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ABSTRACT

Though it is a widespread adaptation in humans and many other
animals, parental care comes in a variety of forms and its subtle
physiological costs, benefits, and tradeoffs related to offspring are often
unknown. Thus, I studied the hydric, respiratory, thermal, and fitness
dynamics of maternal egg-brooding behavior in Children’s pythons
(Antaresia childreni). I demonstrated that tight coiling detrimentally
creates a hypoxic developmental environment that is alleviated by periodic
postural adjustments. Alternatively, maternal postural adjustments
detrimentally elevate rates of egg water loss relative to tight coiling.
Despite ventilating postural adjustments, the developmental environment
becomes increasingly hypoxic near the end of incubation, which reduces
embryonic metabolism. I further demonstrated that brooding-induced
hypoxia detrimentally affects offspring size, performance, locomotion, and
behavior. Thus, parental care in A. childreni comes at a cost to offspring
due to intra-offspring tradeoffs (i.e., those that reflect competing offspring
needs, such as water balance and respiration). Next, I showed that, despite
being unable to intrinsically produce body heat, A. childreni adjust egg-
brooding behavior in response to shifts in nest temperature, which
enhances egg temperature (e.g., reduced tight coiling during nest warming
facilitated beneficial heat transfer to eggs). Last, I demonstrated that A.
childreni adaptively adjust their egg-brooding behaviors due to an
interaction between nest temperature and humidity. Specifically, females’

behavioral response to nest warming was eliminated during low nest



humidity. In combination with other studies, these results show that
female pythons sense environmental temperature and humidity and utilize
this information at multiple time points (i.e., during gravidity [egg
bearing], at oviposition [egg laying], and during egg brooding) to enhance
the developmental environment of their offspring. This research
demonstrates that maternal behaviors that are simple and subtle, yet
easily quantifiable, can balance several critical developmental variables

(i.e., thermoregulation, water balance, and respiration).
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Chapter 1
INTRODUCTION

Parental care can be defined as any non-genetic contribution of an
adult that increases the fitness of its offspring. Parental care represents an
adaptation of paramount importance because it is a convergent trait used
by a broad range of taxa (Clutton-Brock 1991). Despite its benefits to
offspring, parental care often reduces aspects of parental fitness (e.g.,
future reproductive efforts and longevity), which allows natural selection
to mediate this parent-offspring tradeoff (Clutton-Brock 1991). Also,
parental care is often inextricably involved in other evolutionary processes
(Clutton-Brock 1991). For example, the degree of parental investment
often dictates the degree and direction of sexual selection (e.g., large,
brightly colored male birds and female fish compete for mates with high
parental investment) (Trivers 1972; Clutton-Brock 1991). Further, parental
control of the developmental environment may play a role in the evolution
of endothermy (Farmer 2000).

While birds typically use bi-parental care, female-only parental care
is the predominant mode of care in other internally fertilizing vertebrates
(e.g., reptiles and mammals, Clutton-Brock 1991), including species within
major taxa in which external fertilization predominates (i.e., fish and
amphibians, Gross and Shine 1981), as well as terrestrial arthropods (Zeh
and Smith 1985). Nest attendance is a widespread, ancestral type of post-
paritive (i.e., after oviposition or parturition) parental care. Among other
benefits, nest-attending parents can increase their fitness by reducing
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embryonic predation (frogs: Townsend 1986), improving egg water
balance (skinks: Somma 1989), thermoregulating embryos (bumblebees:
Heinrich 1979), promoting embryonic respiration (fish: Lissaker and
Kvarnemo 2006), reducing pathogen infiltration of eggs (crickets: West
and Alexander 1963), and provisioning offspring with food (birds: Clutton-
Brock 1991).

Within the broad context of female-only nest attendance, pythons
have proven to be a useful and relevant taxon for studying the costs,
benefits, and tradeoffs of parental care. After describing general aspects of
python biology, I will discuss the thermal dynamics of python egg
brooding, including embryonic thermoregulation through physiological
and behavioral means. I will conclude with an overview of tradeoffs
associated with python egg-brooding behavior and particularly focus on
intra-offspring tradeoffs (i.e., those that reflect competing offspring needs,

such as water balance and respiration).

Family Pythonidae

Pythons (Order Squamata) are members of a relatively basal family
of snakes comprised of 33 species (Rawlings et al. 2008), which naturally
ranges from western and southern Africa, through the tropical rainforests
of Southeast Asia and New Guinea and into the cooler regions of southern
Australia. They typically differ from boas (Family Boidae) in reproductive
mode: viviparous (live bearing) boas and oviparous (egg laying) pythons.
Pythons can be terrestrial, arboreal, fossorial, or semi-aquatic, and they
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range in adult size from 0.6 m to 10 m in total length (i.e., the pygmy
python [Antaresia perthensis] and reticulated python [Python
reticulatus], respectively) (Minton and Minton 1973; Wilson and Swan

2008).

Thermal dynamics of python egg brooding

As early as the 19th century, scientists observed female pythons
enhancing embryonic thermoregulation through internal means during
egg brooding (Lamarre-Picquot 1835). The selection for physiological and
behavioral traits that enhance egg temperature regulation is likely related
to the thermal sensitivity of python embryos. Specifically, python embryos
require a relatively high, stable incubation temperature (i.e., 30-33°C) for
normal development, and deviations from this narrow range result in a
combination of reduced hatching success, developmental rate, growth
rate, body size, escape behavior, and willingness to feed (P. bivittatus,
Vinegar 1973; P. natalensis, Branch and Patterson 1975; M. s. spilota,
Harlow and Grigg 1984; water pythons [ Liasis fuscus], Shine et al. 1997; A.
childreni, DeNardo unpublished).

Facultative thermogenesis by egg-brooding, and otherwise
ectothermic, pythons can raise clutch temperature as much as 7°C above
ambient temperature (Vinegar et al. 1970). This phenomenon is frequently
mentioned in introductory science textbooks and parental care reviews
(e.g., Shine 1988; Farmer 2000; Somma 2003). However, facultative

thermogenesis has thus far been convincingly documented (i.e., increased
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metabolic rate or the maintenance of clutch temperature with decreasing
nest temperature) in only three species (Burmese python [Python
bivittatus], Indian python [ Python molurus], Hutchison et al. 1966;
Vinegar et al. 1970; diamond python [Morelia spilota spilota], Harlow and
Grigg 1984; Slip and Shine 1988). Facultative thermogenesis has been
either disputed or convincingly disproven in at least 10 other python
species (reviewed in Stahlschmidt and DeNardo 2011). Despite the
thermal benefits to offspring, variation in thermogenic capacity within
Pythonidae may be driven by an interaction between biogeography and
morphology (reviewed in Stahlschmidt and DeNardo 2011).

Although most species of pythons are not capable of significant heat
production, they may use other behaviors to enhance the thermal
environment around their eggs. For example, free-ranging black-headed
pythons (Aspidites melanocephalus) and southern African pythons
(Python natalensis) use heat radiated from the sun or conducted from
substrate to warm their clutches (Johnson et al. 1975; Alexander 2007).
Johnson and colleagues (1975) also noted that egg-brooding behavior is
dynamic in that females adjust their posture (i.e., increase tight coiling
behavior) to prevent egg cooling. In a more controlled environment, I have
documented that Children’s pythons (Antaresia childreni) spend more
time tightly coiled around their eggs during nest cooling than during nest
warming (Stahlschmidt and DeNardo 2009b [Appendix IV], 2010
[Appendix V]). Further, the amount of time that females spent tightly
coiled during warming significantly affected the temperature gradient
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between the nest and clutch environment (Stahlschmidt and DeNardo
2009b [Appendix IV]). Thus, although most female pythons are not
facultatively thermogenic, they are likely capable of assessing the
temperature gradient between the nest and clutch environment and
making behavioral adjustments to enhance the thermal microenvironment

of their developing offspring.

Tradeoffs of python egg brooding

Like other parental care systems, python egg brooding represent a
parent-offspring tradeoff, where the costs to egg-brooding females are
offset by the benefits to the developing offspring. Female pythons heavily
invest body resources into reproduction because they typically (1) do not
eat during reproduction, (2) allocate one-third (or more) of their body
mass into their eggs, and (3) exhibit a prolonged brooding period (up to 50
of the ca. 100 total days of reproductive effort; Stahlschmidt and DeNardo
2011). Further, facultative thermogenesis represents a substantial portion
of female energy expenditure during egg brooding at cool temperatures (P.
bivittatus: 92%, M. s. spilota: 95%) (Vinegar et al. 1970; Harlow and Grigg
1984). Although the results of one study suggest that maternal costs of egg
brooding in the ball python (Python regius) are minimal (Aubret et al.
2005a), other studies demonstrate that egg brooding independent of
thermogenesis obligates substantial maternal costs. Egg brooding
necessitates lost foraging time and is generally accompanied by anorexia
(L. fuscus: Madsen and Shine 1999; P. regius: Aubret et al. 2005a).
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Accordingly, in female A. childreni under laboratory conditions, brooding
obligates significant epaxial muscle atrophy and reduces contraction
strength (Lourdais and DeNardo unpublished; Stahlschmidt et al.
unpublished), as well as increases susceptibility to oxidative stress
(Stahlschmidt et al. unpublished). Under natural conditions, the duration
of egg brooding is negatively related to reproductive frequency and post-
reproductive maternal body condition in free-ranging L. fuscus (Madsen
and Shine 1999).

While likely to confer some cost to the parent, egg brooding conveys
benefits to offspring beyond those associated with thermoregulation. For
example, egg brooding duration is negatively related to egg predation in
free-ranging L. fuscus (Madsen and Shine 1999). Further, python eggshells
have extremely high water vapor conductance, and eggs can desiccate in
conditions as moist as 75% relative humidity when not maternally brooded
(Lourdais et al. 2007; Stahlschmidt et al. 2008 [Appendix I]). Although
some free-ranging female pythons cease brooding a week after oviposition
(L. fuscus: Madsen and Shine 1999), experimental removal of females
from their eggs results in reduced hatching success and altered hatchling
phenotypes in P. regius (Aubret et al. 2005b) and 0% hatching success in
A. childreni under some conditions (Lourdais et al. 2007). Using a less
extreme manipulation, Aubret et al. (2003) showed that experimentally
increasing clutch size by 50%, which was still within the natural range of

variation, prohibited female P. regius from fully encompassing their



clutch, leading to desiccation of the eggs. As a result, embryos in these
“enlarged” clutches were more likely to die before hatching or hatch later.

Although less studied, intra-offspring tradeoffs (i.e., those that
reflect competing offspring needs) are important in parental care systems,
wherein parental behaviors meet multiple developmental needs (Lissaker
and Kvarnemo 2006; Stahlschmidt and DeNardo 2009a [Appendix III]).
For example, L. fuscus females that nest in thermally superior sites
abandon their clutches shortly after oviposition (X = 6.5 d), while females
that nest in thermally poorer sites brood their clutches for the entire
incubation period (X = 53.8 d) (Madsen and Shine 1999; but unpublished
data from Stahlschmidt et al. demonstrates the contrary). Although L.
fuscus nest-site selection mitigates a parent-offspring tradeoff (i.e.,
thermal benefits to offspring vs. lost foraging time for females), an intra-
offspring tradeoff between embryonic temperature and predation also
exists. Specifically, thermally favorable nests are more prone to predation
than are thermally poor nests (Madsen and Shine 1999). The resolution of
intra-offspring tradeoffs is important in other parental care systems, as
well. For example, the behavior of nest-attending male sand gobies
(Pomatoschistus minutus) mediates the broadly applicable tradeoff
between egg predation risk and the respiratory environment, two key
developmental variables (Lissaker and Kvarnemo 2006).

Intra-offspring tradeoffs associated with python egg brooding have
also been detected at a finer scale of brooding behavior, and these
relationships have been the focus of my dissertation. Python egg-brooding
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behavior is dynamic and entails shifts in coiling posture (reviewed in
Stahlschmidt and DeNardo 2011). Broadly, dynamics of egg-brooding
behavior can be divided between (1) a tight coiling state, wherein the
female is still and encompassing the clutch completely or nearly so, and
(2) a postural adjustment state, wherein the female makes small
movements that increases exposure of the eggs to the nest environment.
These distinct brooding behaviors mediate several intra-offspring
tradeoffs. During brooding, females predominately adopt the tightly coiled
posture, and this positioning serves as an effective barrier to the exchange
of gas and heat between the clutch environment (i.e., the space within the
females coils) and the nest environment (i.e., the space immediately
outside of the female’s coils) (Stahlschmidt and DeNardo 2008 [Appendix
IT], 2009b [Appendix IV]; Stahlschmidt et al. 2008 [Appendix I]).
Although it is an effective barrier to gas exchange that dramatically
reduces water loss from the eggs, tight coiling also limits the transfer of
oxygen and carbon dioxide (Stahlschmidt and DeNardo 2008 [Appendix
IT], Stahlschmidt et al. 2008 [Appendix I]). Female A. childreni mediate
this intra-offspring tradeoff between embryonic water balance and
respiration by periodically performing postural adjustments to facilitate
nest-clutch gas (O. and H.O vapor) exchange to benefit respiration at the
cost of embryonic water balance (Stahlschmidt and DeNardo 2008
[Appendix II], 2009a [Appendix III]; Stahlschmidt et al. 2008 [Appendix
I1). However, while embryonic oxygen consumption increases dramatically

over the course of development, female A. childreni do not alter the
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relative frequency or duration of their postural adjustments, and this
results in late-incubation developmental hypoxia that reduces offspring
size, speed, and strength (Stahlschmidt and DeNardo 2008 [Appendix II],
2009a [Appendix III]; Stahlschmidt et al. 2008 [Appendix I]). Because
these experiments measured of intra-clutch oxygen partial pressure in a
convective, near normoxic nest environment, python embryos in fossorial
nests may experience increased hypoxia. In other taxa, chronic hypoxia
during development also detrimentally affects fitness-related traits,
including decreased embryonic growth rate (crocodilians: Warburton et al.
1995; fish: Roussel, 2007), reduced hatchling mass (crocodilians: Crossley
and Altimiras, 2005), delayed development of thermogenesis (birds:
Azzam et al., 2007), and reduced predator avoidance ability of juveniles
(fish: Roussel, 2007).

While oxygen depletion does not impact the relative frequency with
which female A. childreni utilize tight coiling and postural adjustments,
females do respond to other environmental conditions. As described
above, females enhance the thermal environment of the eggs by
performing more postural adjustments when ambient temperature is
increasing than when it is cooling (Stahlschmidt and DeNardo 2009b
[Appendix IV], 2010 [Appendix V]). Natural python nests exhibit similar
thermal shifts due to diel temperature cycles (Madsen and Shine 1999;
Stahlschmidt et al. unpublished). However, this response to
environmental temperature is dependent on the nest’s hydric condition.

During moderate and high nest humidity treatments (23 and 32 g-m3
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H.O, respectively) that are ecologically relevant (Stahlschmidt et al.
unpublished), females show the previously described reduction in tight
coiling during nest warming. However, in low humidity nest environments
(13 g'm3 H.O) that are ecologically relevant (Stahlschmidt et al.
unpublished), brooding females maintain a high frequency of tight coiling
even when the nest is warming. Hence, females “choose” embryonic
thermoregulation over embryonic water balance in relatively humid nest
conditions, but vice versa during relatively dry nest conditions
(Stahlschmidt and DeNardo 2010 [Appendix V]).

In sum, python egg brooding significantly impacts several critical
developmental variables including embryonic predation (Madsen and
Shine 1999), water balance (Aubret et al. 2005b; Lourdais et al. 2007;
Stahlschmidt et al. 2008 [Appendix I]), respiration (Stahlschmidt and
DeNardo 2008 [Appendix II]), and thermoregulation (Vinegar et al. 1970;
Stahlschmidt and DeNardo 2009b [Appendix IV]). Further, python egg-
brooding behavior is dynamic, with females assessing environmental
conditions to adjust brooding behavior on both large scales (i.e., choosing
to abandon or continue brooding the clutch) and fine scales (i.e., altering
the frequency and duration of postural shifts during brooding).
Additionally, gravid pythons also alter thermoregulatory behavior and
adaptively select nest sites to enhance the thermal and hydric environment
of their developing embryos (Shine and Madsen 1996; Lourdais et al.
2008; Stahlschmidt et al. 2011). Therefore, female pythons sense

environmental temperature and humidity and utilize this information at
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multiple time points (i.e., during gravidity, at oviposition, and during egg
brooding) to enhance the developmental environment of their offspring.
Thus, Family Pythonidae is an ideal taxon for studying parental care
because pythons exhibit (1) a widespread mode of parental care (i.e.,
female-only care), (2) parent-offspring and intra-offspring tradeoffs, (3)
control over several critical developmental variables, and (4) easily

quantifiable behaviors (e.g., tight coiling or duration of nest attendance).
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Chapter 2
CONCLUSION

Adaptive behavioral adjustments by parents are used by a broad
range of taxa, but can vary from simple shifts in body posture to complex
relocation of offspring to a more favorable site (Clutton-Brock 1991;
Stahlschmidt and DeNardo 2011). My graduate research on parental care
in pythons has contributed to our understanding of how parents use
simple body movements to balance the complex and dynamic
physiological needs of their offspring (Appendices I-V). Thus, my graduate
work lays the conceptual and empirical foundation to address future
questions regarding the role of intra-offspring tradeoffs (i.e., those that
reflect competing offspring needs), the underlying mechanisms of parental
care, the plasticity of parental care behaviors, and the adaptive

significance of parental care.

What are the ecological dynamics of python parental care?

Aside from one long-term study in water pythons (Liasis fuscus,
Madsen and Shine 1999), little is known in squamates about the effects of
maternal decisions on both care-giving females and offspring in an
ecological context. Thus, future field-based investigation of parental care
in other pythons is particularly compelling. Pythons exhibit considerable
variation in body size (0.6 m to 10 m in adult body length), geographical
range (0 — 37.5° latitude), habitat use (semi-aquatic to arid-dwelling), and
thermogenic capacity (ectothermy to facultative endothermy) (Minton and
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Minton 1973; Rawlinson 1969; Stahlschmidt and DeNardo 2011; Wilson
and Swan 2008). Therefore, the costs and benefits of parental care in
pythons may depend on intrinsic (e.g., constraints in fecundity due to
body size) and extrinsic factors (e.g., temperature profiles of available nest
sites), which vary among species.

Recently with results still pending, I investigated the role of several
factors (e.g., clutch size, parasite load, body condition and size, and nest
temperature and humidity) in the large-scale maternal decision-making of
L. fuscus in a field-based collaboration with Drs. Richard Shine and Dale
DeNardo. Yet, to better understand the ecological dynamics of parental
care within the Pythonidae, future research should similarly investigate
other python species. In particular, field-based parental care research on
python species that are facultatively endothermic, invasive, or both is
particularly warranted. For example, the Burmese python (Python
molurus) is facultatively endothermic and has successfully invaded into
Everglades National Park, Florida, U.S.A. (Meshaka et al. 2004). Research
investigating the ecology of parental care in P. molurus may provide
insight into broad evolutionary concepts (e.g., the evolution of

endothermy) and the success of invasive species.

What are the intrinsic mechanisms underlying python egg
brooding?
Although my research and that of others has demonstrated that

pythons exhibit two simple yet sensitive and effective parental behaviors,
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the endogenous control mechanisms underlying maternal expression of
these traits are unknown. First, facultative endothermy has been
demonstrated by a few python species, and muscular contractions (i.e.,
“shivering”) likely contribute to the generation of heat by egg-brooding
females of these species. However, poor correlations between contraction
frequency and both oxygen consumption and the clutch-nest temperature
gradient suggest that thermogenic pythons may also incorporate non-
shivering heat generating processes such as the use of uncoupling proteins
(Van Mierop and Barnard 1976, 1978). Future research should investigate
other mechanisms that may contribute to facultative endothermy in
pythons (e.g., up-regulation of uncoupling proteins or thyroid hormones
during egg brooding) in addition to the role of skeletal muscle contraction.
Understanding these proximate mechanisms may elucidate how some, but
not all, python species are facultatively thermogenic, which may provide
insight into the role of parental care in the evolution of endothermy (see
Farmer 2000).

Second, care-giving female Children’s pythons (Antaresia
childreni) exhibit adaptive thermo- and hygrosensation, but the
mechanisms underlying these parental care traits are unknown. Recent
research in Drosophila and mammals has implicated the role of transient
receptor potential channels in these sensory dynamics (Romanovsky
2007; Montell 2008). Thus, future research on thermo- and
hygrosensation in python parental care could build upon the conceptual

framework established by research on traditional model systems.
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How widespread and significant is post-paritive parental care in
snakes?

When combined with previous research, my graduate research
demonstrated that parental care within Pythonidae exhibits significant
variation with regard to physiology (ectothermy to facultative
endothermy) and behavior on large- and fine-scales (e.g., egg-brooding
duration and amount of time spent tightly coiled) (reviewed in
Stahlschmidt and DeNardo 2011). Expanding detailed examinations of the
variation in parental care among snakes, in general, will only increase the
value of snakes as contributors to understanding the evolution of parental
care. Snakes provide a diversity of parental behaviors: from shifts in
thermoregulatory behavior during embryo retention to egg and neonate
attendance. Yet, even in its most complex form, I have shown that snake
parental care can be quite amenable to studying tradeoffs. Post-paritive
(i.e., after oviposition or parturition) parental care by snakes serves to
balance multiple tradeoffs, and the factors involved (e.g., temperature,
water balance, respiration) are easily quantifiable. Thus, researchers
should continue to examine other snake lineages to clarify the
independent or interactive effects of phylogeny, morphology, physiology,
and environment on parental care in snakes.

One such lineage is the pit vipers (Crotalinae), where parental
attendance is nearly ubiquitous but divided between oviparous species
that invest long periods of time in attending their eggs and viviparous
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species that limit attendance predominantly to the relatively short period
prior to post-birth ecdysis (skin shedding). These two parental attendance
behaviors likely present considerably different costs to the parents and
benefits to the offspring, such as enhanced thermoregulation. Regardless,
it is of interest to examine whether these behaviors are similarly regulated
by intrinsic or extrinsic factors (e.g., hormones or environmental
temperature, respectively).

The Colubridae are a diverse family of snakes, and parental
attendance either occurs throughout egg incubation, is limited to the
immediate post-paritive period, or is non-existent. What factors drive the
selection for these different strategies, and are the regulators of parental
care in those species that provide it similar to the regulators in the lineages
where parental attendance is the norm? I specifically investigated parental
care tradeoffs in species whose parental behaviors have been most
frequently observed but mostly unstudied (Somma 2003), including both
colubrids (e.g., Taiwan beauty snake [Orthriophis taeniurus friesi], mud
snake [Farancia abacura], skaapstekers [ Psammophylax spp.], keelbacks
[Xenochrophis spp.]) and elapids (e.g., shield-nosed cobras [Aspidelaps
spp.], kraits [Bungarus spp.], cobras [Naja spp.], and king cobra

[Ophiophagus hannah]).

