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Abstract Oxygen and temperature have previously been
treated as different environmental stresses and studied separately in most cases. Although the oxygen–temperature
interaction may provide new insight into proximate and
evolutionary constraints on embryonic development and
offspring fitness, it has rarely been studied in oviparous
amniotes. We used a two-factor experiment [three oxygen
concentrations (12, 22 and 30 %) × two temperatures (26.5
and 34 °C)] to identify the effect of the oxygen–temperature interaction on embryonic development and hatchling
traits in the Chinese soft-shelled turtle, Pelodiscus sinensis. When eggs were incubated at the critically high temperature, hatching success of turtle eggs was enhanced
by hyperoxia but reduced by hypoxia; this result was not
observed in eggs incubated at the benign temperature.
Hypoxia retarded embryonic development, and reduced
body size, locomotor performance and survival rate of
hatchings at the critically high temperature. However, the
effects of hypoxia were greatly reduced at the benign temperature. Our study demonstrates that oxygen and temperature interact to affect not only the heat tolerance and developmental rate of embryos but also the fitness-related traits
of hatchlings, suggesting that interactions among environmental factors impose significant ecological constraints on
embryonic development in oviparous amniotes.
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Introduction
Levels of atmospheric oxygen and temperature have fluctuated considerably (from 12 % to over 30 %) over the
past 550 million years (Bergman et al. 2004; Berner 2006;
Huber et al. 2000). The interaction between oxygen and
temperature not only affects the behaviour and physiology
of organisms, but may also have influenced the course of
biological evolution (Berner et al. 2007; Huey and Ward
2005; Pörtner 2010). For example, temperature increase
causes oxygen limitation for marine fish by reducing
aquatic dissolved oxygen and by enhancing the animals’
oxygen consumption (Pörtner and Knust 2007); low oxygen plus warm temperatures have been hypothesised to
have led to a catastrophic extinction at the end of the Permian period (Huey and Ward 2005). Despite the importance
of the oxygen–temperature interaction for organismal physiology and survival, these two environmental factors generally have been treated as different environmental stresses
and hence, studied separately (Pörtner 2010; Willmer et al.
2004). However, the oxygen–temperature interaction,
which has received increasing scientific attention recently
(Huey and Ward 2005; Pörtner 2010), may shed light on
both phenotypic plasticity and evolutionary adaptation of
organisms in response to environmental changes.
Unlike viviparous embryos that develop inside the maternal
body with stable temperature and oxygen supply, the embryo
within an oviparous amniote egg develops in an external
nest and may be exposed to a wide and unpredictable range
of oxygen and temperature availability. For example, oxygen
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declines significantly after rain or if metabolic activities of
microbes and sibling eggs deplete the oxygen within the nest
chamber (Ackerman and Lott 2004; Booth 2000; Seymour
et al. 1986); nest temperatures fluctuate dramatically in reptiles
(most notably in shallow nests) or when brooding parent birds
leave the nest to forage (Jia et al. 2010; Shine et al. 2003). In
addition, oviparous amniotes produce eggs with parchment or
rigid shells that not only provide a protective environment for
the embryo, but may also restrict oxygen influx (Packard and
DeMarco 1991). High temperature and hypoxia are two crucial environmental stresses that oviparous amniote embryos
may face during development. Previous studies have demonstrated that oxygen and temperature can significantly affect
embryonic development and the resultant hatchlings in oviparous amniotes (see reviews by Deeming 2004; Deeming and
Ferguson 1991; DuRant et al. 2013; Nechaeva 2011), but the
vast majority of these studies focus on single-factor effects
rather than among-factor interactions. For example, amniote
embryos at benign temperatures would develop into larger
hatchlings that performed better than those at high or low
temperatures, and extremely high or low temperatures could
be harmful or even lethal for amniote embryos (Booth et al.
2000; Du and Ji 2003; Ji and Du 2001; Whitehead et al. 1992).
Hypoxia may reduce metabolic and growth rates of embryos,
and induce cardiac hypertrophy and facultative increase of
heart rate, vascular density on the chorioallantoic membrane
and haematocrit in oviparous amniotes (Corona and Warburton 2000; Crossley and Altimiras 2005; Du et al. 2010; Kam
1993; Seymour et al. 1986; Snyder et al. 1982; Warburton
et al. 1995). By contrast, the effect of hyperoxia on embryonic
development receives much less attention, but may be important for understanding how atmospheric oxygen level affects
the physiology of both extinct and contemporary vertebrates
(Owerkowicz et al. 2009).
Identifying the oxygen–temperature interaction may provide new insights into the proximate and evolutionary constraints on embryonic development and offspring fitness in
oviparous amniotes. First, if the interaction of temperature
and oxygen affects thermal tolerance, the survival of embryos
under thermal stress would depend on oxygen availability in
nests. Second, even within the viable oxygen and temperature ranges, temperature–oxygen interaction is likely to significantly modify hatchling phenotypes and to severely affect
offspring fitness, because both high temperature and hypoxia
have negative effects on embryonic development and hatchling traits (Deeming 2004; Nechaeva 2011).
The Chinese soft-shelled turtle (Pelodiscus sinensis) lives
in rivers, lakes and ponds, and lays clutches of small rigidshelled eggs from May to August in eastern China (Zhang
et al. 1998). The rigid-shelled eggs have low gas permeability
(Deeming and Thompson 1991; Overgaard et al. 2007), making this an ideal species to identify oxygen-dependent thermal
tolerance and development in amniote embryos. We used a
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two-factor (oxygen concentration × temperature) experimental design to test for the effects of oxygen and temperature on
the thermal tolerance and development of embryos and the
phenotypic traits of hatchlings in the Chinese soft-shelled turtle. We predicted that (1) hatching success at the critically high
temperature would be higher for turtle embryos exposed to
hyperoxia than for those exposed to hypoxia; (2) the effects of
hypoxia would be more severe at the critically high temperature than at the benign temperature.

