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PHYSIOLOGICAL AND ECOLOGICAL CONSTRAINTSON THE EVOLUTION OF
VIVIPARITY IN SCELOPORINE LIZARDS

Scott L. Parker

ABSTRACT

Viviparity in reptiles evolves in response to cold emwmental temperatures at high
latitudes and high elevations through gradual increasés iduration of egg retention within the
oviduct. The adaptive benefit of egg retention in colahates is that embryos will develop faster
at higher maternal body temperatures and therefore batéér than embryos in eggs in a nest.
In the majority of reptile species, however, egg réanpast the normal time of oviposition
results in retarded or arrested embryonic developmeastpa@city of reptile species that have
the capacity to support embryonic development during extezgipdetention suggest that
physiological constraints prevent normal developmemh foeacurring during extended egg

retention.

In Chapters one and two, | investigated the roka aterooxygen availability as a
constraint on the capacity to support embryonic develapoh@ing extended egg retention. |
incubated eggs of sceloporine lizards under conditionsimatated retention in the oviduct
under a range of oxygen partial pressures. In Chaptet tasted the hypothesis that embryos of
the oviparous lizar&celoporus undulatusom a high-latitude population are laid at more
advanced developmental stages and have a higher develojaengd low partial pressure
oxygen pO,) under simulateth uteroconditions than embryos from a low-latitude population.
This hypothesis was rejected; embryos from the two pdipuak did not differ in embryonic
stage at oviposition or developmental rate when incdhatder simulateth uteroconditions at
low pO.. In Chapter two | tested the hypothesis that the degfrembryonic development
attained by reptilian embryas uterois directly related tan utero .. The species chosen for
the study differed in their capacity to support embryonefbgpment during egg retention and
were characterized by developmental arrgdsbgaurus ornatus retarded development
(Sceloporus virgatysand normal developmerfb¢eloporus scalar)svhen eggs are retained



past the normal time of oviposition. The estimatedteropO-’s for the three species increased
in the order ofJ. ornatus(5-6 kPa) <S. virgatug9-11 kPa) <S. scalarig> 11 kPa). These
results indicate thah uterooxygenavailabilityis associated with interspecifc differences in the

capacity to support embryonic development during extended tzjgioa.

Temperature is widely regarded as the primary factor reggeror the paucity of
oviparous reptile species in cold climates. In Chapteethtested the hypothesis that embryo
thermal requirements set the northern distributiomat bf Sceloporus undulatuga widely
distributed North American oviparous lizard species. Botlas hypothesis, | incubated eggs of
Sceloporusindulatusunder conditions that simulated temperatures of nestgwiite
geographic range &. undulatust 37° N and those of simulated nests beyond the northern
distributional limit ofS. undulatusit 42 and 44N. | evaluated the effects of incubation
temperature on hatching success, incubation period, plpgnatgits (morphology, locomotor
performance, growth), and hatchling survival. After hatg, snout-vent length (SVL), mass, tail
length, body condition (SVL relative to mass), locoongierformance and growth rate were
measured for each hatchling. Hatchlings were releasgdiedt! site to evaluate growth and
survival under natural conditions. Incubation at tempeeatsimulating nests at 44l prolonged
incubation and resulted in hatchlings with shorter Selative to mass, shorter tails, shorter hind
limb span, slower growth and lower survival than hatgklfrom eggs incubated at temperatures
simulating nests at 37 and“4R. | also predicted that the northernmost distributibmet of S.
undulatuswould be associated with locations that provide thenmim heat sum (degree-days)
required to complete embryonic development. This predigtasmupheld: 84% of location
between 37-40N had= 495 degree-days above a threshold of@Accumulated during the
summer incubation period (June-September) compared to 1ibatibns between 41-50N.
These results suggest that incubation temperatures henotatitudes are not warm enough for
a sufficient length of time to permit successful incubabfS. undulatugmbryos. These results
are consistent with the hypothesis that incubatiopezature is an important factor limiting the
geographic distributions of oviparous reptile species atlatghdes and high elevations.
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INTRODUCTION AND BACKGROUND

Oviparity is the ancestral vertebrate reproductive n{@dekard and Seymour 1997).
Among vertebrates, birds, crocodilians, turtles, and Spihentids (Tuataras) are entirely
oviparous. While most amphibians are oviparous, vivipaiais evolved in several lineages
(Wake 1989). Mammals are characterized as viviparous, gogsese, or possibly two origins
of viviparity (Guillette and Hutton 1986). In contrast be tmodest number of origins of
viviparity in amphibians and mammals, viviparity haslegd at least 100 times in squamate
reptiles (Shine 1985). The high frequency of independent sridimiviparity within the Order
Squamata has generated considerable interest in théveetactors underlying this shift in

reproductive mode.

COLD CLIMATE MODEL FOR THE EVOLUTION OF REPTILIAN WIPARITY

Several hypotheses have been proposed (though few ¢espaitally) to explain the
putative selective factors driving the evolutionary $maon from oviparity to viviparity in
squamate reptiles. The most broadly accepted hypothéisa igiviparity evolved in response to
cold environmental conditions through gradual increastsinluration of egg retention within
the oviduct (Packard et al. 1977; Shine and Bull 1979; Shine 1988&3juBe embryonic
development in reptiles is temperature dependent, coldemperatures may slow the rate of
embryonic development for eggs deposited in the soil, (NI980), cause developmental
abnormalities (Shine and Harlow 1993; Shine 1995; Qualls hiné $996; Qualls and Andrews
1999; Andrews et al. 2000), or result in mortality of embiResckard et al. 1977; Andrews
2000). According to the cold climate hypothesis, retergiogggs within the oviduct increases
female fitness in cold climates because the embmgwarmer than they would be in a nest
(Packard et al. 1977, Shine 1983). Under this model, eveivedlathort increases in the
duration of egg retention would enhance female fithesause eggs would be more
developmentally advanced, at oviposition, and thus reqseetime to hatch than non-retained
eggs (Shine 1985). Selection for increasingly prolonged eggti@h should therefore ultimately
lead to complete intrauterine incubation of embryosltieg in fully developed offspring at

oviposition/parturition.



The cold climate hypothesis is based in part by theeltion between environmental
temperature and the proportion of viviparous species in sgfedaunas (Shine and Berry 1978).
The proportion of viviparous species generally increaséslatitude and elevation. In North
America, for example, about 29% of squamate species he®@85 N are viviparous,
compared to 63% between 50B5(Tinkle and Gibbons 1977).

The correlation between the distribution of viviparspecies and climate, however, does
not necessarily indicate the environmental conditiomder which viviparity evolved (Shine and
Berry 1979). It is possible that viviparity evolved inpesse to selective pressures other than
temperature and that live bearing simply permitted vivipaigpecies to colonize cold
environments. That is, once viviparity has evolvgectes possessing this reproductive mode
may be able to survive and reproduce under a varietyfefatit environmental conditions. The
most compelling evidence supporting the hypothesis thgavity evolved in cold climates is
derived from studies of relatively recent origins ofpavrity which compare closely related
oviparous and viviparous species. The results of theseestdeinonstrated that the majority of

recent origins of viviparity are associated with cdichates (Guillette et al. 1980; Shine 1985).

While cold temperatures may be a primary factor driviregevolution of reptilian
viviparity, relatively few quantitative studies have heenducted to test the cold climate
hypothesis directly. A fundamental prediction of the alilthate hypothesis is that gravid
female squamates inhabiting cold climates should retgis ® more advanced developmental
stages compared to gravid females in warmer areas (&mhBull 1979; Shine 1983; Shine
1985). Recent studies in lizards, however, have showinthany oviparous species,
embryonic development is retarded or arrested when geawviales are experimentally induced
to retain eggs past the normal time oviposition (Andramg Rose 1994; Andrews 1997;
Mathies 1998; Matheis and Andrews 1999; Mathies and Andrews 2002ards, for example,
the majority of oviparous species lay eggs within aively narrow range of developmental
stages (26-31 of Dufaure and Hubert’s staging system wheiffer@ilization and 40 is hatching)
(Shine 1983; Blackburn 1995; Andrews and Mathies 2000). The obsessthat few lizard
species appear capable of retaining eggs much past stage 3dastiplthe fact embryonic

development is often retarded or arrested during egg ratentggests that physiological and/or
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morphological constraints prevent normal developmemb fbocurring during egg retention.
Selection for prolonged egg retention will thus not leaditiparity unless the capacity to
support embryonic development evolves prior to, or coratiyr with egg retention (Mathies
and Andrews 1999; Andrews 2002).

PHYSIOLOGICAL CONSTRAINTS ON THE EVOLUTION OF VIVIRRITY

Within the context of the evolution of reptilian \parity, “egg retention” consists of two
major components: (1) the ability to maintain the gratate and, (2) the capacity to support
embryonic development during egg retention (Mathies andetwgl1999). The simplest model
for the evolution of viviparity assumes that bothtg&volve concurrently (Packard et al. 1977,
Guillette et al. 1980; Shine and Guillette 1988). The wideatian among lizard species in both
the capacity to retain eggs and to suppotitero embryonic development during egg retention,
however, suggests that these two processes are nesarlgdinked. A major portion of this
work is thus focused on understanding the putative const@nthe capacity to support

embryonic development during extended egg retention.