What is the role of intra-offspring tradeoffs in parental care?
Although less studied than parent-offspring tradeoffs, intra-

offspring tradeoffs (i.e., those that reflect competing offspring needs) are
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important to parental care dynamics in some systems. In pythons,
maternal decision-making mediates tradeoffs between embryonic
predation risk and thermoregulation (Madsen and Shine 1999), and
tradeoffs among embryonic thermoregulation, water balance, and
respiration (reviewed in Stahlschmidt and DeNardo 2011). Further, some
male fish mediate a tradeoff between embryonic predation risk and
respiration during nest attendance (e.g., sand gobies [ Pomatoschistus
minutus], Lissaker and Kvarnemo 2006). Thus, the resolution of intra-
offspring tradeoffs may be an important, general component of parental
care evolution. Future research should investigate the role of intra-
offspring tradeoffs across taxa, particularly in taxa that have been
traditionally examined. For example, nestling attendance by birds can
enhance offspring thermoregulation. Yet, nest-attending parents cannot
forage, which comes at a cost to offspring energy balance. Therefore, birds
use a suite of parental care behaviors (i.e., nest attendance and foraging)
to meet the varied needs of their offspring. Researchers investigating avian
parental care could explicitly examine intra-offspring tradeoffs using
experimental approaches similar to those described in my dissertation, a

meta-analysis approach, or both.

How should parental care research be conducted in the future?
Animal behaviorists have a long history of investigating the

ultimate and proximate mechanisms of parental care (reviewed in Clutton-

Brock 1991). To best understand the dynamics of parental care, I propose
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research should operate on two tenets. First, researchers should explore
parental care across animal taxa. Although parental care has traditionally
been viewed as a primarily vertebrate trait (Clutton-Brock 1991), recent
research is beginning to demonstrate that parental care may be
remarkably widespread. For example, Drosophila is a member of an
incredibly speciose family (Diptera, true flies: ca. 150,000 species;
Wiegmann and Yeates 2005) relative to vertebrates (ca. 58,000 species;
Baillie et al. 2004), and they exhibit adaptive oviposition-site selection
(Montell 2008; Dillon et al. 2009). Further, investigation of parental care
in the burying beetle (Nicrophorus vespilloides, Order Coleoptera: ca.
400,000 species; Hammond 1992) may provide further insight into the
evolution of parent-offspring signaling (Smiseth et al. 2003, 2010), a co-
adaptation traditionally examined in higher vertebrates. Among lesser-
studied vertebrates, recent research on amphibians demonstrated the role
of ecological factors in the evolution of bi-parental care and monogamy
(Brown et al. 2010). Future research should continue to explore the costs
and benefits associated with the dynamics of parental care across taxa to
provide a more complete conceptual framework of the evolution of
parental care.

The second tenet guiding parental care research is that researchers
should devote relatively more attention to taxa that are ideal models to
examine broad aspects of the evolution of parental care (e.g., universal
costs and benefits). I argue that pythons meet both of the criteria of ideal
parental care models: (1) tractability (easy to locate, obtain, and
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manipulate), and (2) generality (exhibit a mode or type of parental care of
broad significance). My research has demonstrated that egg-brooding
pythons use simple behaviors to balance the complex and dynamic
physiological needs of their offspring in easily controlled environments
that are ecologically relevant (Appendices I-V; Stahlschmidt et al.
unpublished). Further, pythons exhibit female-only parental care, which is
the predominant mode of care by other internally fertilizing vertebrates
(e.g., mammals and reptiles). It is also most prevalent among species
within major taxa in which external fertilization predominates (e.g., fish
and amphibians), as well as terrestrial arthropods (Gross and Shine 1981;
Zeh and Smith 1985; Clutton-Brock 1991). Thus, research on pythons and
other taxa fulfilling these criteria should be particularly encouraged in the
future because it may provide considerable insight into parental care in

general.
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Introduction

Parental care i3 an ecologically significant behavior
adopted by many vertebrates, espedally endothermic
ones, and has thus received considerable anenton
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Abstract

Parental care typically consisis of distne behavioral components that
ame halanced to address the muldple needs of offspring. Pemale pythons
exhihit post-ovipmsiton parental care in which they oodl around their
parchment<helled eggs throughow incubation (@0-80 d). Subide pos-
el shifis during egg-bmoding facdlitate embryonic ga exchange but
may entail hydric oosts w the dutwch. This smdy used a simple behaw-
joral model o (1) further quantdfy the ooss and benefits of spedfic
parental behaviors o developing offspring and (2) determdne the influ-
ence that developmental stage and reéladwve durch mas have on parental
behavior. Although previous research has demornstrated that egg-brood-
ing as a whole educes dutch water loss, we hypothesized that egg-
bronding female pythons specifically adopt a dghtly ooiled posture w
oonserve embryonie water, bt must make posmml adisments o
enhance ga exchange berween the dutch and nest erwironments at the
ot of increased dutch water los. We measured mies of warer loss in
brooding Children‘s pythons {Amtareda difdreni) and their respective
dutches (ie., bmoding unis) and moniored changes in brooding pos-
wre. We conducted serial mak w eluddate the effect of developmental
stage on poaura adjusments and water o, Resuls demonstrated that
the proportdon of dme females spent in a dghily colled posture was
irversely related to mesan water los from the brooding unit. Analyses
indicated that slight adjusmeents in posmure led w burss in brooding
urnit water loss Indeed, brooding unit water loss during postural adjust-
ments was significantdy higher than during dght colling These findings
imply that python egg-brooding provides an adjustable diffisive barrier
that leads to dBoontinuous gas exchange, which minimizes clutch water
liss. Because females with larger relative cduch masses spent more tme
tghtly colled, egg-bronding female pythons may use a ‘water first’ sirat-
egy in which they intentonally conserve cuich water at the oos of
reduced embryonic respiratory gas exchange.

{Clutton-Brock  1991; Farmer 2000). Pamntal care
provides  offgpring with many requirements for
development, such a5 water balance  energy
proviioning. and remperature eguladon (Clution-
Bmck 1991; Deeming 2004). Because the needs of
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offspring are numerous and complex, parental care
tends 1 comprise a reperiire of behavios with each
specific behavior probably assodated with both onss
and benefits o the offspring For example, both nest
atendance and fond acquisidon mepresent parental
care behaviors in many binds however, each has is
own onal and benefit w the offgprng | Clunon-Bmck
1991). Furthermore, the relatdve importance and
subsequert dedicaton o a spedfic parental behavior
can vary with such facioms as enwironmental temper-
atme (Weson & Elgar 2005), availability of food
(Dewey b Kennedy 2001), and age of offspring
{Clutton-Brock 1991 Cezilly et al. 1994 ).

while widespread among endotherms and com-
mon in fish and amphibiars, parental care & lmited
among repriles (Clumon-Brock 1991). Among most
squamares (lizands and snakes), parental care is usu-
ally resricted w pre-binh or pre-haching evenis
which include but are not lmited to nest-site selec-
dom, ahered thermoregulation during pregrancy,
and depogition of energy-dense yolk mserves that
can be udlized after hatching or birth (Shine 1983
Clumon-Brock  1991; Somma 2003, One excep-
tonal yet undersmudied, case of squamate post-ovi-
positon parental care is the egg-bmoding behavior
exhibited by all pythoms (family Pyrhonidae),
wherein the female ooils around her cluch during
incubaton (Vinegar et al. 1970; Slip & Shine 198K
Peamon et al. 2003; Fig. 1). Reptle eggs are greatly
affected by changes in developmental temperamme
{Angilleta et al. 2000; Birchard 2004), and bmoding

Fig 1: A fermale Aninresio dabrend brooding her cluidh in e operr
Ing adjusiment [DA) poestume. Mote Shat even in e DA posiune, thes
Is very ciose association between the fermale and her dusrh. Photo-

graph by D.F_ Desarda.
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provides a buffer against changes in enwvironmental
emperature. In fact, some pythons use facultarive
thermogenests o mise cdurch emperamre as much
as 7T°C above ambient temperature (Vinegar et al
1970: Slip & Shine 1988).

While the effects of tempermanire on development
have been the best documented, other facoms, such
as water balance (Shine & Brown 2002) and gas
exchange (Kam 1993 Warburion etal 1995, ako
influence development and offspring quality. while
the porosity of the nest allows for g exchange
(Wakberg 1980) during egg-brooding in birds the
tghtly coiled namre of egg-brooding pythons limis
gas exchange Thus python brooding can oonserve
embryonic water (Lourdais etal. 2007y but Hmit
oxygen availability o the embryos (Sahlschmidt &
DeMardo 2008). However, python  egg-bmoding
behavior is dymamic and involves mwo  primary
postures:  tght ooling and pesmoml  adjusoment
{Stahkchmidt & DeNardo 2008). While posmoral
adjsments serve to redoce inra<hich hypoxia
{stahkchmidt & DeMando 2008), they may impose a
hydric cost w the parchment-shelled eggs In this
smudy, we document the accurrence of postural shifis
by egg-brooding pythomns and correlate those move-
ments with changes in water liss from the brooding
unit (e, female and asociated durch).

Python egg-bronding provides a dmple model that
can be used o quantatvely assess the implicatons
of disdnc parencal care behaviors on physiolegic
parameters that are critical w embryonic develop-
ment (eg. emperature, CCz Oz and Hz0) We
used serial physiologic and behavioral observations
of egg-brooding female Children's pythons (Asmfaresda
citildreni) 1o address several predicions. First, we pre-
dicted thar tght coiling greatly reduces water loss
rate of brooding unim Second, pedodic posnoral
adjsmments fadlitare mapld exchange of all gases
inchuding water vapor berween the dutch and the
nest environment. Support for these two predictons
would provide further evidence that python egg-
brooding serves as an adjustable diffusive harder that
minimizes clurch water loss while maintaining a wia-
ble dutch gaseous micro-environment. Previois
wiork has shown thar arifidally increasing duch
size in bhall pythons (Pydion reglie) leads 1o decreased
hatching success, presumably due o cddcally high
water losm  through the parchment-shelled eges
{Aubret et al. 2003). Thus we predict that dutch
chamacteristics such & size, absolute mass, and mela-
tve mass (e, dutch mas divided by maternal
mass) are podtively correlated with bmooding wnit
water loss

Ethology 144 (X008 i1 13- 1131 & 2004 The suthors
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Methods

Study Animals and Maintenance

Antaregls chlddrerd are mediume-sized (up 0 1.2 m
sngut-vert length, 00 g body mass), consmcning
snakes that inhabit rocky ameas in norhern Australia
(Wilsom & Swan 2003) and do not use facultative
endothermy during brooding (DeNardo & Stahlkch-
midt, unpubl. data). Antrreda deldrend nest ar the
end of a warm dry semon (Jul-Sep., Ausralian
winter). Compared o the buried eges of other squa-
mates, maternaly brooded python eggs have limle, if
any. oontact with the subsrate.

The makes we used for this sudy am part of a
long-term captive snake oolony maintained at An-
zona 5tate Univesity (ASU). A few days prior oo ovi-
pesiton, we moved gravid pythoms ino dual-ported,
Teflom-coated, 1.9-1 cylindrical brooding chambers
which we then placed in an environmental chamber
that had a 14:10 L:D photopediod and maintained
temperamre at 30.5 £0.3%°C jwhich approsdmates
the speces” preferred incubaton temperature, Lour-
dais et al. 2008). Females were not provided food or
drnking water foom this point undl the end of the
incubation w the best mimic narural conditions and
minimize disturbance asmodated with feeding the
females and deaning any excrement from the cham-
her. AL oviposidon, we briefly removed females and
their dutches from thelr respective hrooding cham-
bers w0 determine cluch size, durch mass, and
female pos-ovipoddon mass, Each fermale re-oniled
on her chuwch within minues of retuming w her
brsoding chamber. Chambers were opaque on the
bomom and ddes bur the tops were trangparent o
allow observation. To prevent desiccation during
non-experimental periods, we supplied each boood-
ing chamber with 20-40 ml¢min of hydrated air
{absolute humidity, AH =25.1-26.7 g¢/m* relative
humidity, RH = B0-E5%) usng a valve-controlled
aeration system that oombined samrated air (bub-
bled thmugh a water-filled colomm) with dry air.
We housed animak in these chambers throughou
the smdy to minimize dismrbance.

Experimental Procedune

‘We put each brooding unit through a sequence of re-
apiro-hygrometric riak at 30.5°C during two periods
of post-ovipodton development (ie., day of incuba-
tion divided by total incubatdon dumdon): the firs
week after laying (EARLY, mean = 16% of post-owvi-
posiiom) and berween 38- and 40-d post-laying
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(LATE, mean = 73%). Thi allowed us 1o euddate
the effect that embryonic development and, possibly,
increged dutch metabolism had on pestural adjust-
mens. To avoid dsmurbance we monitored mals in
dafkness with an infrared camem (BC-PC-Camy;
Hyssa Corp, Briahff Manor, NY, USA) and image
mecording sofrerare (w2.0.13, ImageSaka, Data Crunch
Technologies, Folom, CA) in real-tme. We collected
bmoding images and respirometdc data for 12 h,
starting =60 min after the beginning of the tral We
imprsed this delay w acooumt for any fermale-meta-
bolic effect of dsmtbance associated with starting the
mal We humidified influent air o 23.5 g/m” abso-
hate humidity (Le. 73% RH at 30.5°C) by combining
dry COy-free air (CDA 1112; PureGas. Broomfeld,
©0, USA) with vapor-samrared Coy-free air (bubhled
thmugh a water-filled oolumn). We made continu-
ous sutomatc adjusmeents w the fluxes of the
mespective gases via a feedback-comirolled system that
incuded an mput-ourput datalogger (23X: Camphell
Sdentfic Ingmmens, Logan, UT, USA) preckion
hygrometer (RH100; Sable Systems, Las Vegas, NV,
usA), and mas flow controller (Unit Instruments,
Inc, Yorba Linda, CA USA). We maintained flow of
the humidified air w the experimental brooding
chamber &t 560 ml‘min with a mass flow controller.
Given thi flow rate and the funcional brooding
chamber volume (e, 1.9 1 minus bmooding unit wol-
ume), the #9% equilbration perod was approx.
Ymin (Lasiewski er al. 1966). We passed ar exiting
the brooding chamber (effluent) through a hygrome-
ter (RH200; Sable Systems) and then dded it with
anhydrous Casoy before flowing it theough a COg
analyzer (LI-6252: Li-Cor Bipsdences Lincoln, ME,
UsA) and an 0, analyzer (FC-1B:; Sable Systems).
We analyzed a baseline sample immediately before
and after bronding triak w determine the compos-
ton of the influent. We compared HyO, COy, and Oy
levek of influent and effluent air samples (reconded
wing a 21X datalegger; Campbell Sdentfic Insr-
ments) o oblain an accurate, minute-to-minute
mmaesament of each brooding unir's contributon w
changes in the fractons of those three gases For a
summary of how we oonverned these raw data
mtes of HyO loss (Veo) and oXyEen consumption
We,). and catbon dicwide producion (Ve see
Equations 1-7 in Wabkberg & Hoffman (2006).

To estimate wial water los and metsholic gas
exchange of non-bropded dutches, we removed each
clutch from its respective mother after the hrooding
mal We weighed each cutch counted wiable eggs,
and then placed the dutch inte a 1.3 test chamber,
Then, we supplied each duwch chamber with the
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same influent described above (e, 0% COy, 21% Oy,
23.5 g/’ AH 560 ml/miny, waited for the effluent
dew point o stabilize (2560 min), and determined
durch ‘h,c. as above. Next, we used dosed-system
respimmery 1o determing dutch metabolic rate. We
sealed the durch chamber, pased dried air samples
from the chamber (Tomma and Tana) thmugh an Oz
analyzer  (5-3A:  Applied ElecomchemiBory, Inc.
Sunnyvale, CA USA) and a Cy analyzer (Fox Bow-C;
Sable Sysems), and wed Equatons 5, 6, and 11 in
vieck (1987) o determine Vo, and Voo, We then
returned each cuwch o is regpectve mother and
mowed them back w the temperarure controled
housing chamber. We mepeated the entire proces
30-32 dlater for LATE incubation measurements.

Amalyses of Egg-Brooding

we reconied egg-hrooding behavior from a wiew-
point directdy abowe the brooding female, We ok
digital s1ill images every 5 s and analyzed them afrer
all rrials were completsd. We determined dght
brooding w be when a female was motonless and
tghtly colled around her clutch o the point whene
none of the duich was wisible, We considered pos-
tra adjusmments as individoal behavioral events
only if they were »30 3 emoved from any other
postural adiusgment. We categorized subtly distnc
postura adjustments into three smple types (1)
non-npening adjusgments (NA) were those in which
moton was detected but no pam of the duch was
vidhly expoied, (2) opening adjpsoments  (00A)
imeolved wigble exposure of the dmch, lasted
<5 min, and did not entail a female’s snout breach-
ing the pedmeter of her outermost ool and (3)
exploratory adjusiments (EA) were postural adjus-
ments that also imwolved wishle exposure of the
dutch. However, they wene characterized by lasting
mome than 5 min of nduding a female’s snout
hreaching the perimeter of her outermost ool Also,
during many EA bouts the female inserted her head
berwesn her eggs and her oolls suggesting a differ-
ent behavioral motvarion jeg.. possibly egg ingpec-
ton) than that of OA.

Postural adjusments were immediately followed
by an increase in Vi,o by the brooding unit (Fig. 2).
To calculate the mean Vi,o of the ‘tight’ posture for
a given trial, we removed any behavior-induced
peaks in Vo (Le, dumdon of posural adjus-
ment + 13-min equilibradon period) and averaged
the memaining real-time Vi,o. To caoulate the Vo
during an ‘adjusing’ pesture, we divided the wolume
of Hyd lost during the posmrml adjustment (V,) by
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Fig Z Sampe gaph of 2 sngle adpsimentinduosd spile in brood-
Ing it Vo Da (bracketed componertt of the wans) Is the duaton
of the posiural adpeiment, while Vg jenfire shaded e & the wb

wme of HyD exdhanged during the postuall adpstment.

the duration of the adjusment (D) (Fig 2). We cal-
culated the mean Vo of ‘adjusing’ posre by
averging the posmurml adjpsmment raes of a given
trial. Often, several postural adjustments would take
place during the 13-min equilbradon period: thus
we could not ditingnish the physologic impact of
individual adjustments in many instances.

Statistical Tesis

For statstcal tests, we used the mr m statistical
package (vesion 5.1.% SAS Satkdeal Instnae, Inc.,
Cary, NC, USA). In EARLY-LATE and Vit osghr
Vioag compansons, we used paired t-tests and used
lig, - oF arcsine-tmnsdomations w nomalize any
non-normal data. To test the reladonships of wari-
ahles within individuals {eg. duwh characedsdes,
water loss, and brooding behavior), we used smple
linear regression analysis. All values are digplayed &
£ + 5E. For negative resulis, we provide the resuhs
of a power analysis (1 — f).

Results

Brosouling Unit Characteris tics

Among EARLY (16 + 1% post-ovipmssidon develop-
ment) and LATE (73 + 1% post-ovipmsition develop-
ment) trialiy matermal mass (3419 £ 189 and
0.7 + 187 g respectively) was notsignificarly dif-
ferent {n =7, ta=—0.21, p = 0084, 1 — f = 0.086).
Ak, durch size was not significantly different among
EARLY and LATE trials (10,4 £ 0.5 and 9.7 + 06,
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regpectively; n=7, ,=—-20, p=00%, 1-f=
0.79). However, due v a combinadon of removing
dead eggs and mass lost & water, mean cutch mass
was dgnificanty less for the LATE rials (12000 + 7.4
wi 109.E £ 95 n=7, =-L7 p=0.035. Hawh-
ing success was simdlar o that measured in previous
python  egg-brooding smdies (B0 + 8%)  (Aubret
et al. 2003; Loundals et al. 2007) and was not relared
to any matemnal or clutch wariables as well as wan-
ahles digplayed in Tables 1 and 2 for either EARLY
of LATE trals (R™: £+ SE =10.16 + 0.02, range =
0.004-0.53).

Table 1: Summasy of befovionl aralyses for EARLY and LATE friak
WESEne=N

PyThon Egg-Broodin g Bahanior

Egg-Brooading Behavior

Fermales spent, on average, approx. 94% of brooding
time dghtly colled amund thelr eggs. Among the
adjusmment behaviors, there was a negatve relatdon-
ship berween the frequency of a given adjustment
behavior type and the mean duraton of that type of
adjusmment (Table 1). The mean NA frequency was
mlatvely high, but the mean domton of an NA was
short (Table 1). Conversely, the mean EA frequency
was roughly 100-fold less (Table 1). In fac fewer
than 43% of the 12-h rials contained an EA event.
However, when EA occurred, the dumton was long
melative o the other types of posmuml adjustments
{Tahle 1), Relative o NA and EA behaviors, OAs
were intermediate in both frequency and dumton.
Interestingly, mean MA duradon was the only

EARLY LATE & prae 1-8 hehavioral vadable that was stanstically different
Percertage of M2E12 PATEQF 051 0S8 Os8 between EARLY and LATE trials (Table 1). Because
ame spert the percentage of dme spert adjusting induded the
aghiy miled wital frequency and doradon of pesmml adjost-
Morropening 43 =05 50=05 047 038 057 ments it was the most indusve behaviom]l metric,
ajuztment HA) and it was not significantly different between EARLY
:an mes  mea s ooms and LATE trials (EARLY: 5.8+ 1.2%: LATE:
. teens oeens o5z oz oes 33 E0T% =-05L p=0.63 1 - f=0.62)
adjustrnent DAY
e {Dhh)
DA duration i) B4+26 9= 026 00 0= Brooding Unit and Chach Physiology
Explardary Q05 £008 OM4E002 -0F1 085 05 prdigably, mean duich Vo, and Vo, increased
i"“;;:ﬁ*’ approx. 2.5-f0ld berween trial perinds (Table 2). We
= W MDim ITIim -om om o found a significant, negative mlatomship between
mean brooding unit Vio and the percentage of dme
Table = Summary of il daa for
EARLY and LATE tias ET;:@_:?: EARY LaTE b pakm 1=4
Brooding unit flemnae colled on eggs)
Mas {g) 4E0£21E  4516E U1 28 O0E3
0y production rate jml/h) FINE057 123602 47 0003
0y omumpeon rate mlvh) 12284072 1434+ 0% &S 0.00E
Total Hy0 Inss rate imgeh) 19430 198+ 42 om  oss 0sEs
HyD loss rate during tight WEEE0 175+ 39 0z o o
caling img/hh
HyD loss rate during postrdl 446277 0Z+ 54 10 035 04z
adpstment mgih)
Ouich separafed from fermade
€0y production rate jml/hj IIPEO20  B4PE O B8 0.00040
0y consumpson rate jml/h) 4303 ME= 11 a2 0.000E7
Hy0 lass rate fmg ) 1E00 £ 143 1623+ T2 27 0@
Induichl egg sepamted from fermale
Mass {g) Ma=0F N3£07 -0 007 on
C04 production rate jml/hj 03?002 OEF:0E @ 00001
0 consumpson rate jmlh) 040£002 1REOF 0N 0oz
Ha loss rate fmg ) 1E3IEE 100 1AFRE 1D 41 0.0

“ndivichol egg valies vere candated by duidng dutrh values by durh sze
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spent n the dghily cofled posture (Fig 3). Also,
Viosge was sgnificandy lower than Vous for
brooding units during both EARLY and LATE mak
{Fig. 4). The mean nonbrooded duwch Vo was
higher in LATE rrials compared t EARLY mak
(Table 2). However, brooding unit Vi,e did not sig-
nificandy differ berween EARLY and LATE trials
indicaring that egg-bropding prevents the enhanoed
water loss from the eggs & development pmgreses.
Aside fmom a negative reladonship with cluwch sze
in LATE mwids [R' =063, F(L5)=£2 n=7,
p=10.035], mean bronding unit \:“H,a was not signifi-
cantly related o our other predicted independent
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Relative cluch mmss (%)

FAg 5 Reigtorchp betwesn rdatwe clodh mosc fplowh  moes
didded by materol masc) and the peroertage of tme spent I the
aghily coled posiure for BARLY lsold Ine; y = 36 60 = 2101, B = 079,
FAS =19, n=7 p=-00074 and LATE [deshed Ime
y=32Exs BE R =071, {15 = 12 n= 7, p = 0015 Fids.

wvadables, i.e, chirch mass and relatdwe duwch mass
(RE-mange: 0.032-0.52 p-range: 0.066-071). How-
ever, relative clutch mass was related to the amount
of dme fernales spent tightly ooiled in both EARLY
and LATE trials (Fig. 5).