Materials and methods
Experimental design
We used a two-factor experimental design [three oxygen
concentrations (12, 22 and 30 %) × two temperatures (26.5
and 34 °C)] to identify the effects of the oxygen–temperature interaction on embryonic development and hatchling
traits. The two temperatures, 26.5 and 34 °C, are the benign
and critically high temperatures for embryonic development of P. sinensis, respectively (Du and Ji 2003). Our
pilot study indicated that, when incubated in an incubator
with natural air circulation with an oxygen concentration
of 20.1 %, P. sinensis eggs from a captive population at
Hangzhou had high hatching success (97 %, or 31/32) at
26.5 °C, but much lower hatching success (50 %, or 23/46)
at 34 °C. This result verified that 26.5 °C and 34 °C are the
benign and critically high temperatures, respectively, for
embryonic development in our study population.
Egg collection and incubation
In May, 2013, we collected 25 clutches containing 286
freshly laid and fertilised P. sinensis eggs from a private
farm in Hangzhou city of Zhejiang Province, China. The
eggs were weighed (average egg mass 5.47 ± 0.34 g), incubated in plastic boxes (220 × 100 × 80 mm) containing
moist vermiculite (−220 kPa), and assigned to one of the
six treatments in the two-factor experiment, using a splitclutch design. Each box was sealed in a 30-L polybag and
supplied with hyperoxic or hypoxic gas. Oxygen concentrations were achieved by mixing compressed oxygen with
nitrogen, using air cylinders. Each polybag was filled with
the mixed gas until slightly inflated, and was checked twice
per day to ensure that eggs were under slight positive pressure from the mixed gas supply. The gas in the polybag was
renewed each day, and the gas renewal of each polybag
was completed within 3 min. Meanwhile, the boxes were
weighed and water added to compensate the water loss
due to evaporation and absorption by the eggs and thereby
maintain a relatively constant water potential of the incubation substrate. Gas from polybags was sampled periodically
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Incubation period, hatching success, and hatchling
phenotypes
Once the first hatchling appeared, we monitored the boxes
once a day for newly emerging hatchlings. The number of
days elapsed between the beginning of incubation and the
emergence of the hatchlings was recorded as the incubation period. Hatching success was calculated as the percentage of hatched eggs relative to incubated eggs in each
treatment.
After emergence, the hatchlings were weighed (±1 mg)
and maintained in a 300-mL jar until the yolk had been
entirely absorbed (2 days in most cases). The turtles
were then measured for carapace size (length and width,
±1 mm), and their locomotor performance was assessed by
chasing them along a 0.8-m long straight racetrack. The trials were conducted in a room with a constant temperature
of 30 °C, which is optimal for locomotor performance in
this species (Wu et al. 2013). The locomotor performance
of each turtle was tested twice with a half-hour resting
period between trials and recorded with a SONY HDRXR150 digital video camera. The fastest speed over 20-cm
intervals was collected a posteriori from the videotapes.
Following the locomotion test, the hatchling turtles were
housed individually in 500-mL jars with 5-cm-deep water
in a temperature-controlled room at 30 ± 1 °C and with a
12-h light:12-h dark cycle. The turtles were fed with commercial food daily, and their survival was monitored for
2 months after hatching.
Data analysis
We conducted G tests to determine whether the hatching success of eggs and the survival rate of hatchlings
differed among oxygen treatments in each thermal treatment. Two-way mixed-model ANOVAs were used to analyse the effects of oxygen and temperature on incubation
period, with clutch number as the random factor. Two-way
mixed-model ANCOVAs were used to analyse the effects
of oxygen and temperature on morphology and locomotor performance of hatchlings, with initial egg mass as a
covariate and clutch number as the random factor. Given
the significant effect of the interaction between oxygen and
temperature on incubation period and hatchling traits, we
further ran one-way mixed-model ANOVAs or ANCOVAs
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before and after each renewal and checked with O2 and
CO2 sensors (UI-2; Model TR3, Sable Systems, Henderson, NV, USA), connected to O2 and CO2 analysers (FC10A and CA-10A; Model TR3, Sable Systems, Henderson,
NV, USA). Throughout the experiment, the O2 level of the
gas in each polybag was maintained within 2 % of 12, 22 or
30 %, with a CO2 level less than 0.2 %.
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Fig. 1  Hatching success of turtle eggs (P. sinensis) from different
oxygen and temperature treatments. Numbers above the error bar
are sample sizes. Hatching success in hyperoxia (30 %) and near normoxia (22 %) were higher than those incubated in hypoxia (12 %)
when incubated at a critically high temperature, but not at a benign
temperature