In uterooxygen availability has been implicated as an impsortanstraint on the
evolution of reptilian viviparity (Packard et al. 1977; Gaité 1982; Shine 1985; Andrews
2002). Metabolic oxygen consumption increases throughoutyegemesis, and is particularly
high during the later half of embryonic development ([2hf'970). Oxygen supplied to the
developing embryo must first diffuse from maternal cirbafg through the fluid medium
surrounding the egg, and across the eggshell before becavaifaple to the embryonic blood
supply. Because diffusion of respiratory gases are muctesiowater compared to air, the
fluid saturating the channels of oviductal eggs forms advao oxygen diffusion to the embryo
(Packard et al. 1977). Prolonged egg retention should thetefaassociated with physiological
and/or morphological features that enhance oxygen deliweteveloping embryos in an

environment that becomes increasingly hypoxic as dpu@nt proceeds.



INCUBATION TEMPERATURE AND GEOGRAPHIC DISTRIBUTION®F OVIPAROUS
SPECIES

A fundamental assumption of the cold climate model is¢bll environmental
temperatures favor viviparous reproduction because embeyatop faster at higher maternal
body temperatures compared to eggs in a nest. Convaxalelyemperatures are detrimental to
oviparous reproduction by negatively affecting the lendgihaubation, survivorship, and fithess
of hatchlings. If cold temperature is the primary factsponsible for the paucity of oviparous
reptile species in these environments, the distribsittdrsome oviparous species should be
predictable based upon knowledge of embryonic thermal reqemts. This information has
important implications for the evolution of reptiliaiviparity because it would provide direct
evidence that the observed latitudinal and elevatioeatls in reproductive mode are determined
by the thermal requirements of embryos.

OVERVIEW OF RESEARCH

Studies of historic events such as the evolution gbarity are challenging because we
cannot be certain of the environmental conditions undigch viviparity originally evolved.
Assuming, however, that similar selective pressurest edlay as in the past, we can examine
extant squamate species exhibiting intermediate stagegaktention to elucidate potential
environmental and physiological factors leading to tfwugion of viviparity.

The present work focuses on three broad questions rétathd evolution of viviparity
in lizards: (1) do populations in cool climates at namHatitudes retain eggs longer and possess
physiological adaptations to support embryonic developmemglextended egg retention,
compared to populations at lower, and therefore warrtierdas, (2) are interspecific
differences in the capacity to support embryonic developohgring extended egg retention
associated with differences in oviductal oxygen avéittgband (3) do embryonic thermal
requirements determine the distributional limits of okapes species in cold climates?
In Chapters one and two, | use a comparative approaslatoate whether intraspecific (Ch.1)

and interspecific (Ch. 2) differences in the capacitgupport embryonic development during



egg retention are related toutero oxygen availability. The general experimental protocol
employed in chapters 1 and 2 was to establish a standasdrelating the developmental rate of
embryos incubated under simulateduteroconditions to partial pressure oxyg@df). The
developmental rate of embryos in the oviduct was detexdriy experimentally inducing gravid
females to retain eggs past the normal time of oviposin uteropO, was then estimated from
the standard curve.

Chapter three compliments material covered in previbapters by examining the role
of embryonic thermal tolerance in determining therithistional limits of oviparous lizard
species. Specifically, | incubated lizard eggs under expetahemperature treatments that
simulated the thermal environment eggs would experiengeated at northern latitudes outside
the species present geographic range. | then evaluatetidtis of temperature treatment on
phenotype, growth, and survival in the laboratory arttierfield. Using data on embryonic
developmental rates as a function of temperature, leslbmated the minimum number of
degree-days (a measurement of physiological time) requirezhfbryos to complete embryonic
development. These data were used to predict the nofétiendinal limit of the species
distribution in central and eastern USA.

EVOLUTION OF VIVIPARITY IN SCELOPORU&IZARDS

The lizard genuSceloporugPhrynosomatidae) is the largest genus of North Aeric
reptiles (Wiens and Reeder 1997). The geographic rangeetdporuextends from the
southern edge of western Canada to as far south as & &bies et al. 1992), with the highest
species diversity occurring in southwestern USA and akltexico (Wiens and Reeder 1997).
The genus is comprised of approximately 80 species, aboutv@@iadf are viviparous (Sites et
al. 1992). Viviparity has apparently arisen four timedq @ genus, and is fixed in four of the 22
recognized species groups. Only one species groupd#h@isgroup) contains both oviparous
and viviparous species (Méndez-de la Cruz et al. 1998). Talkrsrmber of entirely viviparous
species groups among a relatively large number of entivigharous species groups (17 out of
22) suggest that viviparity may evolve more easily inestineages than in others (Andrews et
al. 1999, Andrews and Mathies 2000).



Sceloporudizards are an ideal model taxon for comparative stuhede evolution of
egg retention and viviparity because the stage at whitiny®s are oviposited varies widely
among species (Andrews 1997; Andrews and Mathies 2000; MéndaZ-dezl 1998).
Moreover, they occur over a wide latitudinal and eleveti range and thus occupy a variety of
thermal environments (Sites et al. 1992). The majofityy research focused on members of
theundulatusspecies group; an entirely oviparous lineage whose repatises are common
over much of the United States. | also studied one meailitbe genusJrosaurus because it is
the sister genus t8celoporugWiens and Reeder 1997) and is capable of prolonged egg
retention (Mathies and Andrews 1999).
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CHAPTER 1

EMBRYONIC RESPONSES TO VARIATION IN OVIDUCTAL OXYGEN IN THE
LIZARD SCELOPORUS UNDULATUS FROM NEW JERSEY AND SOUTH CAROLINA

This work was originally published as:
Parker SL, Andrews RM, and Mathies, T. 2004.Biological Journal of the Linnean Society
83: 289-299. Blackwell Publishing
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ABSTRACT

Viviparity in reptiles is hypothesized to evolve indalimates at high latitudes and high
elevations through selection for progressively longeiogsrof egg retention. Oxygen
consumption of embryos increases during development foneyéonger periods of egg
retention should be associated with maternal or emiryeatures that enhance embryonic
oxygen availability. | tested the hypotheses that ga#bof the oviparous lizariceloporus
undulatusfrom a high latitude population in New Jersey are ovipdsat more advanced
developmental stages, and have a higher growth rates atxiggen partial pressuregds,) than
embryos from a low latitude population in South Caroliffzese hypotheses were rejected,;
embryos from the two populations did not differ in embigstage at oviposition, survival, rate
of differentiation, or growth in mass when incubated usttaulatedn uteroconditions at low
oxygen concentrations. | also estimated the effepeexperienced by lizard embryos
utero. At an effectivepO; of 8.6 kPa (9% ¢), development o§. undulatugmbryos is arrested
at Dufaure and Hubert stage 30 and at a dry mass of 0.8 ngplBbizal and morphological
features of gravid females, embryos, or both, thalitéde oxygen uptake for developing
embryos appear to be a critical early step during thieigwo of reptilian viviparity.
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INTRODUCTION

Reptilian viviparity is hypothesized to evolve in respeio cold climates at high

latitudes and high elevations through gradual increasés iretention of eggs within the oviduct
(Packard et al., 1977; Shine & Bull, 1979; Shine, 1985). The petatinefit to extending egg
retention in cold climates is that embryonic developinefaster inside the thermoregulating
female than in a nest (Packard et al., 1977; Shine, 1988)prding to the cold climate
hypothesis, even relatively short increases in thataur of egg retention would enhance female
reproductive fitness because embryos would be more adivdegelopmentally at oviposition
and, therefore, hatch in a shorter period of time titamretained eggs (Shine, 1985).

The widespread acceptance of the cold climate modelvugever, based largely on
indirect observations. For example, viviparous specesedatively more common at high than
low elevations and latitudes. In contrast, relatively studies test the cold climate model
directly. One example is Mathies and Andrews’ (1995a) detratiz that gravid female
Sceloporus scalarisom a high elevation population retained eggs longer avduged embryos
that were more advanced developmentally compared to dgeawales from a low elevation
population. In another example, Shine (2002) simulated $éortegg retention in the
laboratory by subjecting eggs of the skiBéssiana duperreyto a two-week initial period of
high incubation temperatures. Eggs subjected to simulatedtehm egg retention at high
temperatures developed more rapidly, had greater survivoastdgroduced higher quality
hatchlings, than eggs incubated at cool temperatures gsingutonditions in a nest) for their

entire incubation period.

The majority of oviparous lizards lay eggs when 25 - 40%h@total embryonic
development time has been completed (Shine, 1983; DeMk888) and embryos have reached
approximately stage 30 (Andrews & Mathies, 2000) of DufaureHarmrt’s (1961) staging
system, where stage 0 is fertilization and 40 is hagcielatively few oviparous lizard species
retain eggs beyond stage 33, suggesting that the abil&ynadds to retain eggs much past stage
30 is constrained (Mathies & Andrews, 1995a).
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One of the constraints on egg retention past staged@gen availability for embryonic
developmentn utero(Andrews & Mathies, 2000; Andrews, 2002). Because of the groithe
embryo (Dmi'el, 1970; Vleck & Hoyt, 1991), the oviduct shoulddiae increasingly hypoxic
during late development when the size and the metabofithe embryo increases dramatically.
Oviposition should thus occur when the demand for oxygehdgmbryo exceeds the ability of
the female to supply it. For example, in most speci€xrefoporudizards, embryonic
development is retarded when gravid femalesexperimentally induced to retain eggs past the
normal time of oviposition (Andrews, 1997; Mathies & Andisg 1999; Andrews and Mathies,
2000). Extended gestation in the oviduct must, thereforassmciated with mechanisms that
enhance oxygen availability in an environment thetdmes increasingly hypoxic as
development proceeds.