Disoussion

Our data further demonstrate that python egg-
brooding & dynamic. combining a predominant
tght-coilling behavior with varying rypes of posmiral
adjsments that differ iIn frequency and duration
Several resulis from our smdy suggest that through
these pramral adjusments egg-brooding provides an
adjsiable diffusive barder between the cuwch and
the nest envimnment that limdis the exchange of
water vapor. Postural adjusments were ded w burss
in \;'M {Fig. 2). as wel = \;'.:,_«,, and \;'a, by the
brooding unit.

Despite 30+ d between our EARLY and LATE trials,
hrooding female A duldras did not show a reduction
in body mas, and this result & consistent with pub-
lished data for other eggbrooding pythons |{Aubret
etal 2005h; Stahkchmidt & DeMNando 2008). These
resulis suggest that python  egg-bmoding. unlike
parental care behavios of many other vertebrate
taxa, entails very linle direct energy cosis. However,
this does not imply that egg-brooding comes without
omats o females. Madsen & Shine (1999) found thart
fermale water pythons (Lass fieae) that bmooded
their eggs for the entdre incubation were in poorer
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hidy condition and were less likely w repmduce the
following year compared 1o fermales that abandomed
their chatches eady in incubadon. Thus, egg-brooding
may impose an energy oost through the loss of forag-
ing tme

our data support those of Lourdais et al. (2007) in
demonstmting that broding. as a whole, drastically
reduces durch water loss in A dulires!, However,
our finding that \?W & approx. two- w0 threefold
-:\i'm for brooding units demonstates that dght
broding specifically is impomant w egg water bal-
ance. In further support. the prporton of tome
spent tightly colling was inversely cormelated
mean brooding unit Vieo (Fig. 3).

In contradicton of our third prediction and previ-
ous research in Foregiies {Aubret et al 2003), A, duld
renti brooding unit Vi, was not affeced by female
and durch characteristics. The discrepancy between
our resuls and those of Aubret et al. (2003) may
regult from the fact that dutch stze wariation was a
namral non-manipulaied variable in our smdy, while
Aubret etal (2003) manipulated clutch sze by
adding or subracting eggs Monetheless, prior
manipulation, P reglis in Aubret et al. (2003) had
conddersbly larger reladwe cuwch mases than
A children! [F. regies 517+ 29% at ovipodton;
A, difidrend: 35.8 £ 2.9% (EARLY) and 328 + 3.3%
(LATE)]. possbly challenging the females ability o
fully encompass her durch. Regardless, it i3 notewaor-
thy that A duldrend fernales with larger melative curch
masmes adopt a dghiy colled posnire more often than
females with smaller relative dutch masses, possibly
representing snme compensatory behavior w limic
water o from the largerchunch (Fig. 5).

The idea that egg-bmoding may provide an adjust-
ahle diffusive barrier & not novel. Several researchers
have suggested thar some binds are capable of behaw-
{orally mndifying nest humddity o benefit their eggs
(Rahn et al 1977; Morgan et al. 1978). For example,
water w humidify the nest environment could be
provided by the nest-atending parent via respiratory
and ciraneous water loss rather than by diffusion
from the eggs Most avian eggs lose 20-22% of their
mais thmugh water loss duting the incubation period
(Deeming & Ferguson 1991), 50 an increase n nest
humddity by the parent oould dgnificantly benefit
offspring (Rahn eral. 1977: Momgan etal 1978).
However, Wakberg (1980, 1983) mjected this noton
that bird parental behavior significantly regulates egy
dehypdrmaton due in large part o the combinaton of
low resistance and high conwection characterized by
mest avian nests, Addidonally, praivie skinks, Feomeas
teplemirionalis and F. rggoes exhibit nest-anending
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behaviors that significaraly reduce egg morality due
1w desiccation (Somma & Fawoeett 198%: Aubret et al.
2005a). However, in none of these studies have the
effects on water los rates of specific behavioral com-
ponents of parental care been quantfied nor has the
potential impact of the behaviors on embrponic COg
and 3z exchange been explored. Thus, w the best of
our knowledge, python egg-brooding represents the
only established example of dynamic parental care
by vertehrates that significandly mediates the fluxes
of water vapor, COz and O; in the developmmental
enviFOnment.

‘When compared o ather parchment-shelled squa-
mate eggs, A. dildred eggshells have wery high oon-
ductance to water vapor (Loundals & DeNardo,
unpubl. data) thar appears w be related o matemal
egg-bmoding (but which led to the other is unclear).
High eggshell conductance o gases (e, Oy, OOy, and
Hy(} wapory or ‘thirming' probably ooours concur-
mentdy with longer duradons of egg retenton and prior
1o the evolution of viviparity (livebearing) (Packand
et . 1977 Shine 1985). Interestngly, A duldres
lay eges which contain embryes ar sage 35 of 40
(Lourdais et al 2008) whereas other squamates lay
eggs near stage 3 and marely beyond stages 32-33
{shine 198% Andrews & Mathies 2000). This, mater-
nal egg-bmoding coupled with eggshel thirming may
swrve a3 either a pre-adaptadon o viviparity or an
altemnative repmductve sSi@REgY W viviparity.

The discontnuous gas ewchange exhibited by
some irsects is somewhat analogous o the descoribed
python egg-brooding system. Some insecs utlize a
disoprminuous ga exchange opcle (DGC) and period-
ically close their spiracles, which is a highly effective
barrier o diffuson berween their endotracheal sys-
tems and the extemal envimnment (Lighton 1996
uinlan & Gibbs 2006). DGC have been confirmed
in 59 species, primanly within the Hymenoptera and
Coleoptera ((uinlan & Gibbs 2006) and may have
ewnlved as a means w reduce evaporatve water kss
(Buck 1958 Chown & Davis 2003). When spiracles
are closed (C), spiracular water loss is educed and
internal C0y, concentradon is elewawed. This 'C
phase of the rypical DGC & comparable o the dght
postural phase exhibited by bmodng pythons,
although pythoms in the dghtly ooiled posture do
not completely prevent gas exchange between the
cutch and nest environmenis. In DGE, spiracles are
pedodically flurtered or opened (O) 1o allow mespim-
wry gai exchange at the expense of a shor-verm
increase in water kss. The *0° phase in DGO s dmd-
lar 1o the postural adjusment phase of python egg-
bmaoding (Fig. 2).
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Researchers have generally concuded that spiracle
conteal during DGC B regulated by 0Oy detection
(Kaarm 1981: Hardson et al. 1995). Similar w other
spedies, python egg Voo, increases substandally
throughout the incubation perdod. Howewver, & in
Stahlschmidt & DeNando (2008 ), nearly all metrics of
python  brooding  behavior showed no  change
berween EARLY and LATE mak. Thus, it appears
that the frequency and duradon of pesmrl adjos-
ment respond w nether changes in embryonic met-
abalic e nor developmental sage.

Because water ks rate across the eggshel increases
a3 incubaton proceeds an increase in the frequency
oF duradon of postural adjusmments in reEponse
increased embryonic metabolsm might lead o faral
egg desiccation. Indeed, the absence of maternal ege-
brooding is lethal 1o A. geldrend embryos in conditons
of relatve humidity as high as 75-100% (Lourdais
et al 2007). Thus egg-brooding female pythons may
use & ‘water it sravegy in which they imentonally
conserve chutch water at the cost of hypoxc dutch
conditions that can lead o reduced embryonic metsb-
olim (Sahlschmidt & DeNando 2008). Larger durches
have higher Vo, and Veo, than smaller cutches and
likely would require more frequent posturml adjus-
ments o maintain nomal respiraiory gas exchange.
Instead, females with lamger relatve dutch msses
more frequently adopred a tightdy coled posmune
(Fig. 5) in support of the “water fist srategy.

To summarize, we have demonsrated that python
egg bmoding consisis of dsdne behawviors that sig-
nificantly affect egg water balance. Combined with
previois data, i1 appears that maternal egg-brooding
hehavior exhibited by pythons serves as an adjus-
able diffusive barrier that balances the hydric and
respiramnry needs of developing embryos. Further-
more, the physiologically and behawiorally quantifi-
ahle namre of the python brooding system allowed
us w perform & muld-faceted asessment of a dmple
parental care maodel Although parental care pmovides
an owerall benefit w offpring we have demon-
srmated that ndividual parental care behaviors entail
both costs and benefiss for developing offspring. Spe-
dfically, the tightdy coled python bmoding posmme
enhances egg water balance at a cost o embryonic
metabolizm  (Swahlschmidt & DeMando  2008),
whereas posmural adjusments enhance dutch respi-
ratory gas exchange ar a oSt o egg water balance.
Future audies should eluddate the long-term oonse-
quences of dght coiling on offpring (eg.. reduced
hatching success or offspring quality) and potental
erwironmental cues used by the female w regulate
parental care behavior.
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SUMMARY
Parental care is a widespread and ecologically relevent adaptation known to enhance the environment of
offspring. Parental behaviors, however, may entail both coste and benefits for developing offepring. In Children's pythons
(Antaresis chidrani, we monitored both maternal egg-brooding behevior and intra-clutch oxygen partial pressure (Po,) in real-
time to assess the effects of various brooding behaviors on Pg, in the clutch micro-environment at three stages of development.
Furthermore, ot the same developmental stages, we measured Oz consumption rates (Vg,) of eggs at varying Pp, to determine
their critical oxygen tension (ie. the minimal P, that supports normal respiratory gas exchange) and to predict the impact that
naturally brooded intra-clutch Pp, has on embryonic metabolism. At all three stages of dewelopment, a tightly coiled brooding
posture created an intra-clutch Po, that was significantly lower than the surrounding nest environment. Maternal postural
dj lleviated this hypoxia, end the magnitude of such corections increased with developmental stage. Mean intra-
clutch Py, decreased with stage of development, probably because of increasing egg Vo,. Additionally, embryo critical oxygen
tension incressed with developmental stage. Together, these results suggest that python embryos are unable to maintain normal
metabolism under brooded conditions during the final 10% of incubation. These results demonstrate that specific parental

CONSBQUENCES.

Ky worts: Rdusianie diffusive bamer, crilcal cxygen tenskn, Mypoxa, metabolism, parental care, sneia, rase-ofl.

INTRODUCTION

Parental care i3 & widespread reproductive strategy thal provides
for eritical developmental needs including water balsnce, energy
balanee and thermoregulation {(Clution-Brock, 1991). Although
beneficial to offspring, parentsl care i typically demanding to the
pareni(s) and thus parenisl care & classdeally asessed &3 a trade-
off between the benefils v the offipring and the cosis o the
pareni{s) (Cluton-Brock, 1991; Wiliams, 1966). However,
another, less-sindied cos-benefil iradeoff exish in parental care.
Parental care is complex and trpieally entails a suile of specific
parenisl behaviors wit each of those behaviorn ssaociaied with
coals and benefik for offpring. For example, nest atendsnes and
food soquisition represent familiar parenisl belavioms of birds;
haovwe ver, each has ils own costand benefit o the thermonegulstion
and energy budget of offspring (Lisng et al., 2082; Weslon and
Elgar, AW)5). Thus, inde pendent of parenisl expenditune, functional
parenisl cane mus bal behanvioral 14 1oy address the
neads of the offpring while minmizing any sssocised coss o
the of fipring.

Siudies of parental care are complicaied by both temporal and
apatial complexity. Parenial care often s for exiended periods of
tirme {weeks to months), and changes during onlogeny may fequine
alierations in parental beleviors (Cluon-Brock, 1991; Cexlly et
&l 1944). Morewer, the panent{s) oflen travel considershle distances
1o meet varous offipring needs (Sisus e al | 2005). Additonally,
parental belavior can be sensitive 1o disturbance sssociated with
many smsemmenl methods beyond that of simple observalions
(Blolpoel, 1981; Cooke et al., 20040).

Matemnal ege-broading in pyihons provides an idesl opportunity
o dudy the importance of balancing specific parental cane
behaviomn 1o regulste critical developmenisl parameters (e O,
Oy, Had, lemperature). Afler oviposition, pythons tightly codl
around their cluich and can remain so0 throughout ncubation
{(Wikon and Swan, 2003). Although body movements are subile
relslive o parenisl behsvioms of other species, python egg-
brooding & a dymamic proces in which varying female body
podinnes represent individusl parenisl behaviors that entail different
cpats and benefis o ofpring. Some pythons, b not all spacies,
shiver during brooding o provide hest to their cluich (Vinegaret
al, 1970 Honegger, 1970). Even in python species whene
faculistive thermogenesis does noi occur, brooding probably
provides thermal benefits thiough thermal inertia and behavional
thermoregulation (e.g basling).

Nun-thermal benefis provided by pyithon brooding are much
les undersiood. Recenily, however, it was shown that brooding
enlances egg water halnee (Lowrdais et al, A7) and, mone
specifically, a tightly coldled posiure beneficially reduces cluich
waler losa ai the cosl of reduced respiraiory gas exclange between
the cluich and nest emdironment (ZRS, unpublihed dais)
Conversely, lomening of the eolls and thereby partally exposing
the ¢luich enhances ¢ luich-nest respiraiony gese e heange ai te coat
of incressed cluich waler ls (Z.RS unpublished dats). These
latier resulis suggest thai minor brooding poitural adjuiments
provide an adjustable diffusve barder that allows for adequste
embryonic mespirasiory ventilation while enhancing egg waler
comervation through discontinuous ges exchange. However, the
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extent 1o which brooding cresies 8 hypoxic cluich micro-
envimonment and the degree o which posiural adjusinmenis allevisie
the hypaia are unknown.

Embrye could experience prolonged cond tions of hypos s since
python incubstion lesis 4500 deys (Wilson and Swan, 2088).
Chronic hypoxia has been shown 1o decrease embryonic growth
e (Warburion etal |, 1995 Crossley and Altiminas, 2006; Rowssel,
2007, reduce haichbing mess (Crosleyand Allimirss, 2005), delay
the development of the rmogenesis | Azzam el &l, 207, and reduce
predaior svoldance ability of juvendles (Rousel, 2007, Moreover,
acute hypoxis can have immediate effecs on embryos, including
reduced metsholic rate (Kam, 19989s; Kam, 1993h) and incressed
cell desth (Devoln, 2006). The dgnificance of a given level of
hypoxia & often deter mined by its relstionshipiosn snimal’s critical
oxygen ension (Por), te minimal partial pressure of oxygen that
suppeints nomsl respiratory gas exchangs (Y eager and Thaeh, 1989;
Kam, 1998, Kam, 193h). Reptile embryos are particul srly tolersnt
of hypaxia and, thus, bave low Poqe relative o other ammioles
(Kam, 19934). As developmenl progresses, some repliles use
several morphokglcal sirslegies kb promode el ralony gas e hange
with their emvironmenis, such s rapid proli feration of chorioal lnisde
vasculsture and eggshell thinning (Andrews, 2004). Despite such
adsptations, replile embryo Poo increases s the need for
respiraiory gas exchangs incresses during ontogeny (Kam, 1993a).
The impaoriance of mainis intng proper respirsiony conditions 15.¢ lesr,
and postursl adjusiments by brooding pythons may vary with
embryonic stage of development i meel theie dynamic
fequin menk.

‘W tested the hypothesis that python egg-brooding behaviors bath
create and modulaie 8 potentally deirimenial yposic eluich micno-
envionment To ke this hypothesis we serially monitoned naturally
and artificially brooded cluiches of Children's pythons (Anizreda
childreni) ai their preferred meubation temperaiure. We predicied
ihat: 1) tight brooding cresies s lypoic cluich micro-environment
that i3 sllevisted by female postoral adjusments, {2) the level of
hm.da d.u'hg tight brooding will Incmu mife severd &

o due 1o 1 d embryonic metsholim,
ami{j)ﬂuhlmuhﬁumﬂg}lhmdkguhipmhﬂl adjusimens
will keep Po, in the clueh micro-environment above the critical
oxRyREn mhul of the developing embryos (Le. intra-¢lutch
Po»Pogs) throughout incubation. Support for thess predictions
wiould demonstrate the importanos of bal aneng individus | pornental
behavdor o meet the dynamic needs of the developing offspring
using & simple, quantifiahle parental came model.

MATERIALS AND METHODS
Study species and reproductive husbandry
We used a long-lerm caplive colony of Antsrevie childreni Gray
1842 mainisined ai Artzona Staie University Tempe, AZ, USA for
this study. 4. children sre medium-sized (up @ 1.2 m snoui—ent
lengih snd 6l g body mass), non-venomous, comincting snakes
of the Pythonidae family that inhabit rocky aress in northemn
Anstralia (Wilson and Swan, AW03). Hisbandry and breeding of
the animak followed thal described previously (Lourdsis et al,

A few days prior Lo oviposition, we moved each gravid python
into a Teflon-costed 1.9 | brooding chamber tal was opagque on the
bottom and sides, but iransparent on the op Lo allow ohaervation
Becsuse cluiches of naturally brooding pythons have mintmal {if
any) contact with subsirate (Wilson and Swan, 208), females and
their resuliani cluiches were nol provided any subsirsie. We plced
brooding chambers inan envis tal chamber that hada 14h:10h

LIy phodo regme snd mainisined temperaiure g1 31.500.3°C, the
species’ prefermed incubation tempersture (Lourdais el &, 2008),
o preciude the need for any behavioral thermoregulation by the
ferrales. Additionally, we plumbed brooding chambers with twao,
ihree-vay slopeocks on opposie ddes of the chamber and wsed &
valve-controlled aerastion sysem thal combined ssiersied air
{praduced by bubbling air through a water-Aled hydrating column)
with dry sir to deliver 2040 ml mis™ of hydrated air (sheolui
humidity, AH=25.1-26.7 g m™"; relative humidity, R H=80-85%) 1o
each brooding chamber, We housed brooding femsales in ihese
chamben dofing and between experimental irals 1o modnimdze
disiurbance and avodd cluich shendmmeni. Al ovipmsition, we
briefly removed each femsle from her cluich i determine ¢luich
e, cluich mess, and female post-oviposiiion mas. Then, we
randomly sagned cluches o one of two experimentsl groups:
mawrally brooding of eritical oxygen tension Females we aisgned
i the brooding experiment quickly mecodled sround their cluiches
when we returned them i their nespective brooding chambers.
Critical oxygen endion expermental triak required the elutch to be
separaied from its mother for =8 h and, thos, would have led 1o
cluich shandonment if naturs lly brooded. Therefore, we arti fictally
incubated ¢luiches used in the critical oxygen lension experiment
o term in 1.4 | plagtic containers with a molsiened Perlite subatraie
al 31.5%C.

Statistical analyses

Dets mel the appropriate lesk of statistical asumptions o wene
trans formed &8 nece sary, and wens analyzed wing IMPIN (werson
512 SAS Statistical Instite, Inc., Cary, NC, USA). Significance
was determined st =005 for all tesis. Unpained sesis wene vsed
when comparing characleriatics of the brooded snd critical acygen
tension clukches. To determine the effect of time or teatment,
repesled-messures snalyss of variance (RMANOVA) isis wene
wsed. In analyses with significant spherieity, y™tests with epsilon-
adjuded Greenhouse—Gelaser lesis were wied. Posf-hoe anbyses
i Bonfermoni-comected paied r-esis 1o cormect for experiment-
wise type [ error rate. To test relstionships within individuslk, we
e simple linesr regresion analysis All values are given & mean
+aem

Brooding experiment

T assens the edent 1o which brooding behavior affects the Po, of
the clich micro-envirmnment, we mestuned neal-time brooding
behavior, nest Fo, (Ponee in kPa), and intrschutch Po, {Fo )
of dx A chidreni brooding uniis (i.e. female and smocsted cluich)
al 31.5°C. For each brooding unit, we conducted irials three time:
O-14 days fearly), 3639 days (middle) and 4345 days (late)
mat-ovipodition {mear=224, THY, and 91% pet-oviposition
development). We conducied serial irfak to delermine the effectof
embryonic metsholic rele on the cluich-nest oxygen gradient.
Became replile egg melsholic rale ncresies sgnificanily but
mon-linearly during meubation (Ar et al, 2004), we selected tral
timepoinis that would provide progressive incresses in metsbolic
rale rather than timepoinis that were equally spaced temporally. To
avold disturhenee, we moniiored irfiak in dadknes with an mfrared
camera and reconded reallime video of behavdors for lae r analysis
ol brooding behavior varishles. To sccommadsie sny mitial change
in femsle meisholic rale nsuliing from disudence, we collecied
hehavioral and Fo s dats =60 min afler the beginning of the irial,
and triak lasted 12 h.

