pp 0.5183); _VO2 did change with time (F3, 92p 36.07, P ! 0.0001). Letters indicate significant pairwise differences between _VO2 of embryos in
week 6 of incubation and hatchling restingmetabolic rate (RMR)within treatment groups (DMSO: t92p 5.93,P! 0.0001;H2O: t92p 5.27,P! 0.0001;
T3: t92 p 4.2, P ! 0.0001).
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of follicles are sometimes squamous, indicating little absorption
and continued colloid production; this usually results in larger
follicles (fig. 6b). C cells were present in the thyroid glands of
hatchling Emydura macquarii, lying between follicles (fig. 6b, 6d).
Vacuolation in the peripheral colloid was generally minimal but
evident in a few samples (fig. 6b) and generally indicative of an
increased rate of colloid production. A single layer of cuboidal
follicular epithelial cells was present in glands of treatment and
control hatchlings (fig. 6c, 6d), and capillary networks were
abundant throughout glands (fig. 6b–6d).

Discussion

Metabolic compensation in Emydura macquarii has been de-
fined as an increase in developmental rate—with a metabolic
cost—to allow cool-incubated embryos to developmentally
catch up with warm-incubated embryos (McGlashan et al.
2012). Embryos may be able to accelerate development late in
incubation by producing excess T3; however, our results sug-
gest that excess T3 accelerates development without incurring
developmental or metabolic compensatory costs. Indeed, the
addition of T3 reduces incubation period in embryonic E.
macquarii by up to 3 d but does not compromise embryonic
development in any way revealed by ourmethods. Intriguingly,
the advancement in hatching date (2–3 d) is similar to what we
F
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have previously reported to occur as a result of metabolic com-
pensation in E. macquarii (McGlashan et al. 2012). Throughout
incubation, there were no significant differences in heart rate or
_VO2 between treatment and control embryos at any time point.
Furthermore, total oxygen consumption by eggs over the course
of development was not affected by the application of exogenous
T3. Thus, T3 causes a small reduction in incubation period, but
this reduction does not incur ametabolic cost over the entirety of
incubation. In addition, total and daily oxygen consumption are
unchanged but incubation period is slightly reduced, indicating
that embryos exposed to exogenous T3 might experience slightly
higher per-day metabolic rates at any given point during de-
velopment. Otherwise, we would expect a reduction in total ox-
ygen consumption concomitant with a reduction in incubation
period. However, the potential differences in per-day oxygen ex-
penditure were not sufficiently large to be statistically detectable
in our study, possibly because of either the relatively small sam-
ple size of our study or random variation in the relative timing of
metabolicmeasurements at each time point. Ultimately, embryos
that hatched earlier used similar amounts of energy during de-
velopment as did those that hatched later, such that all hatch-
lings should have similar posthatch energy reserves, regardless of
incubation period.
Exposure to excess T3 did not affect hatchling size, residual yolk

internalization, or posthatching righting ability. Thyroid growth
Table 1: Least squares means 5 SE of estimated total _VO2 throughout incubation, total _VO2 from
hatching to resting metabolic rate (RMR) measurement, and total _VO2
Treatment
 n

Total _VO2 throughout
incubation (N p 36)
Total _VO2 from hatching to RMR
measurement (N p 36)
.166.087.031 on May 08, 2018 16:12:
s and Conditions (http://www.journal
Total _VO2

(N p 22)
DMSO
 11
 1,068.2 5 103.35
 1,674.84 5 166.55
 2,333.07 5 278.98

T3
 10
 860.20 5 103.33
 1,427.53 5 208.64
 1,541.99 5 283.65

H2O
 12
 1,034.61 5 113.49
 1,659.47 5 193.98
 2,222.23 5 310.45
Note. Total _VO2 includes total _VO2 throughout incubation plus total _VO2 from hatching to RMR measurement. DMSO, dimethyl
sulfoxide; T3, triiodothyronine.
igure 4. Least squares means 5 SE of heart rates (beats per minute) of embryos in control groups (dark gray, dimethyl sulfoxide; medium
gray, H2O) and treatment group (light gray, triiodothyronine); N p 36 across 202 technical replicates.
54 PM
s.uchicago.edu/t-and-c).