to determine the effect of oxygen in each temperature treatment. Means are presented ± one standard error and results
were deemed to be significant if P < 0.05.

Results
Hatching success was affected by oxygen treatment at the
critically high temperature of 34 °C, with lower hatching success for eggs exposed to 12 % oxygen than for
eggs exposed to 22 and 30 % oxygen (G = 28.2, df = 3,
P < 0.001). In contrast, hatchling success was not affected
by oxygen treatment at the benign temperature of 26.5 °C
(G = 0.72, df = 3, P > 0.05) (Fig. 1).
Incubation period was significantly affected by incubation temperature (F1,89 = 9,338.9, P < 0.0001), oxygen
concentration (F2,89 = 26.9, P < 0.0001), and the interaction
between them (F2,89 = 13.4, P < 0.0001). Eggs took longer
to hatch when incubated at 26.5 °C than 34 °C (Fig. 2).
At both temperatures, oxygen concentration significantly
affected incubation period (26.5 °C: F2,66 = 9.2, P < 0.001;
34 °C: F2,23 = 40.0, P < 0.0001). Eggs exposed to 12 %
oxygen took longer to hatch than those exposed to 22 and
30 % oxygen, and the among-treatment difference was
greater at 34 °C (3 days) than at 26.5 °C (1 day) (Fig. 2).
Oxygen concentration, incubation temperature and the
interaction between them significantly affected hatchling
locomotor performance and all morphological traits measured
(Table 1). When incubated at 34 °C, hatchlings from the 22
and 30 % oxygen treatments were considerably larger and
heavier than their siblings from the 12 % oxygen treatment
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(85.7 %), lowest in hatchlings from the 12 % oxygen treatment
(25.0 %); hatchlings from the 30 % oxygen treatment were
intermediate (65.7 %) (G = 14.0, df = 3, P < 0.01). In contrast, all hatchlings from eggs incubated at 26.5 °C survived to
2 months after hatching, regardless of oxygen treatment.
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Fig. 2  Incubation period of turtle eggs (P. sinensis) from different oxygen and temperature treatments. Data are expressed as
mean ± SE. Numbers above the error bar are sample sizes. Incubation period was longer when eggs were incubated at a benign temperature than at a critically high temperature, and in hypoxia (12 %)
than near normoxia (22 %) or hyperoxia (30 %)