Influent air of known composition and flow raie wes cresied by
combining dry, acapnic air (CDA 1112, PureGes, Broomfield, OO,
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USA) with waler vapor-ssiuraied sir (produced by bubbling dry
air through a water-filled hydrating column) using a feedback-
controlled sysem Resulling influent air was humidified o
235 gm™ shaoluie humidity {73% RH) and mainisined st s low
raie of 560 ml m]n'lwlﬂlamaaﬂwrm:ulh{mﬂmmumu
Ine., Yorbe Linds, CA, [ISA) that we calibrated before the sudy
using sosp flm fow melers. We analyzed a baseline sample of
influent air immedisiely before and afler brooding irials and
averaged the two o determine the composition of influent sir. Adr
exiling each chamber (effluent air) was dried with anhydom CaS0y
before flowing through an Op snabyzer (FC-1B, Sshle Systems,
Las Wegas, NV, USA) that we calibrated prior 1o experimental use
with dried ouiside air. During trsk, we recorded the O level of
effluent air every minue wing a 23X dsislogger {Campbell
Selentifie Instruments, Logan, UT, USA) o determine O consumed
Iy the brodding wnit The di ference between influent and ef fluent
FPo, was relatively small ({540, 12 kPa), 50 Po oo was calculsied
a5 the mean of influent and effluent Po, (2001040001 kPx) We
messured intra-clutch Py, inreal-time for the duration of triak with
a fiber optic Ch probe and meter (OxyMin, World Precision
Instruments, Sarssoia, FL, UUSA) and we recorded resulisnt dats
every minuie with a 23X dais logper. We maeried a 4 mm diameler
O probe through a port i the floor of each brooding chamber
152 em ino the inta-cluich space. Under the conditions wsed,
the O probe had sn sccuracy of 0L19kPa, & resolution of
060,12 kPa, & response time of 402, and consumed no Ow. In
addition to the calibration procedute recommended by the
mamifacrer, the Os probe was calbraed immedately prior to
each irial with the FC- 1B O snalyzer snd three gas mixires (i.e.
air dripped of COs and HaD combined with botiled Na i achievwe
Po,of =195, 150 and 123 kPa). To deternine the degree towhich
poatural adjustments reduced intra-¢lutch hypoxia, we mandomly
chose 12 adjusiments from esch irial and snalyzed the Pogue
immediately before (Le. during tight postune) and 3 min sfter each
adjuiment. The lowest intra-cluich Po, recorded during each 12 h
trial represented the ahsglute minmuom Fo

We calegorized subily distinci postural adjustmenis o three
simple types. (1) Non-opening adjustments (MA) wene thae in
which female movement wes noied but none of the cluich was
visibly exposed. (2) Opening adjwiments (OA) involved female
movemenl with visible exposure of some of the cluich, lsed less
then §min, and did nol entsil & female’s snout breaching the
perimeter of her ouiermos ooil. (3) Explorstory adjusiments (EA)
wene poaural adjusgments that ako involved vidble esposure of the
clulch; hiwever, they lased more than 5 min snd'or entziled the
female's snoul breaching the perimeter of her oulermost codl
Exploratory adjmsiments were distinguished from OA because an
activity bout bonger then § min involved & significant incresse in
female metsholic and evaporative waler loss rates. Also, during EA
femalesoflen maered their heads between their eges snd their codls
suggeating & different behavioral motivalion (eg. possbly egg
impection) than that of QA

We used unpe ired and paired iests io determine if Py cues during
the tightly codled brooding postune was stsistically indiscemndble
From Poy s O Poygiosen, during postural adjugments, respectively.
We wsed RMANOVA o determine if the gage of ncubaton {i.e.
time) had an effect on the difference between Poa.e, durng tight
codling and Po.ace, the difference between Poguen during tight
colling and Po e dudng postural adudments, or brooding
behavdor varabhles. We med dmple linear regretson Lo determine
ifcluich sze and cluchmas were relaled io maiernsl muss, Po g,
or brogding behavior.

Python eqg-brooding behawvior 1537
We selocied six antifically incubated 4. childreni ¢ lotches for trdals
thal measured embryonic aygen comumption rate (Vo,) under
varying Fo, ai 313°%C during three periods 10-16 days,
3638 days, and 4345 days afler lying (mean=26%, 76% and
AW poat-ovipaaition development). We uied serial measirement
o elucidate the effect of increming embryonic metsbolic rate on
Fope and o compare Pooe to Po &l similar stages of
development During irisls, we kept the cluichesin 1.2 ldus bporied
airtight respirometry chambers and exposed them o five Fo,
kevels (200124021 kPa, 173600013 kPa,  14.3430.18 kPa,
12.3140.13 kPa and 10304008 kPa) in an onder determined by
randomized draw. We supplied cluich chambers with mflux sirof
lnown compodition by combining and hydrating controlled lows
of dry, scapnic air (CDA 1112, PureGas, Broomfield OO, USA),
and botfled Na. Flows were controlled using two mis flow
controllers (Unit Instrumenis, Inc., Yorbe Linds, CA, TSA) that
we calibrated using sosp film flow meters. We delermined the Fo,
of the mixed gas using an O analyzer (FoxBox-C, Sahle Systems,
Las Vegas NV, USA) After estimating a 9% umover of chamber
air wing low rale and chamber volume values (Lasiewskd el al,
1966), we collected initial air {Taea) @mples fom each eluich
chamber and stopped influx air. We then sealed the clutch chambers
for & recorded durstion (6448 min), collacted endair{Tm) samples,
and passed dried T and Fog ssmples through an On snalyzer
{534, Applied Hecirochem giry, Ine., Summywvale, CA, TS A that
we calibraied with dred, outdde sir 30 min prior 1o ans lyses. We
wed eqns 5, 6 and 11 in Vieck (Vieck 1987) o determine eluich
Vs, and divided cluich Vo, by cluich size to determine mean egg

E’euﬂdRMﬁNOthﬂum if ambient P, had an effect
m egg Vo, To determine we used posthoc analyses Lo
identify the experimental Py, (ie. 174 kPa, 14.3kPs, 123 kPa or
10.3 kPa) atl which egg Vo, decressed significantly below egg Va,
at normoxda {ie. Po, of 20.1 kdPa) and termed such Pou-noem. Then,
we sonled dats ink two groups: (1) thoee less than of equal to
Py g ey (2) those gresier than Py b aem. We then consirucied
linear trend lines for the two dats seis, and the intersection of these
lines represented the Po = (Yeager and Ulsch, 1989) (Fig. 1).

v
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Ciygen partial pressune (kKPa)

Fig. 1. Egg cwygen consumption rate (Uy,) from six A. dhildeni chnches
under multiphe oxygen temsions during sarly (doted fne), middle (solid ins)
and lnke (broken line) stages of development. Crosses indicate Pro, sub-
of development.

THE JOURNAL OF EXPERIMENTAL BIOLOGY

45



1538 Z. A. Stahischmidt and D. F. DaMardo

Table 1. Antaresia chideni cluich and maternal charactenstics (mean + 5.8.m.) at four stages of incubation

Iritinl [ 1] Middis Lats F P
Post-oviposition developmesnt | %) 1] 2 B Bl
experiment

Ma. of ferle cggs 10607 102:0.7 a5:12 86212 D.0ET el

Chuich mass [g] 138708 1307007 1028+148 103=15.0 0044 0BG

Masernal mass [g) 306 G+16.1 G 2+148 MAG+148 032147 [ilcey] i 2]
Critioal oxygen tension sxperiment

Ma. of ferle eggs 006 10.7:0.3 105204 10E04 0.0z n.ee

Chuich mass [g] 141386 137361 126302 120263 27 013

RESULTS

Al ovipodtion, the differences in female mess (f=135, d.f=10,
P=017), clutch stee (=052, dL=10, P=0.61) and cluich mass
(r=0.20, d.£.=10, P=0.84) betveeen the two ex perimental groups v
nol dgnificant As incubation progressed a few embryos died and
females ot masm due io typical brooding-ssocisied snonesis
However, clitch sze, clukch mas and malemal mas dd not
significantly decresse with developmentsl ftage (Table 1) Thos,
time-dependent correction: for these varishles were nol necesssry
prior 1o temporal analyses

Brooding experiment
Mean Poogs immedisiely prior to postural adjusiment was
significantly lower than P q &l all stages of development (early:
r=11, d £=5, P00l ; middle: r=6.4, d =5 P=0.0014; late: =T.1,
d.i=5, P=0.0009; Table 2) and |ower than the overall mean Pocues
(early: r=4.8, d.f=5 P=0004% middle: /=57, d.f=5 P=0.d24,
late: =27, d £.=5, P={)(45; Tahle 2) indicating that tight brooding
created & 4ignd ficant barrier 1o On diffusion between the clutch and
neal envinnments A fler examining the dats for entine irials,
we delermined that the overall mesn ¢huich-nest Po, gradient and
the clulch-nest Po, gradient during tight brooding gnifcanitly
incressed with stage of meubation (Fiw=80, P=00085 and
Fa w0, P=0.0075, respectively). Bocause female ovipos fon mass
weas noid &l g Alcanily correlated with clutch size (R5=0.27, P=0.070,
N=36) or eluich muss (R=0.36, P=0.15, N=3§) in our A childreni
colony, we wed clich dre snd cluich mas s independent
varishles rather than eluch-to-female matioa Cluteh charas eristic

ako affecied the mean cluich-nest Py, gradient during laier irials
& clutch sze (middle: 77, A=0.021; late: R*=089, P=0.0050)
and eluleh mass (middle: B=0.77, P=0L001; laie: =081, P=0.014)
were both negatively related 1o Fo s

Al all three stages of development, Pocues was significanily
kwer immedisiely prior o posiural adjusdment than &t 3 min afler
the adjustment (earky: =900, d0=5, P=00003; middle: =73,
di=5 P=0.0007; late: =48 d0=5 P=00049; Table2) The
difference between “tight" Po s and ‘sdjusting” Po e, incresed
with mcubation sage {Fa 0=5.7, P=0023; Table 2). Thus, postural
adjustments slleviated intracluch hypoxis, bul mesn Foy o, sl
decresied during development (Table 2).

Biroading femsles did not shiver &1 sny point during the sbudy.
The frequency and duration of brooding beha viomn did not menesse
a1 development progresed (Table 3) and brooding behavior was
ako nod influenced by clulch characlersics

Critical oxygen tension experimeant
Environmentsl Py, affecied 4. childreni egg Vo, al all three stages
of development {early: Fije=24, P<00001; middle: Faz=T8,
Pl 3; laie: Fye=14, P<00001; Fig 1). We delermined Poc:
i be 128 1Pa, 15.1 kP2 and 194 kPa for early, middle and lsie
irials, respectively. Anabyss of Po o, data indicated that Po e
was below for & mesn 040G, 16.5515.6%, and 100404 of
the tme for early, middle and luie ials respectively. When
Py gt Py s, e 1eibry0s were probably unsble i maintain normal
melabolism under booded conditions and, thus, wene considerad
o be metabolically ¢onforming.

Table 2. Intra~clutch P, (kPa) of s brooding A. childheni [mean = 5.2.m.) &t thres stapes of development

Earty Widdie: [ F P

Absokues minimum 17 54=014 15360 65 16.07+0 54 12 DU

Dharing fight oailing 1778015 16,080,560 16.TE+0.48 a4 074

Dverall 18.66=0.12 16.38=0.51 1684063 a0 00085

During postural adjustmant 18.03=0.15 16.67=0.48 16372046 70 0013

Table 3. Antamsia children brooding behavior [mean + 5.6.m.) at three stages of development
Early Middie Lae F P
Time: spent Sghly coiled (%) 80345 M.B23 B4 12 03z
Non-opening adjusiment (NA] rate ') 807 3804 4304 035 on
N durmtion (s) 16.6+2 2 1T A=d A 10613 ia oz
‘Opening adjustment (0] rae (') 14«03 1203 1808 055 0566
‘0, duration {s) 26.8:33 W2:18 T27:384 15 0z2e
acuestment (EA) rmbe (b~} 11608 0.6=0.4 0802 0 068
Ea duration (s} 290 354 4 TAT D=3372 20 8+20 5 12 036
N&, poshurnl sdjussments during wiich the clutch was: not visibly ; OA, postural during which some part of the: chuich was exposed for
«5 min; EA, postural adustments during which part of the chuich was exposed for =5 min or the female’s snout the peri afher ool
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DISCUSSION

We have demonsiraied thaipython ege brooding provides a barrier
0 respiratory gas diffuson between the clutch and nest
envimnmenis. Moreover, our resulis support the hypothesls that
python ege-brooding belaviorsboth cresie snd relieve 2 poteniially
deirimentsl hypoxic developmenial micro-environment During
tight codling, the clutch—nest Po, gradient was significantly greater
than the overall mesn chuich-nest Po, gradient st esch

sisge in support of our first prediction that dght brooding cresies
a lypoxic clukch micro-environment. Previous resesrch has
demonarated that this partculer brooding postune alao minimses
cluich evaporaiive waier koss (Lourdsis et al, 2007) (ZR.S,
unpublshed dais). Together, these msolis gueniiist vely demonsiraie
thai brooding behavior provides a hydric benefii af & coat 1o
embryonic nspirakry gas exchange.

Poswral adjustments caused brief diswption o te diffudve
barrier crested by tght colling, which supporis our firsd prediction
(Fig.2). Using abwolute minimum Po e, dats, we extinated that
without posiral afusments, the amount of time embryos wene
metabolically ¢ img wioukd hanee i d from 16.5% 10 50%
for middle irials under brooded conditions. Ak, the effectiveness
of poatural adjustments al reducing the clulch—nest Fo, gradient
creatad by tight coiling 1 d with incubation. Hi | in
suppart of our second prediction that the level of hypaxia during
tight brooding will become maore se vere s developmenl progresses,
developmental st ge affected both mesn overall Pogues #0d Po cies
during tight colling (Table 2). Thus, despile hypoxis-reducing
postural adjustiments, intrs-clitch hypoxia neressed with tme a3
embryonic meisholism snd respirsiory ges exchange incressed.

Dur reaulis demonarate that 4. childreni embryo experenoe
chronic hypoxia, the effects of which have been gudied in & variety
of vertebrate taxa (Taylor et al , 1971; quﬁmhim

Python eqgg-brooding behavior 1539
prolonged hypoxis that successfully diminish the o of teir low
ey genemdronments (Kam, 1993b; Corona snd Warburion, 2004).

We have shown thal Fo o for A childreni embiyos increases
with developmeni similar io other replile embryos (Kam, 1993a)
However, unlike previous research, we monitored res Hime Pocec,
o determine if and when the embryos' micro-envinonment was
below Po oz Wee determ ined that A. childreai embryos are probably
unahle to manisin nomal metsholim under brooded conditions
during the final 0% of incubation (i.e. Poduet Py o for 100
of the time in laie irials). Thos, similar o avian embeyos (Ar el al,
1991), pyihon embryos probebly become metsholically conforming
laier in incubstion in contradiction to ouwr thind prediction that
posiural adjusiments will keep Py, in the cluich micro-environment
abawe the critical oxygen tendon of te developing embryos The
effect was mosl sevens lae in development p hly b
females mainain relatively sable B\qmmh and duﬂﬂuu of
postural adjusiments throughow incubstion despile incressed
embryonic metsholism.

Like python ege-brooding posural adjustments, fin-fanning
parentl behavior exhibited by some fish (Hale o al |, 2008; Grean
and MoCormick, 2005; Lissker and Kvarnemo, 2006) incresses
aygen in the eggs’ mico-environment However, unbike python
postural adjusments, fn-fnning & negatively comelsied with
disanlved oxygen leve ks (Hale ot al, 2008 Lissaker and Kvamemao,
(). Thene fore, &n imporniant question srises s 1o why brooding
female pythons do not slmﬂ:ﬂy increase the raie or frequency of
potural sdjustments i the d 111, Py ctomety tetend
by the ncreasing !?a, of their developing embryos? Python egg-
lroding belevior may be a “hand-wined ' process snd, thes, brooding
pyihom lsck the ability io use exiernal cues for behavioral
modi fication. This poasbility is unlikely, however, &3 it represents
a maladeplive behsvior and conlradick many sudies that heve

Roussel, 2007). Both embryonic growth and develop

adveraely affecied by prolonged periads of hypoxia (thytﬂd
Alimiras, H05; Amesm el al, 2007; Roussel, 2007) Chronic
hypoxia negatively affecks halching sucees (Taylor et al, 1971) &
well = poatrhaiching finess-relsied varishles including predsior
avioidames {Fouwsael, 2007), seom | development (Shang etal | Aa)
and development of an unfavorahle sex ratio (Shang et al , 2006).
Notably, some reptile epis exhibit sgnificant momphokdcal
responses, such as mcresed chorioallsnioic vasculsiure, o

17.6

i i
jIE.E ,.

16.0

146
o 20 40 B0 an 100

Time {min)
Fig. 2. Example of intra-chutch P, (Phyue] during brocding at the laie
A chidreni Vertical

siage of development in lines denokbe the baginning of
female postumnl sdustmems.

ined how the sudie of parenisl ¢ sre behaviors adjussio changes
in the embryonic micro-environment (Hale et al, AW03; Lissker
and Kvamemo, AW6) and offspring development (Cezilly et al,
1995, Koskela, 2000; Green and MeCormick, 205).

Altemstively, ege-brooding female pythons may have the ability
iy prooesia environmental of temporal information bot choose o we
a ‘waler firsl’ sirslegy: compromiing embryonic respirsiory gas
exchange & conserve embryonic water las The benefit of python
ego-brooding 10 A childreni epg waler balance & dramaiic snd
critical W embryo survval (Lourds®s et al, 20T, & well as
eookgica lly relevant becsuse females generally ovipoail during the
dry sesson (Wikon and Swan, 2003). Although alligator embryos
resred in 17% O (Le. ~16.5kPs) exhibit sgnificant growth
retardation (Warburton et al, 1995), such effeck of hypoxia on
pyihon ege haichsbhility or offipring quality have noi been
demomatrated and are in need of swdy.

Lastly, &n exiernal cue other than embryonic devel opmenial stage
and waier balance may regulaie postural adjusiment by pythons, In
paricular, lempersinre B critical o embryonic development
{Angilletta etal , Ay Rodriguee-Munoe, X001; Birchard, 2004)
and wes nod varishly menipulsied in our sudy. Temperaiure & alao
of particulsr interest b i ing it direcily both
':b, and water loss ineges Ambient tempersiure i3 known io affect
ned-atending behavior in birds (Hoset et al_, 200d; Weston and
HElgar, 20055} and thus may influence python ege-brooding behavior.
To complement meiernal brooding effecis on the cluich micro-
emvironment, pethaps 4. childreniegs mey change doring ontogeny
o enhanee resplralory gas exchange. Over the course of incubsation,
crocodilian and turile egos develop & highly vesculsrized
chorioallanide membrane and reduce shell thic kness by embryonic
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incomporation of shell-derived calcium depaiis 1o meel incressed
meisholic demend for gas exchange (Andrews, 2004). However,
the later drstegy incresses eggshell water vapor conductance and,
ithus, incresses the raie of egg waier lms (Ar, 1991). Parchmeni-
shelled squemsie egos sre charsclertzed by & very limiied caleified
Ia,er {Thompeon and Speake, 2004), and thos diffusion in laie
bation may be enh d thiough & reduction in the thickness
of the fibrous, keratin-based layer of 4. childreni eggshells
Regardless, our resulis indicate that even embryos of parchmeni-
ahelled eges mey be metsholically conforming during laier dages
of development
Chur resulis have further defined the physiological mpaet of
python egg-brooding behaviors on developing offspring. The
plysiologically and behaviorally quentifishle nature of the python
broading sysem alkvwed us 1o perform & multi-faceted ssse sment
of a dmple parental care maodel. Parental care i3 oflen viewed &
an adspiation that benefis offspring, however, we have shown that
individual parental care behavion can entail ssocisied obligaiory
cods o developing offpring a2 well. Futere studies should comsider
the presence and sgnificance of acclimation 1o hypoxts in A
childreni embryos dnce other replile embryos can soclmate o
hypoxia (Kam, 1993b). Also, whether the brooding-sisocisied
comatraint on python em bryonc mets bolic rate has dele terous effecs
on hatching sueces, morphology, performance and fecundity is
unknown and warranis further sudy.
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APPENDIX III
OBLIGATE COSTS OF PARENTAL CARE TO OFSPRING: EGG
BROODING-INDUCED HYPOXIA CREATES SMALLER, SLOWER, AND

WEAKER PYTHON OFFSPRING
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Obligate costs of parental eare to offspring: egg
brooding-induced hypoxia creates smaller, slower and
weaker python offspring
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Recefved 29 Janurary 2008; accepled: 30 March 2009

Python egg brooding typifies parental care because it consists of multiple behaviours that provide for muoltiple

devalopmentsal needs. For example, tightly coiling around the eggs benefits embryonic water balance, but periodic
female postural adjustments improve embryonic gas exchange. Regardless of these postural adjustments, egg
brooding creates a hypoxic intra-clubch environment that constrains embryonic metabolism. We forther examined
this novel and wseful parental care model to determine: (1) any fitness-related costs of epg brooding to offspring;
(2) whether any long-term costs are alleviated by postural adjustments. We artificially incubated Children’s python
{(Andéaresia childrent) clutches and modulated oxygen partial pressure (POy) to create three treatments: normoxic
(NRM, 20.3 kFa Ov), brooding [BRD, PO, profile typical of clutch POy (PDue) in maternally brooded clutches,
15.5-19.3 kP'a 04 and low (LOW, predicted PO» profile of maternally brooded PObsss, if females did not make
postural adjustments, 14.4-18.6 kPa Ow). Using various metrics from ~12 days pre-hatching to 14 days post-
hatching, we demonstrated that WREM offspring were larger, faster and stronger than BRI ofspring. As only
hatchling heart mass differed between BRD and LOW trestments (LOW = BRD)), postural adjustments may mot
alleviate hyporia-related costs to embryos. Our results demonstrate that parental care may represent & compro-

mise between competing dev

tal needs and thus entails obligate costs to the offspring. © 20080 The

Linnean Soeiety of London, Binlogical Journal of the Linnesn Society, 2009, 98, 414431,
ADDITIONAL EEYWORDS: adaptive significance — Childrens python (Anfaresic childreni) — offspring

quality — respiration — snake — trade-off.

INTRODUCTION

Parental care is a widespread behaviour sdopted by
many vertebrates, especially endothermic ones, and
has consequently received considersble attention
{Clutton-Brock, 1881; Farmer, 200d0; Huang, 2006).
Parental care meets many critical needs of offspring
during development, such 25 water balance, snergy
acquisition and tempersture regulation (Clutton-
Brock, 1991; Deeming, 2004). Given these m'ulhple
needs, tmﬂe—nlﬁﬂ between ting devel
variables often exist. Althongh likely important to
understanding the adaptive eignificance of parental
behavioural suites, such intra-offspring trade-offs are
leas studied than parent—offspring trade-offs.