Studies demonstrating variation in egg retention along gebgr climatic gradients have
typically been conducted on species in lineages compridaatio oviparous and viviparous
populations (Guillette, 1982; Mathies & Andrews, 1995b; SmitBhéne, 1997; Qualls & Shine,
1998). In contrast, studies of species from entirely owipaiineages also have the potential to
provide support for the cold climate model. Demonstratiah intermediate stages of egg
retention are associated with low environmental teatpees independent of a phylogenetic
history of viviparity would be particularly compelling. Meover, intraspecific comparisons
demonstrating variation in egg retention time alongatiicngradients are unlikely to be
confounded by species-specific adaptations unrelated to tggioa. Sceloporus undulatus
(Latreille) is an appropriate species for studying themi@tianfluence of climate on egg
retention because it is a member of the entirelparausundulatusspecies group (Méndez-de la
Cruz et al., 1998) and it has a wide latitudinal distributie@r much of the central and eastern
United States (Stebbins, 1985). Moreover, many lif@hstharacters differ between
populations (Tinkle & Ballinger, 1972; Ferguson & Brockman, 19B0).example, females
from New Jersey (NJ) have a shorter reproductive p¢Rigdire 1.1) and produce two clutches
of eggs per year at most (Angilletta et al., 2001), whikedles from South Carolina (SC)
produce three clutches per year (Tinkle & Ballinger, 1972¢sé&Hifferences between
populations are associated with lower environmentgbéeatures in NJ than in SC.
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The first objective was to test two hypotheses eédlabd the cold climate model. The first
hypothesis was that gravid females from high latitude ptipofaretain eggs to more advanced
stages of embryonic development than females fronidtiude populations. The second
hypothesis was that embryos from high latitude populatians a higher developmental rate
while in uterothan embryos from low latitude populations. To tesse¢hevo hypotheses, |
contrasted egg retention and embryonic developmeauterofor a population o8. undulatus
from near the northern latitudinal limit of the spsaiistribution in New Jersey (NJ) with those

of a population from South Carolina (SC).

The second objective was to estimate effeqiWe experienced by lizard embryos
utera. To my knowledgepO, experienced by lizard embryasuteroduring egg retention has
not been quantified at any time during development. To theesecond objective, therefore, |
first established a standard curve relating the develajaimate of embryos tpO, under
simulatedin uteroconditions. Data collected earlier (Mathies, 1998) pral/digta on the rate of
development of embryos retained by fematestero past the time of normal ovipositioRO- in
uterowas then estimated from the standard curve (ie. thetinates of embryos under known
pOs.

MATERIALSAND METHODS

COLLECTION AND MAINTENANCE OF GRAVID FEMALES

Gravid females oSceloporus undulatusere captured at Sumter National Forest,
Edgefield County, South Carolina during 31 May — 4 June 2068216), and at Wharton State
Forest, Burlington County, New Jersey during 27 June — 30 Jung200R). After capture,
gravid females from both populations were placed in ddatfs and transported within five days
of capture to Virginia Polytechnic Institute and Stateversity (Virginia Tech), Blacksburg,
Virginia. Females were measured for snout-vent lengith.Y &nd weighed to the nearest 0.1g
before and after oviposition. Females were housed stipleontainers (73 x 48 x 22cm, 3
females per container) in an animal room at Virgiregh. Ambient light was provided from
windows and lizards were also provided with fluorescetd-lites (0800 - 1800). A 100-W
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spotlight suspended at one end of each container (0900 - 160@)eoravtemperature gradient
that allowed females to thermoregulate. All containegse provided with boards and rocks for
basking sites. Females were fed (crickets and mealausted with vitamin-mineral
supplement) and watered by misting daily.

COLLECTION OF EGGS AND INITIAL SAMPLING OF EGGS ANIEMBRYOS

New Jersey and South Carolina females were inigaligned to one of two groups.
Females in one group were provided with damp sand for otigpasFemales in the second
group were provided only with dry sand in an attempt to indloem to retain eggs beyond the
normal time of oviposition (Andrews & Rose, 1994). HoweWemales did not retain eggs in
response to the absence of a suitable nesting substithia populations, females that
oviposited did so over the same period in the two subsfratups (NJ: 8d; SC: 7d) and same
range of stages (NJ: 28 - 29.5; SC: 27 - 29.5). Therefored,nadiconsider the initial
oviposition substrates as part of the experimental desidreggs from both groups (i.e. damp

and dry substrates) were pooled within each populatiocalifeubsequent analyses.

Containers were checked several times dalily for eghenwne-half of females had
oviposited, the remainder were injected with oxytooimtluce oviposition: 14 June, five SC
females; 5 July, six NJ females. The embryonic stageiposition for SC females injected with
oxytocin did not differ from females that oviposited matfly (ts=1.68,P=0.130). The
embryonic stage at oviposition for NJ females ingaetéth oxytocin did, however, differ from
females that oviposited normaliiy=2.96,P=0.022). The difference in mean stage was
relatively small (X=28.0 and X=28.6, injected versus nomnglosition, respectively), and both
groups were therefore pooled in all subsequent analysas.chitches (2 NJ and 7 SC) could
not be used in experiments because eggs desiccated orebferaakes did not have shelled

eggs.

Eggs were weighed within a few hours of oviposition amailvered consecutively within
each clutch. The surfaces of the eggshells were kept umdisplaced under experimental
conditions. A single egg from each clutch was dissectddr@embryo staged according to
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Dufaure & Hubert (1961). Half stages were assigned for eral@xibiting intermediate suites
of traits. After staging, embryos were dried to a camisinass at 40C and weighed. A single
egg from each NJ clutch was used to measure the area diarioallantois membrane (CAM).
The extent of the CAM was visible through the eggslalsviposition and therefore easily
measured. The major axis and minor axis of each egg amettdir of chorioallantois of each egg
sampled were measured using a dial calipers. The surfacefdtee eggshell was calculated
using the formula for area of a prolate spheroid and & 8urface area was calculated using
the formula for area of a circle. Relative CAM aveas the ratio the surface area of the CAM to

the total eggshell surface area.

EXPERIMENTAL DESIGN AND MANIPULATION OFpO;

Differentiation and growth of embryos were determinader simulatech utero
conditions. To simulate conditions in the oviduct, eggeevirecubated under conditions such
that channels in the shell remained fluid filled duringuimation as they would be normally in
the oviduct. Using this procedure, oxygen must diffuse throheglfiuid filled eggshell before it
is available to the embryo. This procedure may bagilatein uteroconditions because in the
oviduct, eggs are pressed against the walls of the uteduesr@nherefore in close proximity to
maternal blood supply. One or two eggs were placed in 70cihspe jars lined with
Whatmar? filtter paper moistened with physiological saline (pH 7Hje filter paper was re-
moistened with saline at least every three dayssarerthat the eggshell channels remained
fluid filled during incubation (see also Seymour et al., 19®Ximilar experimental
approaches). | incubated eggs under a range tE@Is (target values: 4, 9, 15, and 21% O
(Table 1.1). Control eggs (simulating nest conditionskevpdeiced in specimen jars with
vermiculite moistened with distilled water (0.7:1.0¢gvermiculite) corresponding to a water
potential of —200 kPa (21%.@nly). The only difference thus between the experiaiemd
control eggs was that the shells of the former wlaré filled and those of the latter were filled

with air.

Eggs were placed, according to treatment, into one ofafiotight metal boxes. The

boxes were flushed regularly with the appropriate gas reiQrand N) using a Cameron
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Instruments, Model GF-3/MP gas mixing flow meter. Bulgptine gas mixture through distilled
water saturated the air inside the boxes. Every timdoxes were flushed, the oxygen
concentration inside the boxes was measured using arediéctrochemistry S-3A/1l oxygen
analyzer. Mean oxygen levels (in dry air) for the fomygen treatments during the incubation
period were 4.3%, 9.5%, 15.8%, and 20.4% respectively (TableTh&)actual values @O,

for the four oxygen treatments during the incubation peniere 3.9, 8.6, 14.3, and 18.5 kPa,
respectively, based upon a mean air pressure at Black€2%gn) of 94.5 kPa (711 mmHg), a

mean incubation temperature of 28, and &P20 of 3.8 kPa of water vapor in air.

The boxes were placed in a single environmental chaamgkeincubated for 10 days at a
mean of 28°C. Temperatures inside the environmentallmraramped linearly for 4 hours
between daily maximum and minimum temperatures (charabgydrature: mean daily
maximum: 32.89C, mean daily minimum: 22°€, overall mean: 27°C). The boxes were
rotated within the chamber every 3 — 5 days to minipastion effects on embryonic
development. After the experiment was completed, tempesainside of the boxes were
measured over a four-day period to determine the relatmhbhstween the temperatures within
the boxes and temperatures within the environmengahblr. For simulated oviductal
treatments, the temperature probe was placed at thaboftthe specimen jar in contact with
the moistened filter paper. For simulated nest treasném temperature probe was placed in the
center of the specimen jar and covered with vermiculiteing these observations, the mean
temperatures of the simulated oviduct and simulated nesirteats were 0°& higher than the
mean temperature inside the chambegXimentar 28.1°C, X controm= 28.1°C,

X chamber27.6°C).