(body mass-F2,22 = 11.5, P < 0.001; carapace length-34 °C:
F2,22 = 29.1, P < 0.0001; carapace width-F2,22 = 27.6,
P < 0.0001) (Fig. 3). However, this effect was greatly reduced
at 26.5 °C (body mass-F2,65 = 8.9, P < 0.001; carapace
length-F2,65 = 13.7, P < 0.0001; carapace width-F2,65 = 7.1,
P < 0.01) (Fig. 3). Hatchlings from the 22 and 30 % oxygen
treatments had larger heads than their siblings from the 12 %
oxygen treatment when incubated at 34 °C (head lengthF2,22 = 16.5, P < 0.0001; head width-F2,22 = 10.9 P < 0.001).
In contrast, this difference was only seen in head length
(F2,65 = 3.8, P < 0.05), but not in head width (F2,65 = 0.25,
P = 0.78) in hatchlings from eggs incubated at 26.5 °C
(Fig. 4). Hatchlings from the 22 % oxygen treatment crawled
faster than their siblings from the 12 and 30 % oxygen treatments when incubated at 34 °C (F2,22 = 13.6, P < 0.0001), but
not at 26.5 °C (F2,65 = 0.09, P = 0.92) (Fig. 5).
When incubated at 34 °C, survival rate within 2 months
was highest in hatchlings from the 22 % oxygen treatment

Hatching success of our turtle eggs was enhanced by
hyperoxia and reduced by hypoxia when the eggs were
incubated at a critically high temperature, but not when
the eggs were incubated at a benign temperature. When
incubated in air, P. sinensis eggs from the population used
in this study achieve 50 % hatching success at 34 °C;
eggs from another population averaged only 32 % hatching success (Choo and Chou 1987). Compared with those
incubated in air, hatching success of P. sinensis eggs
incubated in hyperoxia increased, but those incubated
in hypoxia decreased (Fig. 1). Our results are consistent
with previous findings from studies on embryonic and larval stages of crustaceans (Storch et al. 2009; Woods and
Hill 2004), as well as studies on the adult stage of marine
invertebrates, some terrestrial arthropods and fish (Klok
et al. 2004; Pörtner 2010; Pörtner and Knust 2007; Stevens et al. 2010). Conversely, oxygen limitation of heat
tolerance is unlikely in simple organisms such as singlecelled eukaryotes and prokaryotes (Pörtner 2001, 2002)
and many insects (Klok et al. 2004; Stevens et al. 2010).
Simple organisms diffuse sufficient oxygen directly into
tissues and cells and thus have very high heat tolerance.
In contrast, higher organisms like metazoans have complex circulatory and gas exchange systems and thus much
lower heat tolerance (Pörtner 2001, 2002). Analogously,
oxygen limitation of heat tolerance is less prominent in
most insects which have a primarily diffusion-driven tracheal system that delivers oxygen to tissues, compared to
terrestrial isopods in which oxygen is delivered to tissues
primarily by a circulatory system (Klok et al. 2004; Stevens et al. 2010).