*Corrosponding suthor. E-mail: m@inse odu
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One exceptional, yet understudied, case of post-
oripogition parental care among squamates (lizards
and enakeg) is egg-brooding behaviour exhibited by
all pythons (family Pythonidae), in which the female
coils mround her clutch during incubation (Vinegar,
Hutchison & Dowling, 1970; Elip & Shine, 1983;
Pearson, Shine & Williams, 2003). Python egg brood-
ing is a dynamic process, wherein the egr-brooding
female spends most of the time tightly coiled around
her eggs, but periodically locsens her coils (Stahl-
schmidt & DeNardo, 2008; Stahlschmidt, Hoffman &
DeNardo, 2008). Tight coiling maintsins embryonic
water balance at the cost of embryonic respiration,
while postural adjustments facilitate embryonic res-
piration st the cost of embryonic water halanes
(Stahlschmidi & DeNardo, 2008; Stahlschmidt ef al,
2008). Although maternal egg brosding is critically
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important to offspring survival and phenotype in bio-
logically relevant nest environments (Aubret ef al
2005; Lourdais, Hoffman & DeMardo, 2007), it creates
a hypoxic developmental environment that reduces
embryonic metabolism (Stahlschmidt & DeMando,
2008). However, the long-term, fitness-related costs to
embryos sssociafed with hypoxia induced by python
egp brooding are unknown.

Chronic hypoxia often elicits compeneatory ehanges
in developmental morphology, such as cardiac hyper-
trophy (Alligofor mississippiensiz, Daudin 1802,
Crossley & Altimiras, 2005). Despite such plasticity,
hypoxia can decrease embryonic growth rate (Alliga-
for mississippiensis, Warburton, Hastings & Wang,
1805; Crossley & Altimiras, 2005; Salmo frufia, Lin-
naeus 1758, Roussel, 2007), reduce hatchling mass
(Crossley & Altimiras, 2005), delay the development
of thermogenesis (Gallus gallus, Linneseus 1753,
Arzam, Spdruy & Mortola, 2007), reduce predator
avoidance ahility of joveniles (Hoossel, 200T) and
reduce sexual development (Danip rerio, Hamilton-
Buchanan, 1322, Shang, Yo & Wu, 2006). Although
ingightful, these studies remred embryos in arbitr-
ary oxygen concentrations, soch as 14% (Shang
ef al., 2006), 26% (Roussel, 2007), 48% (Crossley &
Altimiras, 2005), 72% (Crossley & Altimirzs, 200%;
Azzam ef al., 2007) or B1% (Warburton et al., 1995) of
normoxia. However, in at least one study, experiment-
ars determined the deftrimental effects of developmen-
tal hypoxia (e.g. reduced embryonic growth rate and
survivall on embryos by creating an artificial cxygen
tension (PO:) environment that medels in vivo devel-
opmental POy (Parker & Andrews, 2006). Similarly,
in this study we used previously quantified intra-
clutch oxygen tensions (POuses) in Children's pythons
(Anfgresia childreni, Gray 1842, Stahlechmidt &
DeNardo, 2008) to determine the hypooda-related
costs of egg brooding to A. childreni embryos.

Experimental manipolation of relevant proximate
factore (eg developmentsl PO:) may elucidate the
adaptive significance of traite (eg. parental behav-
iour). Thus, we incubated A childreni clotches in
different POy treatments and hypothesized that
python egg brooding represents an adaptive trade-off
between embryonic water balance and respiration
that is enhanced by modulating behaviours (iLe. tight
coiling and poetural adjustment). Specifically, we pre-
dicted that (1) hypoxia induced by python egg brood-
ing entails fitness-related costs to offspring (eg
reducad hatchling mass and strength) and (2) these
costs are mitigated, at least partially, by hypoxia-
alleviating postural adjustments. Support for these
predictions would demonstrate the importance of hal-
ancing individual parentsl behaviours to mest the
dynamic needs of the developing offspring using a
simple, quantifisble parentsl care model that mode-

lates several critical developmentsl variables, such
a8 emhbryonic temperature (. Stahlschmidt & D).
DeNardo, unpubl. data), respiration (3tahlschmidi &
DeMNardo, 2008} and water balance (Loordsis ef al.,
2007; Stahlschmidt ef al., 2008).

MATERIAL AND METHODS
STUDY SFECIES ANT} CLUTCH INCUBATION

‘We wsed a long-term captive colony of A childreni
maintained at Arizona State University (ASU) for this
study. Antaresio childreni are relatively emall (< 1 m)
pythons from northern Australia (Wilson and Swan,
2004) and they do not emplay facultative thermogen-
esis while egeg brooding (Stahlschmidi & DeMardo,
in review). Hosbandry and breeding of the animals
followed that described previoosly (Lourdais efal,
20071 In 27, we allowed seven females to hrood
their respective clutches for the entire incohation
period in 1.9-L egg-brooding chambers supplied with
hydrated air and maintained at optimal incobation
temperature (31.5 °C, Lourdsais ef al., 2007) (herein,
MAT clutches). In 2008, 22 fomales similarly incu-
bntedﬂm:cluuhesﬂurﬂbeﬁmtﬁﬂaﬂastlm
underwent other non-invasive, behavioural studies.
Dwring these 6 days, clutches were not oxygen-limited
because early stage A. childreni embryos have < 20%
of the metabolic requirements for oxygen consump-
tion of late-stage embryos and exhibit 2 very low
critical oxygen tension (i.e. the minimal partial pres-
sure of oxygen that supports normal respiratory gas
exchange) (Stahlschmidt & DeNardo, 2008).

On incubation day 7 (ID7), lreaepan.hdtllem
clutches from their respective females, as well as
counted the eggs and weighed the clutches. We then
assigned each clutch to one of the follwing treat-
ments: normoxic (NRM, ¥=7), brooding hypooic
{BRD, N= B) and low hypoxic (LOW, N =17. To reduce
desiccation in & viable micro-environment, we par-
tially buried cluiches in 60-80 mL of moistened
Perlite and suspended them with fine mesh above
200300 mL of distilled water in 1L dusl-ported
pastic containers. We placed all of the elutch-housing
containers in a 765-L incubator (no. 3770; Forma
Scientific Ine., Marietta, OH, USA) maintained at
315 +0.2"°C for the remaining incobation duration.
Clutches in the NEM treatment received compressed
reom &ir. Clutches assipned to the BRD treafment
received & mixture of compressed My and air to mimic
the PO. profile of brooded A childreni egps (Fig. 1;
Stahlschmidt & DeNardo, 2008). During tight coiling,
Pyyes decresses in & logarithmic fashion ontil a
postural adjustment cavses it to rapidly increase up
to 1 kPa Oy (Stahlschmidt & DeNardo, 2008). We used
data from oor previeus study (Stshlschmidt &
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Figure 1. Oxygen regimes for pormoxmce (NREM, W),
brooded (ERD), #) and low (LOW, ¥) Anioresio childrend
clutches during incubntion. The BRI oxygen remme was
modelled nfter maternally egg-brooded intre-clutch copgen
portinl pressures (<) from Stahlschmidt & DelNordo
(2008). Dheplayed symbals nre T:9EM error bars.

DeMardo, 2008) to estimate the points at which
POsypen would reach a diffusion eqguoilibrium in the
ashesnce of postural adjustments throughout incuba-
tion. Thus, we created the LOW treatment using a
mixfure of My and air to spproximate what we pre-
dicted & clotch would experience if females did not
use postural adjusiments during egg  brooding
(Fig- 1).

We hydrated influent air supplies to near vapour
satoration by bubbling them throogh heated colomns
of distilled water and maintained the flow rate to
each clotch at 50 mL min" using adjustable flow
metars (FL-344; Omegs Instruments, Stamford, CT,
UUSA) that were calibrated under experimental condi-
tions. Daily, we defermined the % Og of each treat-
ment's supply air by running gas eamples through an
0y analyser (3-3A; Applied Electrochemistry Ine.,
Sunnyvale, CA, USA) We converted % O, to POy
(% Oy/100 barometric pressure) using barometric
pressure recorded daily from & gas analyser (FC-1B;
Sable Systems, Las Vegas, NV, USA). Oxygen tension
for the BRD and LOW treatments supplies was

h d daily by adjusting the fow metars for the My
and air (Fig. 1). For simplicity, this experimental
design did not incorporate the O fluctnations expe-
rienced by maternally brooded clutches during pos-
tural adjustments. However, as postural adjustments
generally entail fluctuations of < 0.5 kPa O (Stahl-
schmidt & DeMardo, 2008), we fesl that neglecting
these periodic fluctuations in our experimental design
did not affect our results.

At hatching, we recorded fitness-related messure-
ments of offspring, transferred them into individoal

S00-ml. plastic containers maintsined at 31.5 °C and
provided them drinking water od libitunm for the
duration of the study.

OFFSPRING FITNESS-RELATED MEASUREMENTS
In 2008, we made the following morphometric and
performance meast ts during inc ion {dura-
tion: X+SEM=47.120.6 days) and after hatching;

Incubation day 7 (IDT) Clutch mass was measured
(+£0.01 g, V-200; Aeculab, Edgewood, NY, USA) and
mean egg mass was determined (clutch massclutch
sizel. At random, we terminally sampled one egg per
cluteh to determine embryo mass and sampled egg
mass (+0.0001 g, AGE4E; Mettler-Toledo, Columbus,
OH, USA). These messurements validated the simi-
larity of the clutches prior o treatment.

Incubation day 35 (ID35). As on IDT, we randomly
sampled one egg from each clutch to determine gy
mase and embrye mass. After killing the embryo (via
decapitation), we isolated, removed and weighed the
heart within 2 min of removal from each sampled
embryo to determine heart wet mass (+0.0001 gL

Day of hatching (H). We determined mean incu-
bation duration, hatching success  |[number of
hatehlingefclutch size at ID7-2)] = 100], hatching
duration (incubation duration of last hatchling — ineu-
bation duration of first hatchlingl and average
hatchling body mass at hatching. We determined
snout-vent length (VL) by temporarily immobilizing
each hatchling between -5 cm of open-cell foam and a
~3-mm shest of transparent. acrylic, tracing its cutline
with a dry-erase marker snd osing a cloth tape
(+0.5 mm) to measure the tracing. We measured head
length (ie. the distance from the snout to the poste-
rior process of the quadrate bone) using digital cali-
pers (00005 mm, FB-2400; Frei and Borel, Oakland,
CA, USA). We also determined body condition for
each hatchling in two ways: (1) residoals from a SVL
ve. body mass regression line (derived from the best
fit of pooled data) and (2) using analysis of covariance
(ANCOVA) to determine the effect of treatment on
hatchling body mass after controlling for SVL. We
used a digital scanner (Scanjet 3670; Hewleti-
Packard, Palo Alto, CA, UUSA) to capture images of the
ventral scale patterns of each hatchling that we later
analysed for abnormalities (e.g. significant scale
asymmetry or extra scales). Lastly, as on IG5, we
determined heart wet mass for a single hatehling
killed from each clutch.

Algo at H and 1 days post-H, we agitated each
hatchling with a padded copper tube for 1 min at
room temperafure (259 + 1.0 °C). We coonted the
strikes for each 1-min session and used the higher
count to determine maximom strike frequency (a
metric of defensive behaviour) for each snake. After
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oach strike session, we transferred hatchlings to an
environmental chamber maintained at 31.5 °C. After
asoclimation, we forced hatchlings to undergo three
saquential swimming triale in 3mx2em troughs
maintained at 31.5 "C. We used the fastest of the six
trials (i.e. three sequential trials for two consecutive
days) to determine maximum swimming speed (an
estimate of predation avoidance).

In 2007, we measured incubation duration, hatch-
ing success, hatchling body condition and maximum
strike frequency data for the MAT clutches. We com-
pared the MAT, BRD and NRM clutch data to validats
that the BRD treatment adequatsly mimicked the
naturally brooded developmental environment.

Fourteen days post-hatching (14DPH). As at H, we
determined average hatchling body mass, VL, body
condition, heart wet mass, relative wet mass of heart
and head length. We compared H and 14DPH mea-
surements to determine SVL growth rate ((14dDPH
BVL-H SVLV14 days), body mass loss rate ((H
maes — 14DPH body massild days) and head length
growth rate ((14DPH head length — H head length)fl4
days) for esch hatchling. Daily, we checked all
hatchlings'individual 500-mL contsiners for sheds to
determine the duration to first shed for each
hatehling.

After morphometric processing and af room tem-
perature (258 + 1.0 °C), we attached one end of a
string to the vent of each hatchling using medical
tape and the other end of the string to & foree trans-
ducer (FT-100; iWorx Systems Ine., Dover, NH, USA)
that was calibrated daily using an interfacing soft-
ware (LabBeribe; iWorx Systems Inc.). Then, we
pulled each hatchling taut, held their heads and
allowed them to contract for 1 min. We recorded mea-
surements using the LabScribe software and con-
ducted a second trial immediately after the first. For
each hatchling, we determined maximom contraction
strength {an estimate of prey acquisition ability and
predation avoidance) to be the grestest contraction
elicited during either trial. We used the trial with the
higher rate of contractions to determine contraction
rate for each hatehling.

STATISTICAL ANALYSES
We analysed data using JMP IN (version 5.1.2; SAS
Statistical Institute, Inc., Cary, NC, USA) and deter-
mined experiment-wide significance at a < 0.05 for all
tests. To determine any significant differences among
treatments, we used single-factor analysis of variance
(ANOWVA) tests on parametric data. To determine the
affect of time within treatment groops (e g. wet mass
of heart), we used repeated measures ANOVA
(rmANOVA) tests on parametiric data with non-
significant sphericity. To determine the treatment

effect between specific predicted comparisons (epg.
NRM ve. BRD and BRD ve. LOW), we usad sequential
Bonferroni-corrected  two-sample Stodent's  (-tests
on parametric dats and similarly corrected Mann—
Whitney U-tests on non-parametric data (Holm,
1979). A= some variables varied significantly among
treatment groupe (e.g. hatchling body mass) and
likely contributed to other offspring variables (eg.
hatchling contractile strength), we used ANCOVA
teets on parametric data to further determine the
treatment sffect between specific predicted compari-
sons. ANCOVA tests are more appropriate than com-
paring ‘relafive variables’ {e.g. relative contractile
strength = contractile strength/body mass) as most
wariables exhibit allometric, not isometric, relation-
ships with one another (Packard & Boardman, 1968).
We performed power snalyses on non-significant
parametric datsa and displayed =all resolts as
X+sSEM.

RESULTS
At the onset of the experiment (i.e. IDN7), we detectad
no  significant  differences treatments
for clubch size (R=-85104, P=047), cuich

mass (X=996+37g P=006), mesn sgy mass
(X=11.7+04g, P=019), sampled egg mass
(X=11.8+06, P=01% and cmbryo mass
(X=0669+0044, P=020). Thus, treatment-
dependent corrections for subseguent dependent
variables (e p. ANCOVA tests with epr mass as a
covariate) were not necessary.

At IDAS, significant differences in heart mass were
detected between MNRM and BRD clutches, indicating
that hypoxia associated with egg brooding creates
cardise hypertrophy in late-stage python embryos
{Table 1). By H (ie. 12 days later), NRM and BRI}
offepring exhibited significantly different body mass_
heart mass, head size, locomotor ability and defensive
behaviour (Table 1). Significant differences in mor-
phometric (eg. mass and bedy condition) and perfor-
mance (ie. ewimming speed) measurements were
apain detected at 14DPH (ie. mass and contractile
strength) (Table 1). Throughout the experiment, the
only difference between BRD and LOW clutches was
in the wet mass of embryo hearts on the day of hateh
(Table 1). Upon further comparison of NRM and BRIY
clutches, we found non-significant effects of treaftment
on hatehling head length at hatching and body mass
14 days post-hatch after controlling for the effect of
body mass at hatching (Table 1). Thus, hypoxia-
induced differences in hatchling mass had significant
carryover effects on other morphometric varishles.

In addition to variables described in Table 1, differ-
ences existed among groupe for incubation doration
(Frs=45, P=0.03, NEM: 487+06 days, BRI:
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468+ 08 day LOW: 459106 day) and 14DPH
body condition (Fye=4.5, P=0.03 NREM: 0.034 +
00 gmm-', BRD: 0030 + 0,001 g mm—®, LOW:
0.029 + 0,001 g mm ). Ses Supplementary Table 1 in
Bupporting Information for complete resolts of NRM,
BRD and LOW comparisons from I35 to 14DPH.

‘Within treatments, wet heart mass of BRD and
LOW clutches decreased significantly among 1085, H
and 14DFH time points (BRI: Fy,= 11, P =0.006T;
LOW: Faa=4.1, P=0.04)

At H, there were no differences between BRID
clutches and MAT clutches for incubation duration
(BRI: 46.5 £ 0.8 day, MAT: 48.6 £ 0.7 day, f=-18,
P=0.10), hatching succees (BRI: 82 4%, MAT:
BT £ 4% fa=-046, P=065), body condition (BRI:
0.034 + 0,001 g mm-*, MAT: 0037 £ 0.001 g mm’,
fa=-16, P=0.1% and strike frequency (BRIX
B4 +£22 MAT 50+ 2.0, {e = 083, P=0.42), suggest-
ing that our BRD trestment adequately mimicked
the maternally brooded developmentsl environment
Further, variables significantly different between
NRM and BRD clutches (Table 1) were similarly dif-
forent between NRM and MAT clotches (body condi-
tion: f,=2.2, P=0048; strike frequency: f;=3.4,
P=0,0053), which suggests that the NRM treatment
did not mimie the maternally brooded environment.

DISCUSSION

In support of our first prediction, we demonstrated
that hypoxia asscciated with python egg brooding
entails significant negative effects to offspring despite
compensatory alterations in developmental morphol-
ogy (ie. cardiac hypertrophy). Hatchlinge incubated
in hypoxic conditions relevant to ege brooding were

ller, slower and ker than hatchlings incubated
under normoxic conditions (Table 1) We further pre-
dicted that periodic postural adjustments during egg
brooding serve to minimize hypoxis-related costs fo
embryos. However, our second prediction was gener-
ally not supported by our results as only a difference
in the wet mass of hatehling hearts existed batween
BRD and LOW treatment elutches. Thus, our results
da not fully support an adaptive behaviour hypothesis
regarding the use of multiple behaviours (i.e. tight
coiling and postural adjustments) to balance embry-
onie water balance and respiration in egg brooding
A childreni.

The detrimental effects of hypoxia on embryonic
development have been widely documented among
oviparous taxs (birds: Azzam et al., 2007; crocodil-
ians Warburton ef al. 1995; fish: Roussel, 2007; flies:
Frazier, Woods & Harrieon, 3001). During chronic
hypoxia, reptile embryoe enhance their access fo
amhbient oxygen by increasing the surface area avail-
shle for gas exchange (i.e. chorioallontoic vasculaturs)

{Corona & Warburton, 2000) or, like A. childreni, the
ahility to pump blood to the periphery (Crossley &
Altimiras, 2005). Notably, in addition to differences in
A childreni heart mass among POy treatments, there
was also an effect of time on heart mass within BRT)
and LOW treaiment groups. That is, when reared in
biologically relevant levels of POy, embryos had rela-
tively larger hearts when in the egg than after hatch-
ing despite significant body growth. Thess results
sugpest that the oxygen diffusion eapability of an
egpshell with very high gas conductance (Thompson
& Speake, 2004) forces morphological compenzation
by the embryos. Bird embryos are similarly oxygen-
limited during incubation (Ar, Girard & Rodeau,
19981Y; thus, amniotic development across many taxa
may obligate respiration-related costs or, minimally,
morphological comp tion that is ighed by
benefits to egg water balance.

Regardless of morphological compensation in A
childreni embryos, POy levels typical of brooding
reduced embryonic metsholism (Stahlechmidt &
DeMardo, 2003) and altered offspring traits. Although
many quantifisble metrice are termed ‘fitness-related
variables’, empirically verifying the link between phe-
notype, particularly hatchling phenotype, and fitness
is often logistically difficult (Shine, 2004). While we
did not validate this link to A childreni fitness, we
demonstrated significant effects on an array of
metrics that are known to be fitness-related in other
species — hatchling body mass: turtles (Janzen,
Tucker & Paukstiz, 2000; Paitz f al., 2007), snakes
{Brown & Shine, 2005); locomotion: turtles (Delmas
etal., 2007) lizards (Husak, Fox & Lovern, 2006);
predator defence behaviour: spiders (Person, Walker
& Rypstra, 2002); gape size: larval salamanders
(Kohmatsn, Nakano & Yamamuora, 3001). In water
pythons (Ligsis fuscus, Peters 1878), a short incuba-
tion duration has & strongly positive association with
yearling survivorship in the field (Madsen & Shine,
19990 and hatchling size in the laboratory (Shine
et al., 1997). However, our results indicate that under
hypoxic conditions python embryos hateh earlier but
are legs fit than thoss incubsated in normoocdia, which
supports a variation of Shine’s “safe harbour® hypoth-
eais (Shine, 1978). Accordingly, incobation doration is
dictated by the relative costs of embryonic and juve-
nile developmental stages where adverse incubation
conditions expedite hatching.

HMotably, we found no difference in offspring fitness
between our BRD and LOW treatment groups, which
ie counter to our adaptive behaviour hypothesis. This
result raises the question: If postural adjustments
during egg brooding are detrimental to embryonic
water balance and do not significantly redoce the
respiration-related costs of egg brooding, why do egg-
brooding female pythons periodically adjust their
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posture? Explanations may be biological, logistical or
both. First, postural adjustments may be hurd—m.md
or solely as a result of female resth H

this possibility ie refuted by the fact that female A.
childreni alter their egg-bropding behaviour to signifi-
cantly enhanee cluich temperature (Z. Stahlschmidt
& D. DeMNardo, unpubl. data).

A more convincing explanation for the lack of a
difference in fitness between BRD and LOW treat-
ment offspring is a logistical one — oor modelled PO,
incubation regime for LOW clutches may have been
too conservative. Our POy profile for the BRD treat-
ment was based on an extrapolation of empirical data
(Fig. 1) and the effectivenses of this approach was
validated by the lack of differences betwesan MAT and
BRD clutches for fitness-related variables. However,
for the LOW treatment, we had to estimate the PO,
profile for a fictitious sitoation (constant tight coiling
thronghount incubation). As it is difficult or impossible
to guantitatively estimate the cumulative effect of
postursl adjusiments, it is highly possible that con-
tinuous coiling would lead to far greater oxygen sup-
pression than that which we provided in oor LOW
treatment. Conversely, our modelled LOW treatment
may have been realistic, whersby python egg-
brosding behavioural adjustments balance thermal
and hydrie, but likely not respiratory, developmental
needs.

Dur experimental design focused on the impact of
hypoxia, but, in doing so, the impact of developmental
hypercapnia remains unknown. Brooding-induced
elevations in Poee (i.e. partial pressure of CO.) may
play a role in the adaptive significance of ege-

postural adjustments. Studies examining
the effectis) of hypercapnia on amniotic development
are scarce. However, in early stage chicks, develop-
mental hypercapnia often entsils minimsl costs or
confers benefits, such a8 incressed hatching sucress
(Willemsen ef gl., 2008) or incressed embryonic
growth rate (Bruggeman ef al., 2007

Because of its physiclogically and behaviourally
quantifiable nature, python egg brooding continoes to
sarve 88 8 ussful model for the study of intra—
offepring and parent—ofepring trade-offs associated
with parentsl care. Current and previous studies
have evaluated proximate factors, such as develop-
mental temperature (Z Stahlechmidt & D. DeMNardo,
unpubl. data), water balance (Lourdais ef al., 2007;
Stahlechmidt ef al., 2008) and hypoxia (Stahlschmidt
& DeNardo, 2008; Table 1), to help elucidate the
adaptive significance of python egg brooding. Results
demonstrate that the hydric and thermal benefits of
egg brooding to developing offepring are provided at a
respiratory cost that has long-term consequences to
the offspring. Future studies to better understand the
significance of python parental care should examine

the extent to which environmental conditions and
behavioural responses can diminish eosts.