ESTIMATION OFpO; IN UTERO

Data from Mathies (1998) were used to estimate ap@ain uterofor S. undulatus
Mathies (1998) provided one group of females collected neak&burg, VA with a substrate of
damp sand in which to oviposit (referred to as “contfefiales). The normal time of
oviposition (NTO) was defined as the time when approveipdnalf of the control females laid
eggs. A second group of gravid females was induced to refgepast the NTO by maintaining
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them on a dry substrate (referred to as “retained é=s¥alA dry substrate simulates drought
conditions and females may respond by facultativelymatpeggs (Andrews & Rose, 1994).
Embryonic stage and dry mass were obtained from retalnéches that were sampled at regular
intervals for as long as 27 days during the period of reterDaytime body temperatures of the
retaining females (0800 - 1600h) averaged 3€.@nd minimum body temperatures during
inactivity (1700 — 0800h) were approximatelyZ2 Overall mean daily body temperature of

retained females thus averaged approximateRC27

Effective pO. in uterowas estimated by first determining the developmentalo&s.
undulatusembryos after 10d of retentiomuterofrom previous studies (Mathies, 1998). A
standard curve generated by the regression of embryoratogenental rate versye),
determined by the experimental manipulations of oxygexldddescribed above) was then used
to predict thgpO, associated with th& uterorate of embryonic development.

DATA MANIPULATION AND STATISTICAL ANALYSES

The effect of oxygen treatment on egg survival wasasiletween populations and data
were therefore pooled for all subsequent survivorshifysesl The effect of oxygen treatment
on egg survival among the 4, 9, 15, and 21% treatments wiggezhasing a Chi-square Test of
Independence (Freq Procedure, SAS Institute 1996). The effexygen treatment on survival
between the 21% treatment and control (simulated mestihtent were analyzed using a Fisher’'s
Exact Test (FREQ Procedure, SAS Institute 1996).

The effect of oxygen treatment and population on emlirygiage (differentiation) and
dry mass (growth) at 10 d was evaluated using two-factdysisaf covariance (ANCOVA)
with embryonic stage and embryo dry mass at ovipositiocovariates (GLM procedure; SAS
Institute 1996). The 21% treatment and 21% control were astett using a one-way ANCOVA
with initial stage or dry mass as the covariate. dffect of oxygen treatment on water uptake by
eggs and growth of absolute or relative CAM area at 10sdaralyzed using single-factor
ANCOVA with egg mass and absolute or relative areaAi¥i@t oviposition as covariates.
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Observations of relative area of CAM were arcsipease root transformed prior to
analysis. Water uptake by eggs in each treatment wassaskas the difference in egg mass at
10 days and at ovipositioRost hogpair-wise comparisons were analyzed using a least
significant difference test on least squared meansabily values of less than 0.05 were
considered significant. The assumption of homogenejopks for all ANCOVA's was
satisfied by testing for significance of the interactof the covariate with treatment variables.

RESULTS

LIFE HISTORY DATA

Female SVL and mass (post-oviposition) did not difféwlken New Jersey and South
Carolina (Table 1.3). While egg mass of New Jerseylénveas greater than that of South
Carolina females, RCM and clutch size did not diffemasin populations. Moreover, embryonic
stage at oviposition did not differ between populationiddlgh some females from each
population were injected with oxytocin (NJ: 6/12; SC: 5/h@cted/non-injected), the
difference in mean embryonic stage between oxytogated females and females that
oviposited normally was small (< 0.6 stages) for both @ijauis (see Materials and Methods).

It is unlikely, therefore, that injection with oxytadiased the comparison of embryonic stage at

oviposition between the two populations.

SURVIVAL

Oxygen treatment affected embryo survival (Table D4grall, survival varied among
the 4, 9, 15 and 21% treatment$<32.8,n=86, d.f.=3,P=<0.0001), and survival increased with
pO.. Survival of eggs in the 4% treatment was, howevesstaanbally lower than in the 9, 15,
and 21% treatments. Survival of control eggs did not diffen that of eggs in the 21%
treatment P=1.0,n=34, Fisher’s Exact Test). Because of low survival dbmews in the 4%
treatment, observations on embryonic differentiaind growth in this treatment could not be

included in subsequent analyses.
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EMBRYONIC DIFFERENTIATION AND GROWTH

Populations did not differ in embryonic responses t@gerytreatments (Tables 1.5 and
6). Oxygen treatment, however, affected both diffea¢ioth and growth. Embryonic
differentiation was reduced at 9% @nd highest at 21% @inder simulated oviductal
conditions (Figure 1.2). After 10 days of incubation at 9%@@bryos reached a mean stage of
29.6. This corresponds to an average increase of oneatagthe 10-day incubation period. In
contrast, embryos incubated at 21%r@&ached a mean stage of 30.5, corresponding to an
average increase of almost two stages. Differentiaiowever, at 21% under simulated
oviductal conditions was lower than in the 21% contralasrsimulated nest conditions;(16=
21.0,P < 0.001, ANCOVA). Control embryos reached a mean stag2.a, corresponding to an

increase of 3.5 stages over the incubation period.

Embryonic growth in mass was reduced at 99%@@ highest at 21%@inder simulated
oviductal conditions (Figure 1.2). Embryos incubated at 3%e@ched a mean dry mass of 0.84
mg after 10 days of incubation corresponding to an avenagease of 0.4 mg. Embryos
incubated at 21% £reached a mean dry mass of 1.9 mg corresponding to agavecrease of
1.36 mg. Growth at 21% Qunder simulated oviductal conditions was lower thanen2ttf/o
control under simulated nest conditiois (s= 30.9,P < 0.001, ANCOVA). Control embryos
reached a mean dry mass of 3.7 mg corresponding to ag@weceease of 3.2 mg over the
incubation period.

EGG SIZE AND CAM

For New Jersey females, the size of eggs at 10 days ddifieo among treatments;
water uptake was independent of oxygen treatment (TableWadgr uptake at 21%@nder
simulated oviductal conditions was lower than in the 2d%rol (F; ;7= 19.3,P < 0.001,
ANCOVA ). Eggs incubated at 21%,@nder simulated oviductal conditions reached a mean
wet mass of 588 mg corresponding to an average incredd® ofig over the incubation period.
Control eggs reached a mean wet mass of 737 mg corresptmdingverage increase of 267

mg.
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Oxygen treatment affected both the absolute area &tdvecarea of the CAM with
larger areas associated with higher oxygen l€Veble 1.6). Pair-wise comparisons between
treatments indicated that absolute and relative CAM s larger in the 21% simulated
oviduct than the 9% and 15% oxygen treatments. In the 98%e&tment only 27% of the inner
eggshell surface was covered by the CAM after 10 daysobation, whereas the CAM
covered more than 50% of the inner surface of the edgsl#% Q under simulated oviductal
conditions. The CAM covered more than 90% of the isoeface of the eggshell in control

eggs.

DISCUSSION

TESTS OF HYPOTHESES

Results of the experiments do not support the hypottiegiS. undulatugemales from
high latitudes have a greater capacity to retain egggitoae at low latitudes or the hypothesis
thatS. undulatugmbryos from high latitudes have a higher developmeati@lunder hypoxic
conditions than embryos from low latitudes. Embryatége at oviposition for NJ females was
similar to that of SC females (NJ: mean stage=28.8@s.mean stage=28.8) (Table 1.3). The
oxygen treatments affected embryo survival similarlgath populations (Table 1.4). Moreover,
embryos from both populations had very similar diffeiegimtn and growth rates in the 9, 15, and
21% oxygen treatments (Table 1.5 and Figure 1.2).

One explanation for the lack of divergence in egg retend embryonic differentiation
and growth between the two populations could be that bbbeidy temperaturesr’s) of NJ
and SC females do not differ. Despite the fact thatageedaytime air temperatures during May,
June, and July are 3 — 5°C cooler in NJ than in SC ¢hatClimate Data Center, Figure 1.1),
females from the two populations maintain very similgs when active (NJ: meah,=34.0,
SC: meany,=33.1, Angilletta, 2001). Thus, NJ females are able to cosaperfior cooler air
temperatures when active during the day by behavionahtitegulation. In contrast, average
minimum air temperatures during May, June, and July are 45-c6dler in NJ than in SC.
Because females cannot thermoregulate at night, nightiishof NJ females are likely to be
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lower than those of SC females. The overall meambation temperature of uteroembryos
could thus be several degrees lower in NJ than in SC.

Given that NJ females may have somewhat lower mganhan SC females, why have
the two populations not diverged in their reproductive lgiplas predicted? One reason may be
that that costs of retaining eggs are greater thapdtential thermal benefits of egg retention for
NJ females. The physical weight of the clutch and disterof the abdomen caused by eggs may
result in decreased sprint speed and reduced locomotor panfoerthus potentially increasing
the female’s risk of predation (Shine & Bull, 1979; Sineetoal., 1991; Miles et al., 2000).
Furthermore, the thermal benefit of egg retentioikédyito be strongest when the difference
between the mean temperature of eggs retamateroand the mean temperature of eggs in
nests is relatively large. Observations on the mantizardSceloporus virgatua close relative
of S. undulatushowever, indicate that femalg and nest temperatures are nearly identiGal (
=24.6 °C, nest=25.2 °C) (Andrews & Rose,1994). Thus, seleatithrermally favorable nest
sites and placement of nests at relatively shallowhdaptthe solil profile are alternative
processes whereby females could compensate for réldtiveambient temperatures without
extending egg retention (Andrews, 2000).

On the other hand, NJ embryos could compensate &iivedy cool mean incubation
temperatures if they had relatively high developmentabrat low temperatures. Because eggs
were incubated at only one temperature in this expetjrham unable to rule out such an
adaptive response to temperature. Studies on other spESiesloporushowever, indicate that
embryos do not exhibit physiological adaptation to léealperature conditions. For example,
within a given phylogenetic lineage, embryonic developgaleates are similar between
populations in warm and cold climates (Andrews et al., 188drews et al., 1999).