T3 Reduces Incubation Period without Costs in Turtles 41
and development were also not affected by the application of T3,
suggesting that an increased production or synthesis of thyroid
hormones does not affect thyroidal development or lead to long-
term effects on the growth and development of the turtle. Taken
together, our results show that elevated concentrations of T3 can
reduce incubation period in E. macquarii but do not compromise
embryonic development in any obvious way. Remarkably, these
results suggest that cooler-incubated embryosmight be able to use
increased T3 to accelerate development and catch up with warmer-
incubated siblings without significant metabolic or developmental
costs. There could still be a metabolic cost in producing extra
T3 during embryonic development—because any compensatory
change during development could potentially come at a cost (Met-
calfe and Monaghan 2001; Christie and Geist 2017; Garland et al.
2017; Lailvaux et al. 2017; Sopinka et al. 2017)—but it is likely to
be small and is not addressed in this study.
At developmental stages 18 and 19, when we applied T3,

thyroid follicles have begun to appear, and colloid is present
within; thus, the thyroid should be developed well enough to
synthesize hormones (Dimond 1954; Lynn 1970). Increased
production of T3 in mid-late development might allow cooler-
incubated embryos to reduce incubation period to that of the
warmer-incubated embryos in the nest to ensure synchronous
hatching of neonates. Preliminary evidence indicates that T3

concentrations in yolk increase in metabolically compensating
E. macquarii embryos during the final stages of incubation just
before hatching (McGlashan 2016). Increases in plasma thyroid
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All use subject to University of Chicago Press Term
hormone concentrations have also been correlated with hatch-
ing and posthatching in crocodiles and turtles (Dimond 1954;
Shepherdley et al. 2002). Thus, it is possible that elevated pro-
duction of T3 in late development could be the mechanism
underlying synchronized hatching in turtles, but our results
suggest that excess T3 might also accelerate embryogenesis much
earlier in development, if it were produced at that time. Thus,
increased T3 concentrations at any stage of development appear
to increase developmental rates.
In addition to potentially regulating metabolic compensa-

tion, thyroid hormones are important regulators of embryo-
genesis more generally (Morvan-Dubois et al. 2013). Triio-
dothyronine, T4, and their receptors are present in the eggs and
embryos of vertebrates (Prati et al. 1992; Power et al. 2001;
Shepherdley et al. 2002). Evidence for thyroid hormone func-
tion in embryogenesis comes from endocrine disruption stud-
ies. Thyroid hormones regulate growth and pigmentation in
embryonic zebrafish, Danio rerio (Walpita et al. 2009), and
brain development in the African clawed frog, Xenopos laevis
(Fini et al. 2012). Embryonic chickens exposed to polychori-
nated biphenyls exhibited reduced circulating thyroid hormone
concentrations, which was associated with delayed hatching
(Roelens et al. 2005).
Synchronous hatching has evolved in species where group

emergence is important for hatchling survival (Lang 1987;
Thompson 1988; Gyuris 1993; Doody et al. 2001; Spencer et al.
2001). If excess T3 does cause embryos to accelerate devel-
Figure 5. Least squares means 5 SE of righting time (s) in treatment and control groups 5 SE. Triiodothyronine (T3): n p 8; dimethyl
sulfoxide (DMSO): n p 6; H2O: n p 10.
Table 2: Mean measurements 5 SE of thyroid gland (width) and epithelial follicular ratio of
triiodothyronine (T3), dimethyl sulfoxide (DMSO), and H2O treated embryos of Emydura
macquarii
Treatment
 n
 Thyroid width (mm)
.166.087.031 on Ma
s and Conditions (ht
Epithelial follicular ratio (%)
DMSO
 11
 983 5 48
 10.6 5 1.1

T3
 10
 877 5 66
 10 5 .8

H2O
 12
 963 5 31
 10 5 1.1
y 08, 2018 16:12:54 PM
tp://www.journals.uchicago.edu/t-and-c).



42 J. K. McGlashan, M. B. Thompson, J. U. Van Dyke, and R.-J. Spencer
opment, cues within the nest—such as heart rate, carbon
dioxide concentrations, or auditory cues from the embryos—
could stimulate its production (Vergne et al. 2009; Spencer
and Janzen 2011; Ferrara et al. 2013; Ferrara et al. 2014). Our
observation that development is accelerated without meta-
bolic or morphological consequences is intriguing. Comple-
tion of development is essential because any reduction in
developmental time can have adverse effects on the growth,
performance, and survival of the hatchling (Vince and Chinn
1971; Janzen 1993; Warkentin 1995; Garland et al. 2017). Pre-
dation risk may be higher in individuals that have reduced
performance and agility, particularly in turtles during terres-
trial movement. Hatchlings that are slow or unable to right
themselves may have an increased exposure risk to predators
(Burger 1976; Garland et al. 2017), so selection favors hatching
without any cost to performance. Hatchling size can also in-
fluence survival cost (Janzen 1993; Warkentin 1995; Doody 2011;
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Garland et al. 2017) so may be favored by natural selection. The
apparent lack of energetic or fitness cost to T3-stimulated accel-
erated development—combined with the potential benefits of
synchronous hatching—suggests that if T3 is the mechanism un-
derlying synchronous hatching, then it should be strongly favored
by natural selection.
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