ACENOWLEDGEMENTS

We thank Emest Nigro for his diligent animal hus-
bandry and assistance with fitness-relaied measure-
ments. We are also grateful to Glenn Walsberg for
logistical support. Funding wae provided by NSF 108-
0543879 to DFD and ASU Graduate and Professional
Stodents'Association to ZRE. We would like to thank
Xavier Bonnet, Jon Davis, Kevin McGraw, Ron
Rotowski, Glenn Walsberg and four anonymoos
reviewers for their helpful comments on the manu-
scripb. All procedures wsed in this study were
approved by the ASLT Institutional Animal Care and
Use Committes (protocol no. 05-TZR).

REFERENCES

Arh.ﬂirm'dn.nndm‘nﬂ.lﬂ:l Onygun-optake and
b llantoic blcsdfow o during acuts hypozin and
hyperoxia in the 18-day chicken embrys. Respirniory Physi-
ology B3: 295312,

Aubret F, Bonnet X, Shine B, Mamelaut 5. 2005. Why do
fomala ball pythons (Pyikon regims) coll so tightly around
thoir ogge? Erolutionary Ecology Research Tr T43-TGE

Axzom MA, Sxdruy K, Mortela JP. 2007, Hypoxic incuba-
tion blunts tho dovolopment of thormogonosis i chidcon
ombryos and hatchlings American Jonrno! of Physiolsgy -
Regulatory, Integrofive and Comparative Physislogy 20%
23722379

Brown GP, Shine R. 2005. Famnla phanctypa, lifo history,
and reproductive soccess in free-maging snakes (Tropidoro-
phis mairi). Ecolegy 88 2TE3-2TT0.

Bruggeman V, Witters A, De Bmit L, Debonne M, Ever-
mert N, Eamers B, Onaghesan OM; Degraeve P, Decay-
pere E 3007, Arid-basa balancs in chicken ambryos (Galfus
domesticus) incubnfed undar high OOy oocentrations
during tha first 10 days of incubation. Respiraiory Physiol-
oy & Newrobiolagy 158: 147154,

Clutton Brock TH. 1881, The svolution of porendal core.
Princoton, NJ: Princoton Univarsity Proas.

Corona TE, EJ. 2000, innal hypoxin alicits
ragional changes in choricallantoic mombrana vascular
dansity in alligntor but not chicken ambryos. Comparaiive
Biochemisiry and Physiology A 125: 57-81.

Crossley DA, Altimiras J. 30§, Cardiovascular davelop-
meant in embryos of the American alligntor Allipator missis-
sippéensis: afacts of chronic and arute hypoxis. Journal of
Experimenial Biclogy 208: 3139,

Daundin FM. 1808, Hisfsire Noturelle, pénérale of particuliere

Deeming DC. 3004. Repdilion inmubation: environment, eoo-
infion and behovisur. Cambridgo: Cambridge Univorsity
Pross.

D 20089 Tha Linnoan Socioty of London, Risdogical Jouwrnal of the Linnexn Society, 2009, BB, 414421

56



PARENTAL CARE COSTS 421

Delmas V, Bandry E, Girondot M, Prevoi-Julliard AC.
NMWYT. Tha righting responsa as & Gtness index in fresheratar
turtles. Biclogical Joumal of the Linmocon Society 80
95109

Farmer CG. 2000, Parontal care: tho kay fo undorstanding
andotharmy and othor comvorgont fastorcs o birds and
mammal. American Naotwralist 185 326334,

Frazier MR, Woods HA, Harrison JF. 3001. Intaractiva
affocts of roaring tomparature and cxygen on the dovolop-
ment of Drosophil T - Physiologionl ond Bio-
chemical Zoology Td 641-860.

Gray JE. 1843. Dascription of soma hitherio unrecorded
spacias of Ausimlian mptiles and batrachians. In: Gray JE,
wd. Zoological Miscellzny. London: Treuttal, Wirs & Co.

Hamilton F [Buchanan]. 1823, An gcoownd of the flahes

carpat pythons (Morelia spilofa imbricata) in south-westarn
Australia. Jowrnal of Thermal Biology 28: 117-131.

Person MH, Walker SE, Rypstra AL 2002 Fitnoas costs
ond benefits of antipradator behavier medinted by chamot-
actilo cucs in Eho wolf spidor Pordosa milving (Aranoacc
Lycosidaa). Behavioral Ecology 131 355 202,

Peters WO 1878 Ober sine neue Schildkritenart, Cinosfer-
non effeldiii und einige andere pese oder weniper bebarnts
Amphibien_ Borlin.

Roussel JM. 2007. Carry-over afocts in brown trout (Solmoe
fruifa): hypaxia on cmbryces impairs prodator avoidancs by
alavins in axparimantal channals. Conedion Jowrnal of Fish
and Aqualic Sciences Gdi TEE-TIZ.

Shang EHH, Yu EME, Wu RES. 2008. Hypoxia afocs sax
difaremtintion and developmemt, landing to & male-

Jownd in the river Qanges and s branches. Edinhargt
Holm B. 1978, A simpla sequantinlly rejective multipls test
procedurs. Soandinguian Journal of Statistics & B5-T0.
Husng WS, 2006. Parontal caro in tho long-tailod skink,
Mabuya lonpisondats, on & tropical Asian island. Arimal

Behaviowr T2 T91-786.
Hussk JF, Fox 5F, Lovern ME, Von Den Bussche BAL

head shapa variation cn growth, metamorphosis and survi-
vorship in lorval salamendars (Hynobius  redmrdofus).
Eoological Research 18 T3-83.

Linnaecus C. 1768, Syslema natwroe per regna frio natwree,
secundum closses, ordines, penero, species, com charoeoferi-
bus, differentiiz, synonymis, locis. Editic docima, raformats.
Holmiza. (Salvius).

Lourdais (), Hoffman TCM, DeNardo DF. 3007, Motarnal
brooding in the Children's python (Anferesio childreni) pro-
motes egy water balanm. Jowna! of Comporafive Physiol-
oy B 1TT: BBBSTT.

Madsen T, Shine R 1088, Lifs history of

dominnted population in mbrafish (Danis rerio). Encéron-

harbor' by Jowrnal of Th Biology Tha 417
424,
Shine B 2004, Adaptive of davolopmontal plas-

COnSGUAnNS
ticity. In: Dooming DG, od. Reptilian incobofion: enséron-
ment, evolufion, ard behovicur. Nottingham: Nottingham
Univorsity Pross, 187-210.

Shine B, Mudsen TEL, Elphick MJ, Harlow PS. 1887,
The influenca of nest tampermtures and maternal brooding
on hotchling phanotypes of water pythons. Eeology T8:
17131721,

Slip I, Shine B. 1888, Tha raprodoctiva biology and mating
systam of dismond pythons, Morelio spilofa. Herpeiologica
A 206404

Stahlschmidt ZR, DeNardo DF. 2008, Altarnaking ogs-
‘brooding bohaviors croato and modulata a hypoxic devalop-
mantal micre-anvironmant in Childron's pythons (Arioresia
childreni). Journal of Experimendnl Bislogy 23111 153515400

Stohlschmidt ZFR, Hoffman TCM, DeNordo DF. 2008.
Postural shifis during egg-breoding and their impact on agg
watar balance in Children's pythons (Asdoresic chilareni).
Ethology 114: 11131121,

Tt ME, Speake BE. 200d. Egg morphology and

nest-sita varistion i tropiml pythons. Erclogy Ble D8O
a97.

Packard GC, Boardman TJ. 1888, Ths misuss of rmtios,
indincs, and porconiagus in ccophysiological rescarch. Playsi-
wlnpical and Biochemical Zoology Gl: 1-9.

Poitz BT, Horms HE, Bowden BEM, Janzen FJ. 2007,
Exparicnea pays: offspring survival incroasss with fomala
ago. Procesdings of the Hoyal Society B 31 4446

Poitz BT, Horms HE, Bowden BM, Janzen FJ. 2007
Exparicnca pays: offspring survival incroases with famala
age. Biology Lefiers 31 44-46.

Parker 5L, Andrews RML. 2008. Evolution of viviparily in
scaloporing liards: in wiere POy as a devalopmantal con-
straint during sgg refantion. Physiological and Bicchemioal
Zoology Th GE1-BOZ.

Pearson DM, Bhine R, Williams A. 2003. Thormal biology
of large snakss in cool cimates: & redio-talemeéric study of

composition. In: Deeming DD, ed. Reptilion incubofion:
earireamend, cvolidion, and behovicur. Nottinghame Not-
tingham University Press, 45-74.

Vinzgar A, Huotchison VH, Dowling HG. 1870, Moka-
‘bolism, anargekics, and thormoregulation during brooding of
snakos of gonus Python (Ropiilin, Boideso). Zoologica B5Sc
1048,

Warburton SJ, Hastings I), Woang T. 18856, Rosponscs £o
chronic hyporia in cmbryonic alligators. Journal of Experi-
meninl Foology ET3 44-50.

Willemsen H, Tona E, Bruggeman V, Onagbesan O,
Decuypere E. 3008, Effacts of high OO laval during early
incubation and lnte incubation n ovo dexamathasone injec-
tion en perinatal embryonic paramaters and post-hatch
growth of broilars. Bridish Powliry Science 48 222231,

Wilson 8, Swan G. 2M4. Repliles of Awsirolia. Princofon,
MJ: Princaton University Press.

D 2008 Tha Linncan Socioty of London, Bislogica! Journal of the Linnean Society, 2009, B8, 414421

57



APPENDIX IV
EFFECT OF NEST TEMPERATURE ON EGG-BROODING DYNAMICS IN

CHILDREN’S PYTHONS

58



Fysidiogy & Bsuvior 98 (2008) 30-206

Conterts lists svailable at SciencaDimaot

Physiology & Behavior

journal homepage: www. alsaviar. com/locata/phb

Effect of nest temperature on egg-brooding dynamics in Children's pythons
Zachary R Stahlschmidt *, Dale F. DeNardo

Schnd of Life Soie aces, Arkonn Sore Univessicy, Tempe, AT ST 450 1, Uioed Sinaes

ARTICLE 1HNFOD ABSTRACT

Artick Mzorye Parental care meets several critical neesds of i ing In ing in pythons isan
Eeieed 11 Febnaany 20059 sonal model for i n mqunﬁrp.uulhdum:henmhﬁs
e b i rovund Soam 4 ot N hehasiar are dynamic yet simpls and miodul x i uﬂmluhnz\ll:
Acospond 5 Jase: 1005 Mmﬂi&m!pﬂnn{ﬂ“ﬂdﬁhmﬁa'- i capahility, the
- Iilumlzmmhmnﬁghdumﬂﬁegaﬂﬂthmﬁemum{t_.jmdm
y— emperaure | Tueen)l and the effect of these beh on the d e
Developmensal svrommen: momitored matermal sgg-brooding behavior, raes of brooding wnit (ie, female and amodated chndh)
Facukache andorbaemy respiraory 5% echange, Tue Taecn and inta-dutch axygen tension (Phchech) during acue changes
Farensl cae among four incubasion orEant (3% C); “ooaling”
Respiramey g e xchange (s < Teteren); constant nmlunm{ﬂ.ﬁ‘ﬂ and “warmng {T_Pfdmhlw: demomsiraied that
Sinale A childwni are not Boltatively end othermic beause broodingunit temperature meffident () for Vogand
el m Lo Voo was similar to other edothermic boid srakes [ 19-57) and Tiupes conformed o T 2 the amsant,
T de-oll mal empeature tretment. Females miled Sghtly around eggs more often during cooling than during
Wi Bllance warming. Purther, the amount of time that femalle: spent Sghtly oiled during warming significnthy aficted
ﬁ:f_—'ﬁm gradient Together these reults indicate hat, although female A, chibreni &= not
aMumﬂqnnpﬂgﬂmﬁeLrI;mguiﬂlmdnnthmd

ad justments o enhane the themal mioo-emironment of their developing
© XA Bsevier inc. All rights ressreed.
1. Introdisction embryed during inqubston, female Childrens [ Antaresia

Parentl caeis awidespresd behavi or sdo pted by many vertebraies,
especially endothermic speces_ and has this received mmiderable
attention | 12| Parentsl cane mess many criticsl nesds of the affpring
during development, such &5 water halance, energy and temperatune
regulation |1.3] Therefore, parental care wuslly onsiss of a suie of
distinet parentsl behsviors that cn vary in relitive importance with
envimnmentsl etors like Emperatire |4), svsilshility of food |5)
sexsan |6 and hydric conditions | 7|

Although comman in fishes snd amphilisns, parental care i rels-
tive by limited 4mang reptiles |18 One exeptional yer undersudied,
cxie ol post-oviposition parental care among squamates | lzards and
snakes) is egg ehayior ahibited by ail python species [family
Pythonidae). in which the female colls sround her clutch during
incubation [3-11) Python egg brooding is 2 dynamic proces, wherein
the brooding femsle spends most of the time tghtly coiled smound her
e, batt periodically loodens her coils | 12). This balsnee between G ght
coiling and pestural sdjustments during brooding limits e mbryonic
wiater less while allowing sulficient respiratory gas exchange between
the chieh and nest environment | 1213 | However, despie 3 maore than
Sk inerese in red p ranry gis exchangs requ rements by developing

* Cosrecpending sarhor Tel: 41 80 350 B53
E-mul afidres: solasands IR Sabkchmids).

DO31-GEET - nk ST e O 2009 Boavier s Al ST masved
iz 0. 00 5 byl T e oS D04

childrend]) do not increxse the frequendy of duration of postural adjus-
ments with incubation stage | 12.13] This leck ol an sdjustment to the
changing metabolic nesds of the embryos sugpess that parental
behaviors of female pythons are fived or that behaovior is dependent
on com peting criticdl incubation varisbles (&g respiration aned v ey
balane).

In same pythoms (eg. Pythan molune snd Mo rdia <pilos |, females
are (suitatively endothermic during g bmoding and this enhunced
metshalic capability provides asiderable thermal benefis to the
develaping embryos |24 . However, not all pythons are faoultatively
endathermic, and the extent | which egg broading slone provides 2
thermal benefit through imulafion or thermal inertis s not been
qumtified. Additionally, nest Eemperamre can influene 3 female
python’s decision whether or nol to brood her eges for the full
incubation perad |15 | Although nest-atiending bumble bees [Bormbis
bifriig nesredcir ) [ 16] and hooded povers (Thinomi rubrio i) |4)
modulge their parentsl behavions in response b0 nest emperature
[ T L it moct kvt if T, alters the frequency or duration of posiral
il justments of eg g-brooding pythona

The ween temperature and egg- broading behaviar i
of grest ineres bense reptile egps are graatly sfeded by changes in

aperature | 718 | For vaater python (Lo
ﬁnm]qpmmmamlgmmmdﬂmmqﬂs
[ie. T71%-320 °C and 243°-329 °C) exhilit reducesd develapmentl,
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marphologial, and lecomator performande metrics relative to those
reared in warm, constant fverm sl regimes | Le 320 “C) | 19]. Thus, our
sty ximed o [ 1) confirm that our study species A childremi_ i non-
endathermic, [2) identify behavioral or phy siological responses elicied
Iy ehanges in the ther mal enviranment of the nest nd (3 ) determine

Ithe extent to whichegs brooding influendes chtch temperature during
shifts in nest emperature. We simuitaneously monitored maternal

behavior, rates of brooding unit [ie, female sl ssocisted cluich)
respiran Ty gas exchange, nest temperatune [T,.), chich temperatre
[Toms) and intra-chuteh axygen tension [PO.duteh) during four
incubation temperature conditions: constant preferred temperature
(315 +01°C) |20}, “cooling [Tame < Tues); constant conl temperanire
(2565 +0.1“C); and Warming (Tope > Togs ) (Fig. 11

In this study, we isted a hypothesis based on embryonic
e areg ul stion 1o explein femule brooding behavior. We propose
that ege-brooding pythond will slter their postufing pattems to
enhance the thermal environment of their developing embryod We
predict that female pythons will be more tightly coiled around their
eggs during the conling phase to reduce heat loss fom the dukeh, and
less tightly coiled during the varming phase to facilitate e mbryonic
heat gain from the warming nest enironment. Becxuse there will be
noheat keisor gain fromthe chitdh when nest temperature is constant
[ xsuming A childreni are not fecul tatively endothermic), we predia
that behaviof var isbles woul d not s gnificantly difler between the two
COnaLant lemperatine conditons despite their nearly 6 “C differends.
Altemnatively, our null hypothesis is tat temperature, differentisl or
absolute, does not influence egg-brooding behavior. Suppart for null
hypethesis woukd imply that pythen egg-broading belavior patterns
are fixed and the female is incapable of seming or responding to
changes in environmental aynditions_ Resuits can clarify the sdaptive
significance of python egg brooding, & parental care model that an
elucidate the proximate factors involved in more com plicated nest-
attending parental cre systerd [eg. rodents, birds, erocodilisng
teleast figh, snd docisl indeds]

2. Materiaks and methods
2.1 Sty spedes and reprodudive hus bandry
We used 2 long- e rm captive colony of A childreni maintxined at

Aripona Stae University [ASU) for this study. A childreni sre non-
venomos, constricting snakes that inhabit rocky srexs in northem

T e 1L

[ 2 + £ 13 I Iz 14 1] 13 a1l
I TR

Fig. 1. Mime & chibiend boooding wniz wee moained defeg 2 seqence of faar
NI

{ﬂ‘mﬂl Aaﬁd: m.;{mnﬂlﬂaﬂi:.mmd -p.-\; jorod-
Bamche dl shadingl; and vearmming | verscal d ding). We did s e e firss 25 of daa
e e ey CoMei T ey amare: Coundlishoes in coder a2 Mo T Tor aidizason of
ehar comdision
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Australia |21 Husbandry and breeding of the animals followed that
desribed previously |22 All procedures wsed in this sudy were

d by the ASU Institutional Andmal Care and Use Committes
[ pratocsl #05-792R).

As deseribed previously |12, a few days prior o oviposition, we
moved exch gravid python ine 3 Tellon-casted 191 broading chamber
that wis apadue o the bottam and sides, but transpaent on the top to
allow olservation. Becase dutches af ythans have
minimal (il amy) contsct with substrate |21] and becmse sulsitrate
wiowlld provide 2 sink for gases that would inerfere with dam iner-
pretation, females and their resultant chiches veere not provided
any substrae. We plaed g o in an al
chamber that had & 14:10 LD photo regime and maintined tempera-
ture 4t 315+ 03 °C o predude the nesd for any behavioral thermo-
regulstion by femsles Additonally, we plumbed brooding chambers
with twio 3-way stopads on oppdsite sides of the chamber snd wed 4
valve-mntrolled seration system that combined vapor-sstur sied sir [ via
Ibubbling air through 2 waterfilled hydating column) with dry sir to
deliver 20-40 ml-min~ " alhyd d &ir (absal e humidity, AH=251-
267 gom Y relative humidity, RH=80-85%) to each brooding
chamber. We housed brooding females in these chambers prior to and
during experimental tiaks to minimize disturbane and svoid clutch
ahandonment. At ovi position, we briefly removed each lemale from her
chuch o d 24, anl i A i
ML

22 Experimental procedune

To test our hypothesis we evalusted restime egg-brooding
behavior, rates of brooding unit (ie, female and respective cluich)
mrygen @msum ption (V) 2nd arbon dimsdde production (Vem)., Taws
Tesneens. il POochitch of nine A dhildreni brooding units | mean female
s = 3349+ 11.0 g mesn chch size = 10+1 ages, mesn shaolute
cluich muds = 1253 +97 g mean relative clutdh mxs [Le, 100=-clitch
s/ maernsl mas)=379+3 5%) using & fNowthrough system
duringa 16-h sequence through fowr &mperatre onditions: 315 °C
cooling (1.5°Ch—"), 255 *C, and warming [15 “Ch—") [Fig.1 | Because
fheld data do notexist for A childrend nests, we crested athermal regime
that represents acontracted diel cyde of the & mpeo tires me xsuned in
the ness of L fisrie [15], 2 python species sympatric with A childnen
[Fig. 1). We anduded 2l trisls 5 0 7 d post-ovipesiion. To avoid
disturbanee, we monditored trisk in darkness with an infrared camera
amil recorded real-time video for Liter snahysis of broading behavior
varri abiles. a5 previosly described | 1213

Experimentsl trisls were conducted in 2 modified 150 | cooler
controlled by 3 datalogger (21X, Campbell Scientific Instruments,
Lagan, UT) that produced the the rmal eycle. As previously deseribed
11213] influent air of known gas composition and flow rate was
created by com bining dry, scapnicair (C0A 1112, Pure Gis, Broomifield,
O0) with waier vaporsaturated sir [ produced by bubbling dry ir
theough a water-filled hydrating ahumn) using a fesdback-controlled
aystem. Redul ting influent i was humidified 1o 2250 “C dewpaint
and maintained at 2 flow rate of 560 mkmin~" with 2 mass flow
controller [Unit Instruments, Inc_, Yorks Linda, CA) that we calibraed
Irefyre the study using soap-film flow meters. We analyzed 3 base line
samiple of infhuent Xir imm edistely before and afer brooding trisls and
averxged the two to determine the mmpasition of influent xir (the
dliffer ene berween inirial 2nd final heseline sampiles vwas negligible at
000039 + 0.0007BE). Air exiting esch chamber [effluent air) was
paised through a3 predsion hygrometer (RH200, Sable Systems, Las
Vegxs NV and dried by snbydrous CaS0, before flowing through
OOy analyzer [LH6252, Li-Cor Biosciences, Lincaln, NE) and an Oz
analyzer (FC-15 Ssble Systems, Lis Vegas, NV) that we alibraed o
the mamfscnners spedfications prior o experimentsl use During
trials, we rearded the 0y, 00, and H,0 condentrations of e Mluent xir

every minute using 3 Campbell 23X dutslogger. We mnveriad these
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8w data 1o Vg and Vi wsing Egs. [1)-(5) inWalsberg and Hallm an
|23). This flow-through respiromerry system has demonstrated an
sccuracy of 4T in determining stesdy-state Vg 2nd Ve [24]

We mexsured POxchuteh in resl-time for the duration of trials with
fiber aptic O probe and me e | OxyMind, Wor kd Precision | nstrm ents,
Sarasots FL) snd we recnnded resultant d.st every minute with the 23X
dataloggec Weinserted 2 4 mm diameer O, probe thiugh a portin the
floor of exch brooding chamber 1.5-2 em into the intra-clutch space.
Under the conditions used, the 0, probe had an seursoy of 119 kP, 2
ressatil utian of WG-0.12 kPa, & res ponse time ol 40 3, and consumed no O
Prior to each trial we used the two-point (ie, 06 and 20.95% Oy)
calibration progedure remmmended by the 0o probe manufsenirer We
fixed & Type-Tihermocouple i the Oy probe, interfsoed it with the 23X
datslogger and ised it o mexsune real-time Toes We peosifoned
anather TypeT thermocouple 1-2 cm indide asch broading chm bers
imflux port, interfeced it with the 23¢ datlogger, and used it b Mmessune
T inireal-time Together, this sllowied us o detenmine the Tome= Taes
gradient [ie, the differenc betveeen mean Toe nd mesmn Taes)
ench temperatine condition.