The production of multiple clutches in a single reproducteeson may also explain why
S. undulatugemales in NJ do not retain eggs longer than femal8€i Females in NJ typically
produce 2 clutches per year. The first clutch is laid iy/Mane and the second clutch is laid in
June/July (Angilletta et al., 2000). In lizard species pinatiuce multiple clutches, prolonged egg
retention would increase the interval between clutdAeslonged egg retention could thus
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prevent NJ females from producing a second clutch of eggsydaisingle reproductive season
and reduce female fitness.

Finally, the lack of geographic variation in the lengtlegg retention and embryonic
differentiation and growth may be due to phylogenetic ttaimé. Out of twenty-two species
groups, viviparity has evolved four times and only oneispagroup contains both oviparous
and viviparous forms (Méndez de la Cruz et al., 1998). TdtaHat viviparity only occurs in a
few lineages suggests that live-bearing may evolve neaily in some lineages than in others
(Andrews et al., 1999). The similarity of NJ and SC popatatimay thus reflect a general
inability of members of thendulatusspecies group to support embryogenesigeroduring
extended egg retention

IN UTEROpO;

A fundamental assumption of the cold climate hypotHesithe evolution of viviparity
is that there is a selective advantage for oviparaualés to retain embryas uterofor
progressively longer periods of time (Packard et al., 197/eSh985). In previous studies,
experimentally induced egg retention in the lizdrdsaurus ornatugsister genus of
Sceloporusfor as long as 29 days past the normal time of oviposiesulted in embryonic
development being arrested at stages 30-30.5 (Mathies & Aadi®f9). In contrast).
ornatusembryos laid at the normal time of oviposition weighestages more advanced than
retained embryos. I8. undulatusrom Virginia, embryos retained for approximately 10 days
past the normal time of oviposition had dry masses8itimes less than that of control embryos
that were laid at the normal time of oviposition (klas, 1998). In these studies, egg retention
inhibited embryonic development. Likewise, in the présémdy, hypoxia had a negative effect
on embryonic development, water uptake, and growth of CR&tluced growth of the embryo
has also been observed in turtle (Kam, 1992), alligateeifiing & Ferguson, 1990), and chick
(Black & Snyder, 1980) embryos incubated under hypoxic conditibhe reduced rate of
embryonic development of retained eggsiteroand of eggs incubated under simulated
oviductal conditions at lowO, supports the hypothesis that hypoxia inhibits embryonic

developmentn utero.
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What is the effectivpO, for in uteroembryos? The question can be answered by
comparing the stage and dry mass of embryos that wareated at knowpO;'s under
simulatedn uteroconditions (Figure 1.2) with the stage and dry mass ofyarstthat were
actually retainedh uterofor a similar length of time (Figure 1.3, from Mathi398). In
Mathies (1998) study, embryos retainediterofor 10 days at an average temperature df@7
reached a mean stage of 29.5 and a mean dry mass of 0.&eswg.vRlues correspond most
closely to those of eggs incubated under simulated ovidumtditions at 9% ©@and an average

temperature of 28C which reached a mean stage of 29.6 and a mean dry hia84 ong.

Studies of a variety of vertebrate taxa indicate ¢malbryonic development normally
occurs at relatively loypO; (Ar & Mover, 1994). For examplg@O, measured within the uterine
lumen of rabbits averaged 7.9 kPa (Mastroianni & Jones, H¥bpetween 3.4 — 6.3 kPa in rats
(Kauffman & Mitchell, 1994). Similarly, thpO, of blood from 4-day-old chick embryos ranged
between 6.0 — 10.8 kPa (Meuer & Baumann, 1987). The estip@tddr in uteroS. undulatus

embryos is therefore consistent with values observether vertebrate taxa.

Eggs incubated at 21%,0Onder simulated oviductal conditions grew and differentiated
more slowly than eggs incubated at 21%si@wulated nest conditions. Growth of embryos under
simulated oviductal conditions was reduced by about halfidiedentiated by about two stages
relative to controls. | assume that the major difieecbetween treatments was whether eggshells
were fluid or air filled. In this situation, the reduceder of embryonic development in the 21%
simulated oviductal treatment would be associated withtauiisly lower rate of diffusion of
oxygen in water than air (Wangensteen, et al. 1970/71)eWnd in the eggshell impedes the
flow of oxygen, factors other than simple diffusiongeQ, concentration gradient, shell
membrane structure, etc.) affect the actual oxygetability to embryos. For example, the
hard-shelled eggs of the turBgnydura macquarithat are fluid filled (at oviposition) have an O
conductance roughly one-thirtieth of eggs in which the legigsare air filled (Thompson, 1985).
In my study, which involved parchment-shelled eggs, devedopmas affected when eggshells
were fluid filled but did not appear to have constituted andte impediment to @availability.
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HYPOXIA AND THE EVOLUTION OF EGG RETENTION

Results of this study suggest that retaiBedndulatug#mbryos develop until embryonic
oxygen consumption exceeds oviductal oxygen availalilifferentiation and growth of
retainedS. undulatugmbryos is arrested at an embryo stage of approxin&Qeind at a dry
mass of approximately 0.8 mg. At this point in developmemteffectivgpO, of 9% is
apparently sufficient to maintain embryonic metabalibaot not to support further differentiation
or growth. In contrast, embryos $€eloporus scalarieetainedn uterofor as long as one month
developed at the same rate as control eggs incubated imdiated nest conditions (Mathies &
Andrews, 1996). The capacity 8f scalarigo support prolonged embryonic developmiant
uterowith little or no detrimental effects suggests th& sipecies possesses physiological or
morphological features that enhance diffusion of respiyajases between maternal and
embryonic circulation. The physiological features nastiously implicated are eggshell
structure, vascularity of the oviduct and extraembryor@mbranes (Andrews & Mathies,
2000), and oxygen-binding affinity of embryonic blood (Inganm 1992). Of these features,
eggshell structure does not appear to be associated witlapacity to support embryonic
development irSceloporudizards (Mathies & Andrews, 2000). Comparative studiesisioddte
the contribution of maternal and embryonic physiolddeatures associated with gas exchange
would provide insight to the physiological and morphologitanges that occur during the

transition from oviparity to viviparity.
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Table 1.1 Allocation of eggs from each clutch to control and expental treatments. Eggs (2-5)

of treatments were incubated under simulated oviductal tmmliand control eggs (6) were

incubated under simulated nest conditions.

Egg No.

%Q (Treatment)

D 01~ W DN P

- (Sampled at oviposition)
4 (simulated oviduct)

9 (simulated oviduct)

15 (simulated oviduct)

21 (simulated oviduct)

21 (control)
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Table 1.2. Mean percent oxygen concentration, standard erromaange for the four oxygen
treatments measured during the 10 day incubation period. ftotdder of oxygen concentration

measurements made during the incubation period for eatimiet is given in parentheses.

Treatment (% @  Mean oxygen Standard Error Range

concentration, %, (n)

21% 20.4 (8) 0.06 20.1-20.6
15% 15.8 (8) 0.13 15.4 — 16.4
9% 9.5 (8) 0.29 8.2 -10.4
4% 4.3 (6) 0.37 29-56
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Table 1.3. Summary statistics: comparison of SVL, post-oviposibody mass, relative clutch
mass (RCM), clutch size, egg mass, and embryonic stagepasition for females. undulatus

Values represent measistandard errors. Sample size is given in parentheses.

Variable South Carolina New Jersey t P

SVL (mm) 64.4+ 1.05 (16) 65.% 0.85 (16) -0.139 0.890
Body mass (g) 7.83+ 0.877 (10) 8.79+ 0.409 (15) -1.089 0.287
RCM 0.45+ 0.058 (9) 0.34 0.026 (16) 1.948 0.065
Clutch size 7.8+ 0.56 (13) 6.6 0.23 (14) 1.677 0.105
Egg mass (mg) 416+ 17.5 (12) 47& 13.7 (12) -2.405 0.025
Stage at oviposition 28.8+ 0.25 (10) 28.4 0.17 (12) 1.390 0.179
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Table 1.4. Survival ofSceloporus undulatusmbryos incubated at 4%, 9%, 15%, 21% O
simulated oviduct, and 21%,@ontrol (simulated nest) treatments. S = survivos,A\hon-
survivors. New Jersey (NJ), South Carolina (SC).

Treatment (%@ 4% 9% 15% 21% 21% Control
S (NJ/SC) 1/2 6/8 10/7 11/8 7/5

NS (NJ/SC) 12/6 5/1 3/0 2/0 1/0

% Survival (overall)  14.2 70 85 90.4 92.3
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Table 1.5. Comparisons aSceloporus undulatusggs and embryos at 10 days of incubation.

Meanst standard errors (n).

Variable South Carolina New Jersey
Stage

9% 29.8+0.21 (7) 29.5 0.16 (8)
15% 30.1+ 0.14 (7) 30.G: 0.19 (10)
21% 30.6+ 0.18 (8) 30.4: 0.20 (11)
Control 32.4+ 0.19 (5) 31.80.21 (6)

Embryo dry mass (mg)
9%

15%

21%

Control

Egg wet mass (mg)
9%

15%

21%

Control

Absolute area of CAM (mf
9%

15%

21%

Relative area of CAM
9%

15%

21%

0.93+ 0.180 (7)
1.10+ 0.235 (7)
2.20+ 0.230 (8)
3.60+ 0.890 (5)

0.8 0.150 (8)
1.1 0.280 (10)
1.6 0.260 (11)
3.7@:0.190 (6)

561+ 23.5 (8)
578+ 14.0 (10)
588+ 16.2 (11)
737+ 38.4 (6)

99.3+ 17.11 (8)
153.9+ 44.35 (7)
202.2+ 42.19 (8)

0.271+ 0.045 (8)
0.410+ 0.104 (7)
0.529+ 0.103 (8)
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Table 1.6. Statistical tests of responsesSzloporus undulatusggs and embryos after 10 days
of incubation in 9%, 15%, and 21% oxygen treatments. 8tatianalyses were two-factor
ANCOVA'’s comparing treatment and population (New Jersely@outh Carolina) except for

analyses of egg wet mass and chorioallantoic memi¢€&e) which were one-factor
ANCOVA'’s (New Jersey only).