Table 1  Results of ANCOVA for oxygen concentration and temperature effects on morphology and locomotor performance in hatchling
P. sinensis

Hatchling mass
Carapace length
Carapace width
Head length
Head width
Crawl speed

Oxygen

Temperature

Interaction

F2,88 = 19.8, P < 0.0001

F1,88 = 12.2, P < 0.01

F2,88 = 7.5, P < 0.01

F2,88 = 41.0, P < 0.0001

F1,88 = 163.7, P < 0.0001

F2,88 = 22.9, P < 0.0001

F2,88 = 34.0, P < 0.0001

F2,88 = 23.1, P < 0.0001

F2,88 = 13.6, P < 0.0001
F2,88 = 7.5, P < 0.01

F1,88 = 14.7, P < 0.001

F1,88 = 63.9, P < 0.0001

F1,88 = 61.4, P < 0.0001
F1,88 = 31.6, P < 0.0001

F2,88 = 24.8, P < 0.0001

F2,88 = 15.2, P < 0.0001

F2,88 = 19.9, P < 0.0001
F2,88 = 6.2, P < 0.01

ANCOVAs were conducted on hatchling size, head size and crawl speed, with initial egg mass as a covariate on hatchling size, and body mass
on head size and crawl speed
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Fig. 4  Effects of oxygen concentration and temperature on the
head size of hatchling turtles (P. sinensis). Data are expressed as
mean ± SE. Numbers above the error bar are sample sizes in the
bottom graph and are applicable to the upper graphs of this figure.
Hatchlings incubated in hyperoxia (30 %) and near normoxia (22 %)
had larger heads than those incubated in hypoxia (12 %) when incubated at a critically high temperature, but not at a benign temperature

20
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34.0

Incubation temperature (°C)
Fig. 3  Effects of oxygen concentration and temperature on body size
of hatchling turtles (P. sinensis). Data are expressed as mean ± SE.
Numbers above the error bar are sample sizes in the bottom graph
and are applicable to the upper graphs of this figure. Hatchlings incubated in hyperoxia (30 %) and near normoxia (22 %) were heavier
and larger than those incubated in hypoxia (12 %) when incubated at
a critically high temperature, but not at a benign temperature

Interestingly, heat tolerance (as shown by hatching success at 34 °C) of P. sinensis embryos increased as oxygen concentration increased from 12 to 22 %, but did not

increase further when oxygen concentration increased to
30 % (Fig. 1). This suggests that the oxygen available for
mitochondrial aerobiosis in cells not only depends on the
partial pressure of oxygen in the air (which may affect the
partial pressure gradient between an organism and its environment and in turn the diffusion efficiency of oxygen), but
may also be limited by the efficiency of oxygen transport
to tissues and cells. The delivery of oxygen from air to
tissues and cells in amniotic embryos involves three processes: diffusive gas exchange through the shell and shell
membranes to capillaries in the chorioallantois, convective
transport via the circulatory system, and diffusive exchange
between the tissue capillaries and the cells (Andrews 2004;
Burggren and Pinder 1991). In addition to oxygen transport, mitochondrial function may play an important role in
oxygen limitation of thermal tolerance. For example, warm
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Fig. 5  Effects of oxygen concentration and temperature on locomotor performance of hatchling turtles (P. sinensis). Hatchlings incubated in near normoxia (22 %) and hypoxia (12 %) crawled faster
than those incubated in hyperoxia (30 %) when incubated at a critically high temperature, but not at a benign temperature