2.3 Megabolic, thermal, and behmdonl analyses

We ised two methods to determine if A childreni females werne
{scl tativel y endothermic during egg brooding The energetic cost of
endothermy i substantisily higher than that of ectothermy, and sarly
atxge A childeni eggs omprise just one-third of brooding undt
redpiratony gxs exchangs [12] This, in direct contradiction & the
metabolic sensitivity to ambient temperature of obligate ecothe ms,
broading unit Vg and Vo would be significantly higher when Toee
is 25.6 “C compared to when it is 315 “C if egg boaoding A childnen
where {acul tatively endothermic To indirealy deermine the e ndother-
mic capability of egg-brooding A children, we measured the
tempersture coeffident [Q,,) of metsbalism, the fstor by which
Vem #nd Vinz indesse for svery 10 °C ride in Tae In sddition we
direatly detenmined the fem ale” bilities. 1o regulste the temper stine
of their respect ve duiches when they experiende da maol temper atune
Iy messuring Ty, When T, was held constant st 256 °C

Asdesaribed previously |12,13), we ategonized egg brooding into
several behaviors. We defined tight brooding to be when a fermale was
muaotiondess and tghtly miled sround her clutch. We considered
povatural sdjustm ents a3 individusl behavioral events ondy if they wene
=30 § removed from another postural sdjustment. Subtly distinet
postursl sdjustments are categorized ini three nypes (1) Non-
apening sdjusiments [NA) are thate in which lemale movement i
noted but none of he cutch is visibly exposed. [2) Opening
adjistments [DA) invalve female movement with visible expasure
of some af the duteh, 1ast less than 5 min, and do not entail a femakes
snout hresching the perimeer of her owermost coil_ [3) Explorainry
adjistments (EA) are postural adjustments that also invalve visible
exposure of the chich: however, they Lst longer than 5 min or entai
the females snowt bresching the perimeter of her outermast mil. EA
are distinguithed from OA becnse during EA lemales often indert
their hesds between their eggs and their coils suggesting a different
behavioral motvation (e g. possibly egg inspection ) than that of 04.
Although not noted in previous studies, we define loose coiling to be
wihen a lemale & motionles and coiled around her clutdh in such &
mannerthat wo or mone eggs and an ares of the chtch Lirge rthan the
size of her head (3-4 cn®) is exposed.

2.4 Statistical analyies

Data met the appropriste stisticsl xsumptions of parametric
statisties or were transformed a5 necessary, and were analyzed using
IMP IN [version 512 SAS Statistical Institue, Inc, Cary, NC).
Significance was determined 5t o005 for i et To detenmine
the averall effect of trestrent | e bem persture andition ), fepesied-

mexsures analysis of variane [rmMANDVA) tests were used. Post-hoe
amalyses wsed Bonferroni-correced paired [tests To determine the
trestment effect betveeen specific prediced pairs (eg. tight ooiling
between @nstant 315 °C and 256 “C restments), we used paired [
tests To test rel ationships within individuals, we wed simple linear
regredsion analmi All rewls reler B omparison within nine
individuals (ie, n=29] and values are displayed x5 mean+ SEM

3. Resulis

Respiratory exchange ratios | Le RER, VoV ) did not significantly
differ (y=1076; P=1047) between the constant 256 “C (RER: 079+
0.03) and 315 °C [ RER: (82 +004) aonditions. Mean rates of respiratary
g exchange for brooding wnits ingessed with Toee (Fig. 2 Table 1) To
Turther refute faoitstive endothermy by esg-brooding A childreni, the

j - gradient during the constant 256 “C phise was miniscule
[ie, 001 £002%C)
Temperature condition affecied the amount of time that

fermales spent tightly miled around their ehutches [Table 1) Post-hae
amalyses revesled no difference for amy metric of behavior between
ocoestant 256 “C and 315 C conditions. However, females spent mane
time ightycoiled during cooling than during warming while constant

& conditions were inkermedize [Fig. 3). Paired analysis
[ =33; P=0011) revesled that fermales spent more Lime sdjusting

il

LR e ™
=i -

Wenn Rrrees g onit 70 el bl

L=

ERHEH R ~5

Mean kroacing anir VTOk il by

MEn s T 103

Fig 2 Hiec of consmns empe arae condivbe on metan becodiing: sniz 2) Oxygen
consampcion rae (V) and acocimed rempegnee coelfichens |y ;. and B) carbos
diside pandrrion @ | Vi, ) and [T
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their postire during warming (189 +42%) than during cooling [4.4+
1.5%) Becase metabalic rate inerexses with temperstine
and ferrales did not change their rate of vent lating behaviors betwesn
256 and 31.5°C. POcluich was negatively related to T, [Table 1)
During warming broading behavior impacted developmental
temperatune since he amount of tme that females spent tightly coiled
wii negatively comelited © the TomeToes gradient (B =045
Fy7=57; P=1LM3). Absclute clutch mss v positvely correlaed
1o the sbeohite valie of the Tome Tues gradient during bath coaling
(=077 Fip=23; P=00M3) and warming [F*=055; Fy;=45;
P=0023) condiions, demonstrating that the chtch itsell provides
thermal inertia Relative chiteh m.as vwas alio pos itively correlated to the
Tome-Tomes gradient during both cooling (F=053; F,=78;
P=10077) and warming (F*= 052 Fy; =7.7; P= 00728 condifons.

4. Disousson

Oiften referred to i shivering Tauitaive endothermm
duri ng egg brooding md i s thermal benefit. have been demonsirated in
only two python species: P malurus (171 kg body mass) |9 and M2
spilols (65 kg body mass) | 14). Wehae daxrified the temperaune-related
pamerns of metabal ism and inegg-broadingA The Ghe
values for Vg and Vo, in A childreni brooding units {mean: 31; range:
1.9-57) appresim e these of other, nan-reproductive boa and pythan
apecied [mean=26) [25]. In further support of our prediction that A

experiendng 2 @mont cool T (Table 1J.]n1upmrﬂmspm
mprises & substantisl portion of females” energy expen-

diture while egg brooding at conl emperatures. [P malurus: 97, Ma
spiloly: 95%) |14 | Thas, the tremendos dditional energetic omt of
muintyining homeothermy st ool smblent temperatunes for small-
Il el oy thocans weith higgh: surfsee sres-to-voshime ratios and les reserve
energy. suchas A dhildeni, may make laniltstve endo thermy unfeasible.
Pamntal cre provided by female pthons modulstes critical and
often mmpeting developmentsl varisbles such &2 clutdh temperatire
[9.30.15 ], water balance [1222). and respiration |13} A tightly coiled
pesture i central to regulsting these varishles and, thus, integral to
the embryonic thermonegulaion hypotheds we propased and esed
withA childreni Becmse the amount of time that females spent tightly
coiled changed with shifts in temperature, the hard-wired [nuil)
hypothesis was not supported (Table 1)L which suggests that egg-
broading pythons use external iformation to enhance the embryonic
o ere-em irnment. Mot unespece dly, the sbility of parents © e cues
from the embryonic mimo-environm st for bauvioral modificion has
been shown in other tos a5 well | 26,27 In partioulsr, nest-attending
thermaornegul sinry behaviors are influenesed by T, in & number of
apecies, such xs bumible bees (Bb nawretois) | 16 grester snow geese
[Ansercoerulesend atlantica ) | 28). and hooded plovers [T rubriolliz) | 4]
I f3ct, the erbryonic ther maregulition hypothess, which ssers that
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egg-brooding behavior 8 influenced by the Tome-Tass gradient, was
supported by our results Females miled dghtly mare often during
cooling and les often during va ming (¥Fig.3 | In sddition & the effea
of tempera ure on the relative weof different brooding behaviors in te
lsboraiory, free-ranging female | fros e T o delermine te
duration of egg brooding [‘tool® nests: mesn =538 d; “wam ness:
mean==65 d) |15] This it appears that both shor- (eg. postural
el fus trvents) anel bong-term (e g, duration of dutch stendande ) muemal
descisiond e inflienced by thermal condi Sons in egg-brooding pythond
i scleli i 10 inCubation temperature, other varishles sre criticsl to
embryonic development snd @uld this influence egg-brooding
behavior in pythons. Prairie skinks [Eumeces sepentrionalis) and
Malayan @it vipers [llosdosmn dhodedoma) modulse their egg-
attending behavior in response o shifts in incubation humidity | 7.23]
Further non-brooded A chikreni eges are exmemely sensitive to
desiccation with relative humidity (RH) a3 high s 75-80% leading to
oty st ful hatehing of non e 2] . e el i
incnerses hatehing ducdes st 75-80F RH to B0X [22] By maintining &
constant 25 0 *C nest dewpoint during sl of the em peratune conditions,
air study crested high (e, 315 *C 145 kPa) and low (e, 256 °C
0.1 kPa) chutch-nest vapor pressure gradients. However, becase both
temperature and Vapor pressune were sltered between trestments, the
influenre of nest humidiy on egg-brooding behavior was not directly
tested Future studies s hould hobd Tope constant and slter nest dewpoint
1t e mer examine the role ol the chutdh-nest vapor pre ssure gradient on
behavior in pythons. Like python ege-brooding pastiral

wihile fin-{anning is negatively comeluied with disalved axygen levels

Im

&1

ime femgles wwent phils caile:]

SLPC Lralizg 4Nl warTng
Fig 3. Effery of remyperanae condivibn on e Jmoaen of S female s spens Sghdy
onied ja =9
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|27 egz-broading female A childreni do not alter their 8ght miling
behavior a5 incubation and x5 embryonic metsbolic rae
increxses sulstantially [ 1213 | As 2 resulr, sopgen conde miration within
ithe chitch diminishes a8 incubation progreses and the low PO entails
smmum[m.miwuimuwicmm]lﬂlmw
term s | e, smaller, wesker ol pring) |30 ). The longer term elfeas
of such hypede enditions remain wnknown and warrant study. This,
although water baance, respiration, and thermanegulation are exch
important to development, temperature Jppesrs B be the primary
warisble upan which pythone gg-brooding behavior is regulsted_
The role of Emperature in regulating parentsl behaviors i not
dinee memrics aritically related to offspring fimes in
reptiles (g hatchability and hatchling growth rae L a5 well &5 sex
determination in many species ane affected by changes in
incubation temperature |1531] We have quantified the degres of
thermal bl ring berwe en the chiteh and nest environment poovided
by egg brooding Though not dramatic, the mesn (147 *C) and
MM (339 “C) Tome=Teisscs gradient during warming and cooling
p-umuu]yhnuwmmammmmh
incubartion duration is temperature dependent and
mwguimumdmanhMMLm
115]. Also, incubation durationis s gnificant ya Tected by 2 1°C change
i new bt on te rape rature in ouwr ool any of A childreni (&g, incubation
&t 3005 “C oo pared 0o 315 “Cextends inmibation dur stion in sversgs
of 6 days; Stahilschmidt and DeNardo, unpublished ). Thus, the sbility
of egg-brooding females to evaluste the TomeTues gradien o
regulste behavior and enhance Toaes ould sgnificantly benefit
develaping affspring Although chitch mass better expliing the
Variange in e TomeTouees Sradient during Changes in Tom. W have
demonstrated that shifts in egg-brooding behavior during e rming
&30 significantly impact the T ~T.. .. gradient in A childreni
O pesules. have further defined the physiological effecs of Tome om
python brooding wnis, the role of he T -T, . ssdient on egs-
biooding behaviors, and the influence of these behsviors on the
deve loy sl micro-envi The thermally, physiclogicslly,
amil behayiorally quantifisbie nature of the python egg-brooding system
albkewwed 18 vo perform & multi-laeted xsesment of 2 smple parental
care model Farmers reproductive model postulaies that panental cre
played an integral role in the transitions from obligate scothermy to
farultstive endotherny to obligate endothermy [2]; thus, 2 beter
wnder standing of python & ggbrooding mayehicidse the role of parental
care inthe evolution of endothermy. Futre studies should contime to
e amine the et snd benefits smocisted with python eg g brooding for
bath ecothermic and Goultatively endothermic species. Ealogially,

Turther field studies xne 1o clarify the role of rel evant bcors

[eg. relatve dutch charsderistios, the T,~T... gradient, and nest
™ P kg

Adn owledgements

W would like 1 thank Glenn Wl sher g and Ty Half an for technical
Suppart and the Mational Science Rundstion (105-0543979 1o DFD xnd
2 Grathuste Research Fellowship to ZRS) for financisl support. Ve ane
grateful 1o Emest Nigro for diligent snimal hushandry. We also
npmu}mﬂmunumuumnmcmmm

ot

an the m L

R et thces

1] O B TH. The ¢ woderiion of |
P B6G0

mn—mn-’n--n-,nm and ok
ORI ST 8 T G Bl afed R L AT nrmm
Bl n-g DC. Repeiian
Unbrarsly P 2004,
[ WA oo LA, Egar Rl [P il o i Hiowdndl Plowsrs | T recdia ). Emws
G W05 3390
ﬂnw!.l‘.-uﬂ;ll_mlqﬂ—ﬂ i [pan oA T s
el ol soarvival of mavamesn Goshorls. Aulc 2000 ;18335265
5 Mlagee 5F, MelTED. Tompom] i ko aboe |
macrachines Echodogy T006; 112 1000-T.
7] Sbdmma L&, Faverer . Brctineg Bebupymar frhe prainie shink and i SlSmchip
o St I S IVRCRST of e BT 23 | Link Soc 1999095 14556
[3] Sosmatna L Pareol B bk i Liphdiseoorion Jnd Tesmsdindn repoibes: ol oo
sy ey lellalla bar: Brkege r Pabilishing. Compary, 200,
[ Visesgar A, Hewhios VH, Dowleg HG Merabodiom, ensgehos, and rhemse-
regallar o desing bevoding of sna e s of genes Pydon Be i, Bodd o). Foclogica

BSE B8
(L] ﬁ“ i & Thee o prodhecsive bickogy and ma ey sysoem of diamwond pyrSeoe,
Mool S AR A4 950,

[ 10] o DM, Shine [, Williiame A
F - SR wwamksﬂ-mbhm‘-
vt Asaralia | Thees Biol 20082% 173,

2] Srabdschmids 78, Hioffman TOM, Delardo DE Fossss ] shifs dufing £33-bmoding
e oy iy o e gy ey balla noe i Chillkdres's pychoas | Asmesiy childnes ).

W0E:THIE-2L

[ 3] Srabdchumids 7R, Dedards DF. Aoy BuufAOE CRIE el
-nl- 3 DY i MOt | T IR T i (s [Py

mmunpuuznmum

4] H.:lwp Crigg . 5 ivisting i 3 Banaaing dilamoad pyhon, Mar

el qpibaes spdbaes. Cogesila 19844 555,
[ 5] Mladsen T, Shine B L hizory coscegesoes of mi-dve wriason i rogical
1969 AN S35-97.

[ 9] Oioame ] 5 Fosoew B Threshodd: of nesponse: nmesr Sermonegaloion by weodier

wmmmmmnwmemm

im aﬂ_sﬂ._mmllﬂm-‘u- of Nizardl
: BN e o it PSS TN

(L] &L‘l\ﬂ}' Dm!m-pmhnqlxmlp‘l

amd Bashorvar Cambabdge: Cmibridge Undversizy Poe;

(L] Shll.llahl'll.qallt“ Haaflow' P5 Thet infleststere of i 7 0 Oy aname 5 el
mmernal bevoding on hachling: plesonypes of waey pyices. Eobgy B0.TE:

mE-1

2] Loswlak 0, Hesln B, Dot OF Themwoepaleinn dafing grasiin in e
oy’ Py | ASI AP CRELFP 3 TRT o thet r g S B
[ 5] i smis Bl | Linan S X 98490 S0E.

M| Wikon 5, Svam G Ripeiles of Messoralia Pribsce mn: Priscems Pl Cuides; HE.

[ 2] Lovswdiais O, HoSmm T, Dt i IF. Mllane: mmall B cutffineg i oo Ol of 5yt
| A vy chibiens) pronnone 5 ey wene rbalanse. | Do Pyl B 20007, 775877,

[ Wakshery CE, Hofiman T Using diery calorisesry o et de aoowacy of
[ . TEEI0-5.

el newpesramare oo | Comnp Physid B 198755720735,

%] GmenEs, i e Baaod
e T e CodaliTingc aned Brood de velopme s By Brod X005 15385957

[ 27) Linsaloes i, o mes de e wadie-offs ima
sl velich e came: Bl Frod Sociiipd 200S50EE-T1

128 Py , G ahiber ©, Latirbusdle | B i baslany et of g 87 Slaber s iy
Tl O N el OO (ol | Fod NN LTRET -

125 Vo D5, B haardi ol Borvasineg it [l by o wipes, Clhissbmma s me:
T e, bk Dkl Jnd defscie Bahovior Hep | L
130 Smbschwmidy 78, Debards IF. Oblgae cosm of paencl care ro offprisg Egy

limadisred| eypooiia Creanss smaller shewr Hm-mm
ol Lmsumn P dnd: mlllrj.m-;m

un-—gn:mu

¥

[
P 2004 126

63



APPENDIX 'V

PARENTAL BEHAVIOR IN PYTHONS IS RESPONSIVE TO BOTH THE

HYDRIC AND THERMAL DYNAMICS OF THE NEST
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SUMMARY
PmlmmmﬂwmdaimmmdhmmMMMHmm

brooding, females predominately adopt a tightly coiled posture that reduces the exchange of hest, water vapor, O; and COs
between the nest and clutch environment, which bensfits egg waler balance at the cost of respiration. To determine the plasticity
of this important behavior, we manipulated nest temperature and humidity while monitoring nest—clutch thermal, hydric and
respiratory relationships to test the hypothesis that female Children's pythons (Antaresia dhikdreni) modify their egg-brooding
behavior due to an interaction between environmenial thermal and hydric conditions. During moderate and high nest humidity
treatments (23 and 32gm Hy0, mﬂrlhnﬂmmmmmﬁg@ﬂﬂmhmmwﬂmﬁmﬂmim
warming, which bensfited cluich temperature. However, brooding females in low-humidity nest environments (13 g m* HaD)
dwuodahdlhmuﬁnfbﬁtnﬂimmuhmmmmm thus, nest tempearature and humidity had an interactive
effect on egg-brooding behavior in support of our . Our results also suggest that ceriein egg-breoding behaviors (ie.
postural adjustments) are more energetically costly to females than other behaviors (ie. tight coiling). In sum, we provide
empirical support for the adaptive plasticity of python egg-brooding behavior, which offers insight into the general significanca of

female-only nest attendanca in animals.

Ky worts: Bdapiive plasticity, it history trade-offs, metabolism, parental cars, sneke, themoreguistion, water belance,

INTRODUCTION
Parental care is instrumental to the suecess of a diverss aray of
taxa, and its broad evolutionary significance has been the motivation
for substantial investigation (Williams, 1066, Trivers, 1972; Clusion-
Brock, 1991; Grosa, JW5). Among other benefits, nest-attending
parents can increase their fitness by reducing embryondc predation
[frogs (Townsend, 1986)], improving egg water balance [skinks
(Somma, 1989)], thermoregulating embryos [bumblebees (Heinrich

been well established, ege brooding limits nest-chiich respiratory
gas exchange, which entails short-term metabolic and long-term
phenotypic costs 1o offspring (Stahbehmidt and DeMardo, 2008;
Siahlschmid and DeMNardo, 200%h). Thus, python ege brooding can
be nsed o examine the physiological trade-offs of parental care.
We have shown in Children's poythons [ Antareio childrens (Gray
1542)) that pythan egg brooding is dynamic. During egg brooding,

1979)], promoting embryonic respiration [fish (Lissaker and
kVamemao, 2006)], reducing pathogen infilirtion of eggs [erickets
(West and Alexander, 1963)] and provisioning offspring with food
[birds {Clutton-Brock, 1991)]). As a resuli of this wide assortment
of benefits, nest-atiending behavior 8 txonomically widespread
(Chuttom-Brock, 1991). While birds typically use bi-parental care,
fernale-only parental care is the predominant mode of care in other
imternally fertilizing vertebrates [e.g. reptiles and marmenals {Clusion-
Brock, 1991)], including species within major taxa in which external
fertilizathon predominates [Le. fish and amphibians {Gross and Shine,
1981)], as well as emeatrial anthropods (Zeh and Semith, 1985,

Within the brosd context of female-onky nest atiendance, python
egg brooding has recently proven iself a5 a useful and relevant
parental cane model Pylbmngnmdmgngmple _-,u-uﬁéas
several critical and itatively

females pred by adopt a tghtly coiled postare that reduces
the exchange of heat, water vapor, Oh and OOy between the nest
and chatch emvironment that benefits water balance af the cost of
embryonic respiration (Stahlschmidt and DeMardo, 2008
Swhlschmidt and DeNardo, 200%; Stshlschmidt et al, J008).
Hence, females periodically adjust their ege-brooding postures o
facilitate nesi—cluich gas (0 and H:D vapor) exchange to benefit
respiration al the cost of embryonic water balancs (Stahlachmidt
and DeMarde, 2008; Stahlechmidn et al., 2008)

While postoral adjustreents are wsed o balance the varous
embryonic needs even under static environmental conditions,
incubation conditions vary over time (e.g. diel temperanre shifis).
Thus, it would seem beneficial 1o mmmqma’m
adjusted the timing and duration of postral adjustrmenis based on
ewmmnm'lal mpuls However, while embryonic oxygen

: “}'werﬂumnl‘&vdopmu,

wdﬂa,mlndmgsﬂnwucwedmmdmmdm 15,
thermoregulation (Vinegar et all., 1970, Stahlschmidt and DeMardo,
Hi%a), water balance (Aubret et al., 2005a; Lourdais et al., 2007,
Stahlschmidt et al., 2008) and respiration (Stahlschmidt and
DeMarnde, 2008). While the benefits of python egg brooding heve

female A. childreni do not alter the relative frequency or durstion
of their postaral adjustments, which resulis in developmental
hyponia that reduces offspring size, speed and strength (Stahlschenidi
and DeMardo, 2008; Stahlschamidt et al_, 2008). Contrarily, we have
recently shown that egg-brooding females are capable of assessing
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the nest—cluich tempersiure gradient, and they make belavioral
adjustrnents o enhance the thermal micro-environment of their
developing affspring. That is, fesrales coil tightly around eges less
often when the nest is warming compared with when it is cooling
(Stahlschmidt and DeMardo, 200%).
Becanse of the contrasting resulis found in female response to
variation rn envmenul w and respiralory gas
we desi i o evalate fermale
mpmsamnmhuulmluﬂﬁbmntﬂw-hhmdng—mw
hnlucr.'l‘hn,\w designed a multifsctorial experiment to asiess
ﬂu:d.nﬂw of envi | e and hydric
i it o embryonde pythan
ckwlupmeut {SHne et al, 1997, Lourdais et al, 2007). We
manipulated nest temperamre and homidicy Mule monilonng
mest-clutch thermal, hydrie and respiratory relationships o test the
hypmbemmrmﬂlumuﬂfylhqunghwmum

2ol i

(1A*CH™), 26,07C, and warming (147CH )], and we repeated thess
irials at three influent hamidity conditions assigned in random order
[dew podats (IF) of 31°C, 25°C and 16°C (13, 23 and 32 ge ™ HeD,
respectively)] (Fig- 1). Becanse field data do not exist for A
childrend nesis, we wsed a thermal regime that represents a contracted
diel thermal cycle from nests of water pythons, Lo fuscis, which
are gympatic with A, duH-m{MﬂsenmdSHu 19‘9‘)}.th&
we used humidi jom from a datslx ined by the
Commanwesalth of Australia’s Buresn of Meteorology o creaie
amlngiully relevant nest homidity treatments. Previowsly, we

ined that A, childreni brooding behavior does not kave a diel
cycle (Stahbchmidi et al, 2008), so the effect of the sequential
irestments would not be confounded by tme of day. Alo, as egg-
brooding behavior does not nhmgemwmhm{&nhhdimuﬁ
and DeNardo, 2008; Stahlschmidt et al., M},wmﬂmudal]
mnh-:lwkpw-m- To avaid disnark itored

e | thermsl and bydric condi

trials in dark mﬂtminfmd.mmsﬂmddmmu

Chu'mmllswull specifically provide forther understanding of the
dynamic nanre of python egg hmodngml.mgtml.uﬂuwm

video for later analysis of brooding behavior variables as previoushy
dumbad(&ahlwﬂmﬂdutﬂ. 2008, Stahlschenidt et al., 2000a).
We d 'Eﬂhinauﬁﬂﬂoﬂ 1501

existing knowledge of the environmental influences on
behaviors.

husbandry

For this stody, we used a long-term captive colony of 4. childreni
madntained st Areona State University (ASU), Tempe, AZ, USA
Antgresin childreni are non-venomous, constricting snakes that
imhabit rocky areas in northem Aostralia (Wilson and Swarn, 2003
Hushandry and breeding of the animals followed that described
previowsly (Lourdais et al., 2007). All procedures nsed in this stody
were approved by the ASU Instintional Animal Care and Use
Commities (protocol $08-96TR ).