Statistical Test

Response Treatment Population Results: Treatment
Stage F,46= 11.4,P < 0. 001 Fi146= 1.2,P =0.276 9% < 15% < 21%
Embryo dry mass F,4:=8.7,P <0.001 F14:=2.5,P =0.124 9% = 15% < 21%
Egg wet mass F;.,=1.9,P=0.175 9% = 15% = 21%
Absolute area of CAM  F, 1= 3.7,P=0.044 9% = 15% < 21%
Relative area of CAM  F; 9= 3.5,P=0.050 9% = 15% < 21%
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Month of the Year

Figure 1.1 Average monthly maximum (circles) and minimum (diamones)peratures for
Pemberton, NJ, (elevation 24 m,°3B’ N, 074 38’ W), and Aiken SC, (elevation 158 m,°33
34’ N, 08T 44’ W). Interval between fine vertical lines indiceit@onths during which NJ
females are gravid. Interval between bold verticaklimdicates months during which SC
females are gravid. Monthly temperature data are 30-yeaages obtained from the National
Climate Data Center.
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Figure 1.2 Embryonic responses (overall mean, SE) to incubatimmer 9%, 15%, 21% 0
(simulated oviduct) and 21%,@ontrol (simulated nest). NJ and SC populations weresddof
calculation of means. Filled circles represent embeystage, open diamonds represent
embryonic dry mass. Results of statistical comparisbtieatment effects are presented in
Table 1.6.
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Figure 1.3. Embryo stage (A) and dry mass (B)Sieloporus undulatusmbryos in control
(unfilled circles) and retained (filled circles) groupsadanction of days past the normal time of
oviposition (NTO) (Mathies, 1998).
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CHAPTER 2

EVOLUTION OF VIVIPARITY IN SCELOPORINE LIZARDS: IN UTERO pO, ASA
DEVELOPMENTAL CONSTRAINT DURING EGG RETENTION

This work was published previously as:
Parker, SL, and Andrews, RM (2006)Physiological and Biochemical Zoology
University of Chicago Press
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ABSTRACT

Reptilian viviparity evolves through selection for ieasingly prolonged egg retention
within the oviduct. In the majority of sceloporinealid species, however, egg retention past the
normal time of oviposition results in retarded or aedembryonic development. In the present
study, | tested the hypothesis that the amount of emlargevelopment normally attainad
uterois directly related tan uteropO,. The three species of sceloporine lizards | used are
characterized by developmental arréstosaurus ornatus retarded developmer¢eloporus
virgatug, and normal developmer¢eloporus scalarysvhen eggs are retained. | incubated
eggs of these species for 10 days under conditions thattathuktention in the oviduct at a
range of experimental oxygen partial pressup€s); | estimatedn utero O, from a standard
curve generated from the stage and dry mass of experiraeriigyos incubated for 10 days at
knownpO,. The standard curve was then used to predigi@hassociated with the observed
rate of development of embryos retaimeditera The results of this study showed that the
degree of embryonic development attairedteroduring egg retention was positively
associated witim utero @,. The results indicate that oxygen availabilityuterois associated
with interspecific differences in the capacity to suppatrauterine development in sceloporine
lizards.
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INTRODUCTION

Reptilian viviparity putatively evolves through selectfonincreasingly prolonged
retention of eggs within the oviduct (Packard et al. 197ineSID83; Shine 1985). Recent
studies in which gravid female lizards have been expatatig induced to retain eggs past the
normal time of oviposition, however, have shown #rabryonic development is often retarded
or arrested during retention within the oviduct (Andremnd Rose 1994; Andrews 1997; Mathies
1998; Mathies and Andrews 1999; Mathies and Andrews 2000). Mareven if
environmental conditions are not suitable for nestinggosition may still occur at the normal
time. More generally, the majority of oviparous l@@pecies lay eggs at developmental stages
26-31, of Dufaure and Hubert’s (1961) staging system where Aiigd¢ion and 40 is hatching
(Shine 1983; Blackburn 1995; Andrews and Mathies 2000). Eggs oegagih embryos at
stage 30 have completed approximately 25-40% of their totelajgwent (development tinie
uteroplus development time in the nest) at the time of aiijp;m (DeMarco 1993; Shine 1983).
The observations that few lizard species appear capai@¢aining eggs much past stage 31,
coupled with the fact that embryonic development isnofegarded or arrested during extended
egg retention, suggests that the capacity to support enibd@relopment much past stage 31 is
constrained (Mathies and Andrews 1999; Mathies and Andrews.2@&Mction for prolonged
egg retention will thus not lead to viviparity unless phgsiological and morphological features
necessary to support embryogenesis evolve concurrethiygg retention (Mathies and
Andrews 1999; Andrews and Mathies 2000; Andrews 2002).

Oxygen availability for the developing embryo has hewglicated as an important
constraint on the evolution of reptilian viviparityakard et al. 1977; Guillette 1982; Shine
1985). The latter half of embryonic development is attar&ed by substantial growth in mass
(Xavier and Gavaud 1986), and a concomitant large increasetabolic oxygen demand by the
embryo (Dmi'el 1970; Vleck and Hoyt 1991; Birchard et al. 1983)ring the later stages of
development, the uterine environment becomes incigggasippoxic as a result of the metabolic
demands of the growing embryo (Webb and Brent 1972). Emicrgevelopment should thus
become arrested when embryonic oxygen demand exceedstiatine oxygen availability. The
maximum embryonic stage at which squamate eggs are Uedrthly be determined by the
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oxygen supply of the oviduct. Accordingly, species capdtdamporting embryonic
development during prolonged egg retention should possess phisabbhnd morphological
features to enhance oxygen availability to developingrgns during gestation.

Studies on the oviparous lizagteloporusindulatusprovide direct evidence that oxygen
is the proximate factor that constrains the degresmtiryonic developmelm utero(Andrews
2002; Parker et al. 2004). For example, Andrews (2002) demounstihateembryonic growth in
mass and morphological differentiation were retardeddwyhbiation at low (7 kP30O,) oxygen
partial pressure under simulated nest conditions. In &gubést study, Parker et al. (2004)
incubated eggs &. undulatusinder a range of oxygen partial pressures under conditians t
simulated retention in the oviduct. In this latter sfutlg rate of growth and differentiation $f
undulatusembryos incubated at 8.6 k@, under simulateth uteroconditions was similar to
that of the reduced rate of growth and differentiatioB.afindulatugmbryos retained in the
oviduct for 10 days past the normal time of ovipositidine results of these studies suggest that
the rate of embryonic developmentuterois directly related to oxygen availability.

Comparative studies of species that differ in capacisufgport embryonic development
during egg retention have the potential to provide furtgglts regarding the influence of
oxygen availability as a developmental constraint dugtyg retention. Sceloporine lizards are
an ideal model taxon for comparative studies on the @logsi of reptilian egg retention because
the stage at which embryos are oviposited varies watalyng species (Andrews 1997; Mathies
and Andrews 2000; Méndez-de la Cruz 1998). Most species lay éhggamipryos at stages 28-
30 (Mathies and Andrews 2000). A few specieSa#loporushowever, have the capacity to
retain eggs for extended periods, with some speciesSeetpporus scalar)scapable of
retaining eggs until development is nearly completed (AnslE®®7; Mathies and Andrews
2000).

The objective of this study was to test the hypothbsisthat the degree of embryonic
development attained by reptilian embryositerois directly related ten uterooxygen
availability. To meet this objective, | evaluatedpenses of embryos (survival, growth in mass,
and morphological differentiation) of three speciescetaporine lizards in response to
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incubation at a range p,s under conditions that simulated retention in the ovidlitiese

data plus an assessment of actual embryonic developmetetrowere used to estimate tire
uteropO, experienced by embryos during egg retention. The ligsgdiess chosen for the study
were selected based on their differing capacities to stipptryonic development during
extended egg retentiotJrosaurus ornatugBaird) (sister genus &celoporukis capable of
retaining eggs facultatively for nearly one month plastrtormal time of oviposition (Mathies
and Andrews 1999). During egg retention, however, developoh@mbryos is arrested at
stages 30-30.5Urosaurus ornatugmbryos resume normal development once oviposition
occurs. Sceloporus virgatugSmith) a member of thendulatusspecies group, has the capacity
to retain eggs to stages 36-37, however, development ofe@t@mbryos is retarded compared
to embryos laid at the normal time of oviposition fews and Rose 1994; Andrews 1997).
Finally, Sceloporus scalarigSmith) a member of th&calarisspecies group, has the capacity to
retain eggs until development is nearly completed (iegesB9). Moreover, during egg retention
S. scalarissmbryos develop at nearly the same rate as thassatlghe normal time of

oviposition (Mathies and Andrews 1995; 1996). Based upon knowtddbe developmental
stage attained by embryos of the three species whanae past the normal time of oviposition,
| predicted that then utero pO; increases in the order Bf ornatusS. virgatussS. scalaris. |
also predicted that survival and development of embryagdancrease in the same order as a
function ofin uteropO..