acclimation leads to a reduction in mitochondrial density,
which may reduce oxygen demand and shift the upper critical temperature to a higher value (Pörtner 2001), whereas
cold acclimation increases mitochondrial density or mitochondrial aerobic capacity (Guderley 2004). Consequently,
temperature-induced alterations of mitochondrial densities
and functions may shift oxygen-limited thermal tolerance
windows (Pörtner 2001). Such mechanisms have not yet
been explored in terrestrial vertebrates, and provide ample
opportunities for future studies.
Rarely has the effect of the interaction between oxygen
and temperature on embryonic development and offspring
fitness been studied in oviparous amniotes. In the domestic
chicken egg, there was no evidence of an interactive effect
of oxygen and temperature on embryonic development
(Lourens et al. 2007), but our study demonstrated that oxygen and temperature interact to affect the developmental
rate of embryos and the fitness-related phenotypes of hatchlings in a turtle, including body size, crawl speed and survival. At a critically high temperature, hatchlings incubated
in hypoxia (12 %) were smaller than their siblings incubated
in near normoxia (22 %) and hyperoxia (30 %) (Fig. 3),
consistent with previous results from other species from
major clade of vertebrates including fish, amphibia, reptiles,
birds and mammals (Mills and Barnhart 1999; Nechaeva
2011; Owerkowicz et al. 2009; Sundt-Hansen et al. 2007).
The small body size of hypoxia hatchlings is due to the constraint of oxygen supply, which reduces the yolk catabolism and somatic growth of embryos during development
(Crossley and Altimiras 2005; Kam 1993; Owerkowicz
et al. 2009). Interestingly, the body mass (carcass plus
residual yolk) of hypoxia hatchlings was also smaller than
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that of their siblings. A potential explanation to the smaller
absolute mass of the hatchlings is that hypoxia may hamper water metabolism during development, with less water
absorbed and incorporated by the embryos. Further studies
on water contents of residual yolk and hatchlings are needed
to clarify this hypothesis. Unexpectedly, however, at the
critically high temperature, the “best” hatchlings (in terms
of locomotor performance and survival rate) were those
incubated in near normoxia rather than those incubated in
hyperoxia (Fig. 5). This may be because the hatchlings were
raised under normoxia, which may not be able to meet the
demand of hypermetabolism induced by hyperoxia during
embryonic development (Nechaeva 2011; Sbong and Dzialowski 2007). In contrast, when eggs were incubated at
26.5 °C, the effects of hypoxia on hatchling body size were
small (Fig. 3), and its effect on crawl speed and hatchling
survival rate was nearly imperceptible (Fig. 5). Why were
the effects of hypoxia less severe at the benign temperature
than at the critically high temperature? First, oxygen limitation at the benign temperature may not be as severe as at
the critically high temperature, because oxygen demand for
aerobic metabolism decreases significantly at the benign
temperature, whereas the capacity for oxygen supply is not
reduced (Pörtner 2010). Second, embryos likely have the
capability to maintain relatively constant internal oxygen
levels in spite of decreased external oxygen supply, through
compensatory developmental changes in their oxygen transport cascade. Some reptile and bird embryos increase the
efficiency of oxygen delivery to cope with hypoxic conditions via facultative shifts in the morphology and physiology of their cardiac and vascular systems, such as heart rate,
vascular density and blood parameters (Corona and Warburton 2000; Crossley and Altimiras 2005; Du et al. 2010;
Miller et al. 2002; Nechaeva 2011).
Acknowledgments The authors thank T. T. Wang, Y. Z. Ye, B. F.
Wu and T. Li for their help in the laboratory. Research was performed
under approvals from the Animal Ethics Committee at the Institute of
Zoology, Chinese Academy of Sciences (IOZ14001).Funding This
work was supported by grants from “Hundred Talents Program” of
the Chinese Academy of Sciences; and Zhejiang Provincial Natural
Science Foundation (Grant number: LZ13C030002).

References
Ackerman RA, Lott DB (2004) Thermal, hydric and respiratory climate of nests. In: Deeming DC (ed) Reptilian incubation: environment, evolution and behaviour. Nottingham University Press,
Nottingham, pp 15–43
Andrews R (2004) Patterns of embryonic development. In: Deeming
DC (ed) Reptilian incubation: environment: evolution and behaviour. Nottingham University Press, Nottingham, pp 75–102
Bergman NM, Lenton TM, Watson AJ (2004) COPSE: a new model
of biogeochemical cycling over Phanerozoic time. Am J Sci
304:397–437