As  described previously (Stahlschmide er al, 2008;
Stahlschmidt and DeMardo, 2009), we housed brooding females
in substrate-free, Teflon-coated 1.9] chambers a few days prior
o oviposition through the letion of all i al trials
to minimize disiurbance, avoid chaich sbandonment and enaure
the exchange of respiratory gases (i.e. H20 vapor, Oy and CO1)
o and from the brooding unit (i.e. female and associated clatch).
When not being used in an experimental trial, these brooding
chambers were kept in an environmentally controlled room that
had & 14h:10h L:D photo regime and maintained temperatune at
the species’ preferred developmental temperatare (31.540.3°C)
{lmndnmaul 2008) w preclude the need for any behavioral

by females. Also, we deliversd m-tnmlm-'
ol‘ hydrated air [absolute humidity=25. I—Zﬁ.'.l'gm  relative
humidity (RH)=80-85%] to each brooding chamber using
methods deseribed previously (Swhlschmide et al, 2008;
Stahlschmidi and DeMardo, 200%a). At ovipesition, we briefly
removed each female from her cluich to determine clutch size,
clutch mass and female post-oviposition mass.

Experimentzal procedure

To test our hypothesiz, we evalusied real-time e§-bmu1mg
belavior, rates of brooding unit oxygen consumption |

dioxide pmdmhm{'ﬁ’mﬂ and water loss (Mo, mw
{Toee) and chutch temperatore {Faas) of eight A, childreni brooding
units [female mass (means + seom. e 35954204 g; cloich size: 81
eggs; absolute chiich mass: W00.6£7.3 g relative clutch mess (Le.
100 % eluech mass " maternal massl 28.441.7%) wing a How-
through system. We evahated each brooding unit during consecutive
d-h of four ditiors [31.5°C, cooling

thermoelectric coaler controlled by a datalogger (21X, Campbell
Schentific Instruments, Logan, UT, USA) that prodiuced the thersrsl
eyele. We ereated influent air of known homidiny by bubbling
Mddmsumﬂymﬁm@uhaﬂmmhmuﬂﬂmuﬁ:m
air through a condensation chamber held at the desired DF 2.2
1|5°C 25°C or 31°C DP). For the 31°C DP wials, the condensation
chamber temperatre mimicked that of the tral thermal eyele o
maintain a samrated nfluent air withowt condensation on the eggs
{Fig. 1. We verified the humidity of influent sir with & precision
hygrometer (RHI00, Sable Systems, Las Vegas, NV, USA)
positioned immedistely upstream of the hmodm,g rhambu We
mmuinﬂmﬂﬂwmmu!’m:ﬂlmm with an upstream
an adjustabl and a flow mbe (FL-
M&ug&lwﬂmﬁtﬂ,&mﬂvﬂ,ﬂ USA) that was calibrated
under experimental conditions.

We analyzed a baseline sample of influent air immediately before
and after brooding trials and sveraged the two o determine the Oy
and Ty concentrations of influent adr (the difference between initial
and final baseline samples was negligible at 0.004240 00081%).
Biaseline air and air exiting each chamber (effluent air) was pasied
through a precision hygrometer (RH300, Sable Systems) and dried

it GGG = + 31T doW paint [DF) == 25C 0F sw+s 16T OF

12 20

B 10
Time ()

12 14

Fg1 Eylt.lrﬁmldﬂi'uibmnﬁguﬁmmﬁIWl
of four

d-hg] m-iqklmud
shasding), mmmmwmm
{wertical shading]. and we repeated these tials under Svee humidity
condtions [31°C dew point [DP) or vepor-ssturated, 26°C DP and 16°C
oFL
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Table 1. The effects of temperature and humidity treatments on the percentage of fime female A. childreni spant tightly coled around their
chuichas [means = s.e0m., N=A)

Nest iempesnhure condition Mest—ciuich femporature gradient
6T Caooling 20T Warming Megative Zera Positiee
izt Fumnicity
16°C dew point [DF) - BS8s1d 88.6=03 847=18 B68s+1d B7 2078 W T=18
HC 0P 81637 EEEDR a0E=68 #23=64 B6G+0B -1 R E. N3 B2 3-64
;coe w228 BE2:08 91.1:38 T05:8T BE2:08 91724 T0.5=87
Mest—cluich vapor pressure gradient
Lo (<001 kPa) 2228 B52+08 an8-a7 T5=AT B 2428 Bded 1 T6=87
Medum (0.01-1.46kPa) 81637 EEEDR 88.6=03 #23=64 B6G+0B 01T B2 3-64
Hiigh {1.46-2.82 kPa} 95814 EE8:14 - 84719 EE8s14 5014 W71

“Could not ba determined because animals did not experience this teatment.

by anbydrons CaS0y before flowing through a COs analyzer (LI-
6252, Li-Cor Biosciences, Lincoln, NE, USA) and an 0 anabyzer
{FCIB, Sahle Sy;tems}ﬂutwe calibrated 1o manmuifactarer
bons priar o i | use. During trals, we reconded
ﬂuﬂaMdeMwofﬂmmtdtmmnm
wsing a Campbell 23X datalogger. We converted these raw data o
Vi, Vo and Mio using equations 17 in Walsberg and Hoffsan
(Wakberg and Hoffman, 2006). This flow-through respirometry
system has a demonstrated accuracy of 0.4% in determining sseady-
state Vi, and Voo, (Wakberg and Hoffman, 2008).
To measure real-tme chotch temperanire | Fags), we positioned
a Type-T thermocouple 1-2em into the clotch nsing an aceess part
in the bottom of the chamber, and interfaced it with the
X datalogger (Campbell Scientific Instr 1. We posidoned
another Type-T thermocouple 1-2 em imsdde each brooding
chamber's influx port, imerfaced it with the Campbell 23X
datalogeer, and used it o measre nest termperatung | Faee) in real-
time. Together, these temperanres allowed us o determine the
ToearTiteict gradient (i.e. the difference between mean T and mean
Tohach) &0 ecach resiment. Given the dynamic namre of our
experimental design, we were able i determine the effecis) of
several thermal and hydric variables on egg-brooding behavior. In
addition o Toee condition (Le. 31.5°C, cooling, 260" and warming)
and nest humidity (31°C, 25°C and 16°C DP), we evalated the
effinct{s) of the Tomr T gradient (e, negative, 2ero and positive)
and the nesi—cluich vapor pressure gradient [Le. low (<0.01 kPa),
medinm (0.01-1.45 kPa) and high (1.46-2.82 kPa)] on brooding
behavior. This mult-factor spproach allowed us o determine the
relative importance of each variable on brooding behavior.

As deseribed previously, we categorized egg brooding into mwo
behavior types that are strongly assoctated with nest—chotch thermal,
hydric and respiratory dynamics (Stahlschmidt and DeMardo, 2008;
Stahlschenidt and DeMardo, 2009 Stahlschmidt et al., 2008), We
deﬁmdnshthmdmxmbewma&mdewmmm
tightly coiled around her chaich. We il | adj
as individual behavioral events onlby if they were >3s removed
from another postaral adjnstment.

Statistical anslyses
Weueﬂﬁedmalwr&umetme Wmmﬂsmd asanmptiong
of p e aLali: of We formied them as V. We
au]yud all data with SPSS (version 15, SPSS, Inc., Chicago, IL,
m}ﬂ&msmﬂmﬂmﬂﬂsmdl tests. To
determine the independent and interactive effects of ineatrment {Le.
temperamre condition, T Naes gradient, nest humidiny and the
nest—clatch vapor pressure gradient), we wsed two-factor repestad-
measures snalysis of variance (RMANOVA) tess. If sphericity was
significant, we used Huynh-Feldt epsilon adjustments. We waed
Bonfermoni-corrected paired r-tests for post-hoc analyses. To test
relationships among individuals within reatrments (e.g. the effiset
of tight coiling on brooding unit Vo, during 31.5°C tempersiure
and 26°C DP conditions of the nest), we med simple linear
regresaion analysis We present all resulis s means + s.eom., and
they refier 1o comparizons among eight individuals (Le. N=§).

RESULTS

Coiling behavior was significantly infloenced by all temperanare
ard humidity treatments, and thene was an effect of the temperatare

Table 2. Repeated-measures analysis of vanance resuls for the independent and ineractive effects of temperature and humidity treatments:
on the percentage of fime female A. childmeni spent tightly colled around their dutches (N=8)

Nest lempemabure condition and nest humidity df. F P
Hest empemtwre condition 3 72 001
Nest husmidity 2 464 il ]
Temperature condtion = rest bumidity” a4 an 0026

Nest—chnch tsmperature gradient and nest humidity
Nest-chich femperature gradient 2 B3 =001
Nest husmdity 2 3 ) g
Temperature gradient = nest humidity 4 aea oo

Nest-chich femperaiure and vapor pressure gradienis.

Nest-chich femperature gradient B@a =001

Nest—chnch vapor pressuee gradisnt 2 E20 R0

Temperature gradient < vapor prassure gradien” 2T 430 o
“Huymh-Feldt epsilon adjusied.
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mmwmm (% TC) diuring twisls utlizing four
[Error bars: s.e.m., and
migniiicant betwserr-iemperature differences for the 25°C DP and 31°C DP
trinks e denoted by baxed * and !, respeciely (MO} Note the sgniicant
decreass in % TC during the warming stage for both the 25°C DPF and 31°C
DF trinds but the: consinnt high raie of % TC during the drisr 16°C DF trnks.

» humidity interaction (Tables 1, 2; Fig.2). B Is did

: a4 (h—— 25°C dow point (DF), 31 5°C nat
[ 012 0 -——. 2°C DF,280°C rost
-é : 0 A =R warming nas
i o1 0 —- vispor-sytusaled, Warming nest
8% poa -
glé 0.08
hd
T o
o
5 oo2
5o
20 a0 B0 Bl 100

Parcaniage of ime femaiss spant tightly colled

[Fig. 2. Significant relafionships. between the amount of me female
muﬂm[ﬂ-ﬂ]w@ﬂrmhd[ﬁﬁluﬂhm&gmlt
aygeni during other WErS non-
ﬁmhﬂmﬂ&hbhmﬂemmmw
wariation in % TC (Tablss 3 and 4).

(Stshlschmide et al, 2008)). Az in Swhlschmidt and DeNardo

nol experience a high nest—chitch vapor pressurne gradient when nest
temperansre was 26.0°C, we eould not determine the effects of the

nest—clutch vapor pressure gradient + condition an
coiling behavior. Post-hoc analyses support previously reporied
findings in that brooding fermales held at a 25°C DI spent more
time coiling tightly when the nest was cooling than when it was
warming (Stahlschmide and DeNarnds, 200%) (Fig. 2). We nblamd
similar resulis for brooding femsles during vapor d mest
coanditions (i.e. the 31°C DP reatment, Fig. 2). However, this patiem
did not persist under dry conditions, as brooding females at 16°C
DF showed a kigh frequency of tght coiling even when the nest
was warming (Fig- 2).

Inn agreement with a previous stady (Stahlschmidt ot al , 2008),
tght coiling (TC) conserved embryonic water becanse the
percentage of time that a ferale spent tghtly codled (% TC) was
negatively related to brooding unit Mo during 16°C DF and 23%C
DP nest conditions (Table 3) [note: exposed python eggs lose water
~1il-fiold faster than fermales alone so the vast majority oa’bmoding

{Stahlschmidt and DeNardo, 200%), % TC was significantly and
positively related 0 mean T Tt gradient during warming at
25°C and 31°C DP treatrents (Table4). Low sample sze and low
among-individusl vadation in % TC may have contribuied 1o the
lack of significance during other warming and cooling reatments
a5 % TC was positively, although noa-significantly, related to mean
Vo Toteen, gradient in all of these instances (Table 4).
Fespiratory exchange ratios (ie. RER, Vg Vo, 008280 04) were
not affected by temperamre condition (Fun=1.5, P=0.25, 1-f=0.33),
DF (F=0011, P92, 1-f=0.051) or the temperanwe » DP
interaction (Frsws=2.4, P=0.11, 1-f=049). Posmral adjustments
seemed o come with an energetic cost 1o fermales as tght coiling
behwiuwnnegaﬂuelyrﬂaladmhmdjuamilﬂ‘mMngmuﬂ
irestrnents (Fig. 3), particulardy when among-individual vadance of
% TC was high (Tables 3 and 4). The ity in brooding uait
Vi i prrisesarily due to changes in maternal Vi, because early-siage
A. childreni ermbeyos &re not O limited and the cluich consumes
~50% less Oy ithean the brooding female (Stahbchmidt and DeMardo,
2008; Seablschmidt et al, 2008). Again low sample size and low

unit Mo i derived from the eggs during 1

Table 3. Relationships between the amount of fime female A. chidreni (N=8) spent tightty coiled (% TC) and brooding unit weter loss rates

{Muz, mgh~' o) during 16°C dew point (DF) and 25°C DP nest conditions
Wanance of

Trestments. ;3 F P Equation %TC
16°C DP

IEC 0.58 as 0.028 000424 0. 47 160

Caocling 054 70 0.083 p=—0.0025x40.30 160

M0C 063 103 0.8 0.0 3hea 1 3T T

b 080 25 00028 000180023 ano
aECoP

IEC 068 130 0.0 000254020 845

Codling 063 104 008 | DOET 40120 186

M0C 0T 162 0063 000 el 11 2878

‘Warming 056 73 0.008 p=—0.0028x+0.30 2532

Node: relationships: during 31°C DP are not presented because: the: nesi—cluich vapor pressure gradient and, Shus, M spprodmabed zenoin most instances:

{Le. the oir was vapor-saturmied or neardy so).
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Table 4: Aelationships betwean the amount of fime female A. childreni |N=8) spent fightly coiled (3 TC) and the mean nest—cluich
temparatura gradients during werming and cooling nest conditions
Vanance of
Treatments. I F P Equation ®TC
18°C Dew point (DF)
Caocling 038 ar (VR 1] p=0080x-580 168.0
‘Warming 020 15 [vE- ] p=0028x-164 300
25 DP
Cocling 038 asa oo el 01T 186
‘Warming 066 15 0.015 p=0013x-033 2832
31°C OF or vapor-saturaied
Cocling 033 a0 014 =085 44 12
‘Warming 081 a4 o.oe? el 008 -0 029 GMAa
among-individual variation in % TC may have contributed to the  adaptive nest site selection is ically wid d. For

lsck of significance during other reatments as % TC was similarly,
although non-significantly, related to brooding unit Vo, i all of
these instances {all non-significant R0 19-0.48; P=0.057-0.28).

DISCUSSION

We experimentally demonsirate that both Tooe and humidity
conditions influence python egg-brooding behavior, and that thess
two effects significantly interast with one another. Also, in
agreensent with previous studies, ﬂudgﬂymhﬂbmdmxwm
reduced nesi—clutch exchange of water vapor and heat, particularly
during unfavorable thermal and hydric nest conditions (Stahlschmidt
MD&Nﬂd},msuhluhmﬂjanl M).mu,wﬂunemv
brooding | are i
embryonic thermoregulation and water balance becanse En.us
movements modulate and respond 1o these two important
dew_lnymenulvuhhlm

Mot Ay ls significantly invest into the
ﬂu‘mﬂemﬂaﬂmaﬂdwmhlatum’lhdmfﬁ;dngmm
aspects are crucial o development and survival (Clution-Brock,
19491). ﬁwmnnnﬂmﬂymﬁmly(uahmwh
and phiysiologically) diverse, | are that
these variables iend o fall within two simple categaries — buffering
and provisioning. First, parents can improve the fitness of their
offipring by simply providing resistance to embryonic waier or beat
loas throwgh building nests and synthesizing egeshells or egg coats
(Clutton-Brock, 1991). Second, parents can enhance embryonic
thermoregulation and water balance by providing heal or waler to
their embeyos. Examples inclode viviparity (ie. Hive-bearing, which

example, Montell demonstrated that fruit flies (Drosophile
melanogescter) enhance the fimess of their offspring by prefienentialby
ovipositing on modst subatrate (Monsell, 2008). Our resulis indicaie
that python egz-brooding behavior is adaptively plastic in response
1o bath nest thermal and hydric dynamics.

While highly beneficial to the offspri | care Iy
mmmwwmmmwmﬂmﬂm
1991 In pythons, ege brooding i jed by lost
w;mﬂmﬂm&nuﬂﬂmlm Anbret et al.,
2005k). A dingly, ezg b qmml
mische atrophy and reduces contraction strength in fermabs A. childreni
under laboratory conditions (0. Lourdais and DUF D, unpublished).
Hiwever, other research suggests that brooding-related ersterrsl costs
are minimal ( Aubret et al., 2005b). Inierestingly, some waiter pythons
nest in root boles where they brood their eggs for the duration of
incubation (mean: 58 days) while other females nest in more thermalby
atable varanid burmews and only brood their eggs for the first week
of incubation (Madsen and Shine, 15999). Females that use root boles
amd thins brood throughont incubation heve redoced reprodisctive body
condition and survival rate relative o those fiemales that nest in
burrows (Madsen and Shine, 19990,

Similar to large-scale decisions (Le. to brood or not o brood the
chateh), finer-scale egg-brooding decisions (Le. the frequency of
postaral adjustments) also entail energetic costs. In fact, of the
brooding units in this sody, the ane with the most behaviorally active
fernale (Le. lowest % TC) consumed 53-fold more O: g~ body mass
than the brooding unit that had the beast sctive female when the
nesl was warming and vapor-samraied. The energetic cost of

allows parents 1o directly regulate embryonic and

hydration), endothermic brooding and parental feeding (Clation-

Brock, 1991} To optimize offspring finess, pythons use either

buffering alone [eg A childreni (Stahlschmidt and DeNardo,

mnmmdy]ammbgmﬂwﬁmﬁm[eg.m
moherus (Hutchison et al, 1966, Vmagusal. I')‘?{J}]

Giiven embryos” senkhim]- o h (Deeming

1 adiju is probably relatively low compared with the
energy demands of other aspects of parental investment (e.g. yolk
deposition and lost foraging time) but warrants further nvestigation.

To conchade, our results combined with those of previons stdies
{e.g. Madsen and Shine, 1999) demonstrate that female pythons
make both large-scale and fine-scale p | decisions. In addit
o deciding where to brood and for bow long, female pythons can

and Ferg 1991; Dx &, 2004), ¢ | betaviars are often
msammmmmmwam
Far e (T infly the

of time fermnale little stints {Calidris minuta) spend brooding and
foraging (1.6 females brood mone whea T, is low) (Talp et al, 2009)
To reduce ege desiccation, female prairie skinks (Fumeces
septentrionalic) increass their egg-brooding behaviors when the nest

also alter their brooding behavior. Thus, while providing a less
complex fomm of parental care compared with that of mammals and
binds, female pythons assess and respond o specific nest conditions
o optimize the devel | emvi B d by their
offspring. Although python egg brooding is emerging as a simple
yet valusble parental care model, many critical questions regarding
MQWWWFMNMHMMM

substrate is relatively dry (Somera snd Fawcett, 1989). In additi

to shifts in brooding belaviors, several replile species demonstrate
adaplive nest site selection related w thermal or hydric conditions
[e.2. lizards {Shire and Harlow, 1996), tertles (Belinsky exal., 2004),

ithe SENSOCY h of egg-brooding decision-
making such as nenronal pathways [e.g. trandient receplor potential
channels (_'Rmuwgky, 2007; Montell, 2008)] and hormonal

lati di e, thyroxin and prolsetin).

snakes (Brown and Shine, 2004)]. The role of hy jon in

Addis "y hile chaliengs field smdies that integrate the
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warious levels of parentsl decision-making (e.g. nest site selection,
brooding deration and postaral adjusiment frequency ) would provide
critical insight

for ationtive those who haipad tha prepartion of
ﬂ?-nmlnﬁ.' Kavin e WD BINCITYIMOLUS: Favis
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