MATERIALSAND METHODS

COLLECTION AND MAINTENANCE OF GRAVID FEMALES

Gravid females obfJrosaurus ornatugn=20),Sceloporus virgatugh=20), and
Sceloporus scalarin=2), were captured at the Chiricahua Mountains, Cecminty, Arizona
during 30 June-5 July 2003. Gravid femalet)obrnatusandS virgatuswere captured along
canyons and dry washes approximately 2 km northwesedhtiierican Museum of Natural
History’'s Southwestern Research Station (SWRS).viGfamales ofS. scalarign=2), were
captured in the vicinity of Barfoot and Rustler Park. t@enday of capture, females were
measured for snout-vent length (SVL) and weighed to theese0.1 g. Females were
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maintained in glass terraria supplied with bark and branichen animal facility at SWRS. The
open-air animal facility was shaded and screened, angtbugled a natural photoperiod and
diel temperature range. Females were watered by matohded with a variety of insects
captured in the vicinity of SWRS daily. On 6 July, fessalvere placed singly in cloth bags for
transport by car to Virginia Polytechnic Institute &tdte University (Virginia Tech),
Blacksburg, Virginia. From 8 July, 2003 on, females weratamied in an animal facility at
Virginia Tech. Sceloporus virgatuandS. scalarisvere housed in plastic containers (73 x 48 x
22cm, 2-3 females per container), and femalds. @rnatuswere housed in 94 x 51 x 50 cm
plastic containers (10 females per container). Daibtgberiod was provided by ambient light
from animal room windows and also from full spectrunaMites (0800-1900). A 100-W
spotlight suspended at one end of each container (0900-1900) draviéeperature gradient
that allowed females to thermoregulate. Containers yweovided with rocks and boards for
basking. Females were fed crickets and mealworms daigter was provided daily by misting
rocks, boards, and sides of terraria. Shallow plasgtitediwere also placed in each container to
collect water. Lizards were thus able to drink wateuanulated on surfaces within the terraria
while the shallow sand substrate remained dry. Expetahand animal care protocols were
approved by the Virginia Tech Animal Care Committee igpsal # 02-101-Biol).

EXPERIMENTAL DESIGN:UROSAURUS ORNATUS AND SCELOPORUS VIRGATUS

Urosaurus ornatusindS. virgatudemales were assigned to one of two groups.
Individuals were selected such that size classes ofdemere uniformly distributed between
the two groups. Gravid females of one groupd@rnatus n=10,S. virgatusn=10) were
obtained at the normal time of ovipositionldfornatusandS. virgatugpopulations in Arizona.
Oviposition of both species occurs with the onseuafrser monsoon rains (Andrews and Rose
1994). In 2003, summer rains began during the second week ofAndgrdingly, femaleJ.
ornatusandsS. virgatuswvere killed by decapitation and eggs and oviducts surgieatpved on
12 and 14 July, respectively. Eggs were used to determimatéhef embryonic development
over 10 days at a range of oxygen partial presspf2s (see following section on
“manipulation ofpO,”) under simulatedn uteroconditions (hereafter referred to as

“experimental group”).
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A second group was used to determine developmental rateboyos retaineoh utero.
Females from this groupJ( ornatus n=10,S. virgatusn=10) were induced to retain eggs for 10
days past the normal time of oviposition by maintgriimem on a thin, dry sand substrate to
inhibit oviposition (hereatfter referred to as “retgroup”). A dry substrate simulates drought
conditions and females facultatively respond by retgiemgs (Andrews and Rose 1994).
Females from the retained group were killed by decapitatio?2? and 24 July, respectively, and
eggs and oviducts removed.

Developmental rates of embryos in the experimemidiratained groups are comparable
only if they are incubated at the same temperaturerefdre, body temperatures of gravid
females of both species were measured during theirtggisiod (0900-1900 hrs) prior to
oviposition. To minimize disturbance, body temperatwee measured using a Raytek
Ranger] ST 601 infrared temperature sensor. For a sub-set of measotgenbody
temperatures were also measured cloacally with a tloeupte thermometer (Physi-Tefip
Bat-12); on average, the two sets of measurementsediffgr less than 0.3. The body
temperature of each female was measured 1-4 times, dathale was measured twice within
the same day. Overall, average activity body temperatnere calculated for each species
based upon the mean body temperatures of each individaaityAbody temperatures
averaged 33.@ 0.42°C and 32.7% 0.39°C for U. ornatusandS. virgatusrespectively. |
assumed that body temperature declined to that of antbiaperature when females were
inactive and unable to thermoregulate. Mean body tetyresaduring inactivity (1900-0900)
were estimated by placing temperature probes in the atdsirthe bottom of the enclosures and
recording substrate temperatures at hourly intervale nidan temperatures inside the
enclosures during inactivity averaged 24.@.01°C (U. ornatug and 24.5 0.05°C (S.
virgatug. Overall body temperatures of fembleornatusandS. virgatusduring egg retention
were calculated based on daily mean body temperaturest P718°C and 27.6: 0.09 °C,

respectively.
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EXPERIMENTAL DESIGN:SCELOPORUS SCALARIS

FemaleS. scalarisvere maintained on a dry substrate to inhibit ovipmsiis described
above. Because only two females were captured, | didssign females to experimental and
retained groups. Both females were therefore induceetamreggs on a dry substrate until 26
July. At this time water was added to the substratbenf enclosures. Both females constructed
nests, one oviposited on 26 July and the other on 29 Hglgs were thus laid approximately
two weeks after the time when oviposition would hageurred in Arizona. One egg from each
clutch was sampled for embryo stage and the remaindeatdd among experimental
treatments (see below).

SAMPLING OF EGGS AND EMBRYOS

Eggs were weighed to the nearest 0.01 g within two houenaival from the female
and numbered consecutively within each clutch. Eggs manatained in contact with moist
Kimwipes~ to ensure that the eggshells remained wet until placed erperimental conditions.
A single egg from each clutch was used to measure the@ttea chorioallantoic membrane
(CAM) at oviposition. The extent of the CAM is W& through the moist eggshell, and was
therefore easily measured. The major and minor axesotn CAM were measured to the
nearest 0.1 mm using dial calipers and the surface atha 6/AM estimated using the formula
for an ellipse. If the CAM covered more than 50% efélggshell surface, the major and minor
axes of the region of eggshell not covered by the CAdvbvwmneasured, and the area not covered
by the CAM subtracted from the total surface aredefetgg. The surface area of the egg was
estimated from egg mass using the formula, Area=4.835°fa¢Banganelii et al. 1974) where
area is in crhand mass is in grams. The size of the CAM was es@deas absolute area and as

a percentage of the surface area of the egg.

After completion of CAM measurements, one to two eggevdissected to determine
the embryonic stage at oviposition according to DufandceHubert (1961), where stage 0 is
fertilization and 40 is hatching. Half stages weregagsl for embryos exhibiting intermediate

suites of traits. After staging, embryos were dried tmnstant mass at 4G and weighed.
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MANIPULATION OF PO,

Growth and differentiation of experimental embryosevéetermined under conditions
that simulated retention on the oviduct. To simulatdwmtal conditions, eggs were incubated in
contact with a moist substrate such that the chaohéte eggshell remained fluid filled as
would normally occur within the oviduct. One or two eggse placed in 70ml glass specimen
jars lined with Whatman filter paper moistened with distilled water (pH adjusted.®). The
filter paper was remoistened at least every threetdagasure that the channels of the eggshell
remained fluid filled throughout incubation (see also Seyned al. 1991 for similar
experimental approaches). This procedure may best samulattero conditions because during
egg retention, eggs are pressed against the walls ofithecband are thus in close apposition to
the maternal blood supply (Seymopers communication Eggs from each clutch were
allocated among four oxygen treatments (target values9%66.15%, and 21%) (Table 2.1). As
a control (simulating nest conditions), one or two dgg® each clutch were placed in specimen
jars partially filled with vermiculite moistened withstilled water (0.7:1.0g $#D:vermiculite)
corresponding to a water potential of —200 kPa (determinéaebynocouple psychrometry, 21%
O, only). Experimental and control eggs in the 21%r@atment were thus treated identically
except that the shells of experimental eggs remainetififled during incubation whereas the
shells of control eggs remained dry and filled with air.

Experimental and control eggs were placed, accordingabnient into one of four
airtight metal boxes, and the boxes flushed with theqpate gas mixture (and N) using a
Cameron Instruments, Model GF-3/MP gas mixing flow mef@r inside the boxes was
humidified by bubbling the gas mixture through distilled wat@oxes were flushed at least
every three days, and every time the boxes were tugtgeoxygen concentration inside the
boxes was measured using an Applied Electrochemistry 3-@d/en analyzer. Mean oxygen
concentrations (in dry air) over the course of thegperiod were 5.8%, 8.7%, 15.3%, and
20.4% respectively. Based upon a mean air pressure at Blagk$25 m) of 94.5 kPa (711
mmHg), a mean incubation temperature of@€8and &Py,0 of 3.8 kPa of water vapor in air, the
actual values gbO- for the four oxygen treatments during the study period We3e7.9, 13.8,
and 18.5 kP@O,, respectively.
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The boxes were placed in a single programmable temper@iamber and incubated for
10 days under a fluctuating temperature regime. The temperagimee was selected to match
the body temperatures of females in the retained groempératures inside the boxes varied
linearly for 4 hours between daily maximum and minimumgeratures (mean daily maximum:
32.8°C, mean daily minimum: 23.°C, overall mean: 27.9C). Incubation temperatures were
measured inside the boxes where the eggs were maintmnsanulated oviductal treatments,
the temperature probe was placed at the bottom of tlsgrsgejar in contact with the moistened
filter paper. For simulated nest treatments, the tesbpes probe was placed in the center of the
specimen jar and covered with vermiculite. The boxexewotated within the chamber every 3

— 5 days to minimize position effects on embryonic dgwakent.