J Comp Physiol B (2015) 185:257–263
Berner RA (2006) GEOCARBSULF: A combined model for Phanerozoic atmospheric O2 and CO2. Geochim Cosmoch Acta
70:5653–5664
Berner RA, VandenBrooks JM, Ward PD (2007) Evolution—oxygen
and evolution. Science 316:557–558
Booth DT (2000) The effect of hypoxia on oxygen consumption of
embryonic estuarine crocodiles (Crocodylus porosus). J Herpetol
34:478–481
Booth DT, Thompson MB, Herring S (2000) How incubation temperature influences the physiology and growth of embryonic lizards.
J Comp Physiol B 170:269–276
Burggren WW, Pinder AW (1991) Ontogeny of cardiovascular and
respiratory physiology in lower vertebrates. Ann Rev Physiol
53:107–153
Choo BL, Chou LM (1987) Effect of temperature on the incubation
period and hatchability of Trionyx sinensis Wiegmann eggs. J
Herpetol 21:230–232
Corona TB, Warburton SJ (2000) Regional hypoxia elicits regional
changes in chorioallantoic membrane vascular density in alligator
but not chicken embryos. Comp Biochem Physiol A 125:57–61
Crossley DA, Altimiras J (2005) Cardiovascular development in
embryos of the American alligator Alligator mississippiensis:
effects of chronic and acute hypoxia. J Exp Biol 208:31–39
Deeming DC (2004) Reptilian incubation: environment: evolution
and behaviour. Nottingham University Press, Nottingham
Deeming DC, Ferguson MWJ (1991) Egg incubation: its effect on
embryonic development in birds and reptiles. Cambridge University Press, Cambridge
Deeming DC, Thompson MB (1991) Gas exchange across reptilian
eggshells. In: Deeming DC, Ferguson MWJ (eds) Egg incubation: its effects on embryonic development in birds and reptiles.
Cambridge University Press, Cambridge, pp 277–284
Du WG, Ji X (2003) The effects of incubation thermal environments
on size, locomotor performance and early growth of hatchling
soft-shelled turtles, Pelodiscus sinensis. J Therm Biol 28:279–286
Du WG, Thompson MB, Shine R (2010) Facultative cardiac responses
to regional hypoxia in lizard embryos. Comp Biochem Physiol A
156:491–494
DuRant SE, Hopkins WA, Hepp GR, Walters JR (2013) Ecological,
evolutionary, and conservation implications of incubation temperature-dependent phenotypes in birds. Biol Rev 88:499–509
Guderley H (2004) Metabolic responses to low temperature in fish
muscle. Biol Rev 79:409–427
Huber BT, Macleod KG, Wing ST (2000) Warm climates in earth history. Cambridge University Press, Cambridge
Huey RB, Ward PD (2005) Hypoxia, global warming, and terrestrial
Late Permian extinctions. Science 308:398–401
Ji X, Du WG (2001) The effects of thermal and hydric environments
on hatching success, embryonic use of energy and hatchling traits
in a colubrid snake, Elaphe carinata. Comp Biochem Physiol A
129:461–471
Jia C-X, Sun Y-H, Swenson JE (2010) Unusual incubation behavior
and embryonic tolerance of hypothermia by the blood pheasant
(Ithaginis cruentus). Auk 127:926–931
Kam Y-C (1993) Physiological effects of hypoxia on metabolism and
growth of turtle embryos. Respir Physiol 92:127–138
Klok CJ, Sinclair BJ, Chown SL (2004) Upper thermal tolerance
and oxygen limitation in terrestrial arthropods. J Exp Biol
207:2361–2370
Lourens A, van den Brand H, Heetkamp MJW, Meijerhof R, Kemp B
(2007) Effects of eggshell temperature and oxygen concentration
on embryo growth and metabolism during Incubation. Poult Sci
86:2194–2199
Miller SL, Green LR, Peebles DM, Hanson MA, Blanco CE (2002)
Effects of chronic hypoxia and protein malnutrition on growth in
the developing chick. Am J Obstet Gynecol 186:261–267

263
Mills NE, Barnhart MC (1999) Effects of hypoxia on embryonic
development in two Ambystoma and two Rana species. Physiol
Biochem Zool 72:179–188
Nechaeva MV (2011) Physiological responses to acute changes in
temperature and oxygenation in bird and reptile embryos. Respir
Physiol Neurobiol 178:108–117
Overgaard J, Gesser H, Wang T (2007) Tribute to P. L. Lutz: cardiac performance and cardiovascular regulation during anoxia/
hypoxia in freshwater turtles. J Exp Biol 210:1687–1699
Owerkowicz T, Elsey RM, Hicks JW (2009) Atmospheric oxygen
level affects growth trajectory, cardiopulmonary allometry and
metabolic rate in the American alligator (Alligator mississippiensis). J Exp Biol 212:1237–1247
Packard MJ, DeMarco VG (1991) Eggshell structure and formation in
eggs of oviparous reptiles. In: Deeming DC, Ferguson MWJ (eds)
Egg incubation: its effects on embryonic development in birds and
reptiles. Cambridge University Press, Cambridge, pp 53–69
Pörtner H (2001) Climate change and temperature-dependent biogeography: oxygen limitation of thermal tolerance in animals.
Naturwissenschaften 88:137–146
Pörtner HO (2002) Climate variations and the physiological basis of temperature dependent biogeography: systemic to molecular hierarchy of
thermal tolerance in animals. Comp Biochem Physiol A 132:739–761
Pörtner HO (2010) Oxygen- and capacity-limitation of thermal tolerance: a matrix for integrating climate-related stressor effects in
marine ecosystems. J Exp Biol 213:881–893
Pörtner HO, Knust R (2007) Climate change affects marine fishes
through the oxygen limitation of thermal tolerance. Science
315:95–97
Sbong S, Dzialowski EM (2007) Respiratory and cardiovascular
responses to acute hypoxia and hyperoxia in internally pipped
chicken embryos. Comp Biochem Physiol A 148:761–768
Seymour RS, Vleck D, Vleck CM (1986) Gas exchange in the incubation mounds of megapode birds. J Comp Physiol B 156:772–782
Shine R, Elphick MJ, Barrott EG (2003) Sunny side up: lethally high,
not low, nest temperatures may prevent oviparous reptiles from
reproducing at high elevations. Biol J Linn Soc 78:325–334
Snyder GK, Black CP, Birchard GF (1982) Development and metabolism during hypoxia in embryos of high altitude Anser indicus versus sea level Branta canadensis geese. Physiol Zool 55:113–123
Stevens MM, Jackson S, Bester SA, Terblanche JS, Chown SL (2010)
Oxygen limitation and thermal tolerance in two terrestrial arthropod species. J Exp Biol 213:2209–2218
Storch D, Santelices P, Barria J, Cabeza K, Pörtner H-O, Fernández
M (2009) Thermal tolerance of crustacean larvae (zoea I) in two
different populations of the kelp crab Taliepus dentatus (MilneEdwards). J Exp Biol 212:1371–1376
Sundt-Hansen L, Sundstrom LF, Einum S, Hindar K, Fleming IA,
Devlin RH (2007) Genetically enhanced growth causes increased
mortality in hypoxic environments. Biol Lett 3:165–168
Warburton SJ, Hastings D, Wang T (1995) Responses to chronic
hypoxia in embryonic alligators. J Exp Zool 273:44–50
Whitehead PJ, Seymour RS, Webb GJW (1992) Energetics of development of embryos of the Australian freshwater crocodile, Crocodylus johnstoni: relation to duration of incubation. Physiol Zool
65:360–378
Willmer P, Stone G, Johnston IA (2004) Environmental physiology of
animals. Blackwell publishing, Oxford
Woods HA, Hill RI (2004) Temperature-dependent oxygen limitation
in insect eggs. J Exp Biol 207:2267–2276
Wu MX, Hu LJ, Dang W, Lu HL, Du WG (2013) Effect of thermal
acclimation on thermal preference, resistance and locomotor performance of hatchling soft-shelled turtle. Curr Zool 59:718–724
Zhang MW, Zong Y, Ma JF (1998) Fauna Sinica Reptilia, vol 1. Science Press, Beijing

13