ESTIMATION OFIN UTEROPO;

In uteropO, was estimated by comparing the developmental rate lofyesiretainedn
utero (wherepO; is unknown) with the developmental rate of embryos iatedb under
simulatedin uteroconditions at knowpO.s. After 10 days of incubation/retentioeggs from
experimental and retained groups were dissected to detebearea, embryo stage, and
embryo dry mass (described abov@p estimateO; in uterg a standard curve was generated
from the stage and dry mass of experimental embryobated for 10 days under knowe..

The standard curve was then used to predigb@reassociated with the observieduterorate of

embryonic differentiation (stage) and growth (dry mass).

DATA MANIPULATION AND STATISTICAL ANALYSES

Statistical analyses were conducted using the SAS tkialtiBackage (SAS Institute
1996). Because no embryostafornatussurvived in the 5.3 and 7.9 kR#, treatments, the
effect of oxygen treatment on survival of embryosvaen the 13.8 and 18.5 kR¥D-
treatments were analyzed using a Fishers Exact FestS. virgatusthe effect of oxygen
treatment on egg survival among the 5.3, 7.9, 13.8, and 18.5dd®aénts was analyzed using a
Chi-square Test of Independence (FREQ Procedure). Tdet effoxygen treatment on embryo

survival between the 18.5 kip@, treatment and control (simulated nest) was analyzed asi
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Fisher’'s Exact Test. Contrasts of embryonic featarel water uptake by eggs for oviposited
(day 0) and retained groups (day 10) were analyzed using a Ssubeest (T-test Procedure).
The effect of oxygen treatment on embryonic featareswater uptake by eggs at 10 days was
evaluated using analysis of covariance (ANCOVA) (GLMd&dure) with values at oviposition
of embryo dry mass (when dry mass was the dependeabledristage (when stage was the
dependent variable), or wet egg mass (when CAM areghsatependent variable) as a
covariates. Analyses of treatment effects weredas clutch means. Nd. ornatusembryos
survived in the 7.9 kPa treatment, although embryos isedesubstantially in dry mass and
stage suggesting that embryos survived until late in the yL@lakervation period. Deadl
ornatusembryos from this treatment were thus included in najyaes on the effect of oxygen
treatment on embryonic growth and differentiation Whatherwise only included live embryos.
To assess the consequences of using dead embryos seanélglso conducted separate
analyses of treatment effects using combined live aaddeornatusandS. virgatusembryos
(stage only, mass could not be determined reliablyrfdargos that died early in the 10-day
period). Observations of relative area of CAM waesiae transformed prior to analysis. When
the covariate was not significant, single-factor ysialof variance (ANOVA) was used to
evaluate treatment effects. Prior to ANCOVA anayske assumption of homogeneity of
slopes was tested. For all ANCOVAmst hogpair-wise comparisons were made using a least
significant difference test on least squared means.alFANOVASs, post hogair-wise
comparisons were made using a Tukey's honestly signiftiiatence test. Because only two
S. scalarisclutches were available, sample sizes were too dowstétistical analysis. Data from
S. scalariseggs and embryos, however, were reported for compapatip®ses.Data are
reported as the meanSEM unless otherwise reported, and probability valigsstigan 0.05

were considered significant.

RESULTS

SURVIVAL OF EMBRYOS RETAINEDIN UTERO

Survival of embryos differed among species (Table 2.Z)er A0 days of retention,

survival byU. ornatusembryos was lower than that $f virgatusembryos when assessed as the
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number of clutches containing dead embryos (Fisherst égat, n=20P=0.033, data not shown
in Table 2.2) and as total embryo survival (Fisheracexest, n=3%=0.007). Fifty percent of
retainedU. ornatusclutches contained dead embryos, and overall survivataihed embryos
was 67%. In contrast, all retained embryoSo¥irgatussurvived. All embryos o$. scalaris
survived 14 and 17 days of retentiorutero before they were transferred to the experimental

treatments.

SURVIVAL OF EXPERIMENTAL EMBRYOS

Survival of embryos varied both as a function of treatt and of species (Table 2.2).
Survival increased withO, and was lowest fdd. ornatusand highest fo6. scalaris Survival
of U. ornatusandS. virgatusembryos varied among oxygen treatmebksdrnatus:y*=33.1,
n=62, d.f.=3,P<0.001;S. virgatusy*=39.6, n=65, d.f.=3P<0.001). Survival obJ. ornatus
embryos was lower tha®. virgatusembryos in the 7.9 kPa0O, treatment (Fisher’s exact test
n=33,P=0.018). Survival olJ. ornatusandsS. virgatusembryos did not differ between either
the 13.8 (Fisher’s exact test, n=8%0.066), or the 18.5 kPaO, treatments (Fisher’s exact
test, n=31P=0.10). ForS. scalaris survival of embryos was 50% in the 5.3 kPa treatmeut, a
100% in the 7.9, 13.8, and 18.5 kPa treatments. Because afrtavasofU. ornatusandsS.
virgatusembryos in the 5.3 kPa treatment, observations omyemib differentiation and growth

in this treatment were not included in subsequent arsalyse

EFFECTS OF RETENTIONN UTEROON EGGS AND EMBRYOS

The effect of retentiom uteroon embryonic development varied among species (Table
2.3). After 10 days of retentian uterg embryos ofJ. ornatusdid not differ in stage or dry
mass from that of the stage and dry mass at the ntimaabf oviposition (day 0). Embryos at
day 0 and at day 10 had a mean stage of about 30 and a mezasdrgf about 0.6 mg. In
contrast, after 10 days of retentionutero, S. virgatusembryos had advanced from a mean stage
of 32 to a mean stage of 33.8 and had nearly doubled in dsy(fh8st0 4.2 mg, respectively). |
could not compare the amount of embryonic growth andrelift@ation between oviposition and
retention for embryos @. scalarisbecause they were not sampled at the normal time of
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oviposition Both females laid eggs with embryos at stage 39, shatnbryos were almost fully
developed. Observations by Mathies and Andrews (1995) bryesofS. scalarisat the time
of normal oviposition suggest that embryos would haverambgfrom stage 34-36 to stage 39

during the roughly two weeks of retention that | observed.

In contrast to embryonic development during egg retenéigg,wet mass, absolute, and
relative area of CAM did not differ between embryoday O at day 10 for eith&f. ornatusor
S. virgatus Eggs therefore did not take up water and the CAM didnao¢ase in size during
the 10 days of retention.

GROWTH AND DIFFERENTIATION OF EXPERIMENTAL EMBRYOS

Development of embryos varied as a function of treatr(ieables 2.4 and 2.5, Figures
2.1 and 2.2). Growth in mass of embryos of all spes@eased with oxygen availability (Table
2.5, Figures 2.1 and 2.2). For bathornatusandS. virgatus growth of experimental embryos
incubated at 18.5 kPpO, was reduced compared to the growth of embryos incubated unde
simulated nest conditions at 18.5 kPa. In contrast, groiwiperimenta$. scalarisembryos
incubated at 18.5 kPpO,was similar to that of embryos incubated at 18.5 kPa under
simulated nest conditions (Figure 2.2). Treatment affecdifferentiation (stage) paralleled
those of growth in mass (Table 2.5, Figure 2.1). ANOVAsgusombined live and dedd
ornatusandsS. virgatusembryos gave the same significance levels for tres@ticontrasts as
those presented in Table 2.5.

Of the three specieS, scalarissmbryos were the least affected by incubation atgow
For example, three of four embryos in the 5.3 i€y treatment attained stage 40, as did all
experimental embryos incubated at 7.9, 13.8, 18.5 kPa, andlcemtsryos incubated at 18.5
kPa pO,during the 10 day experimental period. Seven (of tt& 8alariseggs that remained
under experimental conditions after the 10-day sample édziter a total of 12-16 days of
incubation. There was a trend of increasing incubad@iod with decreasingO,. On average,
the incubation period was shortest in the 18.5@Pssimulated oviductal treatment (mean=12.5

dayst 0.5) and longest in the 5.3 kP@; treatment (mean=155£0.5). Hatchling masses
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increased as a functigg®,. Mean hatchling masses in the simulated oviductainesas after
12-16 days of incubation were 36.2 mf), 49.9 mgt 8.5, 59.7 mg: 4.8, and 66.5 mg 4.3
(5.3, 7.9, 13.8, and 18.5 kip®, treatments, respectively), and 63.1 0, in the 18.5 kPpO,

simulated nest treatment.

MASS AND CHORIOALLANTOIS OF EXPERIMENTAL EGGS

Eggs of all three species exhibited similar patterngatér uptake as judged by the wet
mass of eggs after 10 days of incubation (Tables 2.4, R18%s of eggs increased in parallel
with oxygen availability, and eggs in the simulated tesitment took up less water than eggs in

any of the experimental treatments.

The size of the chorioallantois paralleled that of aggg mass. In general, the absolute
and relative areas of the CAM increased with incrggskygen. The absolute area of the CAM
of eggs incubated in vermiculite was lower than thaggfs incubated in water at 18.5 kp@s.
Because CAM coverage was essentially complete, eggstilatp less water would have had
lower surface areas and thus absolutely smaller CANItss is why, for example, the relative
areas of the CAM in the 18.5 kPa treatment was alrdestical (about 100%) for all species at

the end of the 10 day period.

IN UTEROPO,

Estimates oin utero @, projected from growth in dry mass and stage differed Blight
(1-2 kPa pOy) for bothU. ornatusandS. virgatus Similarly, estimates ah uteropO, based
upon embryo stage differed when live and dead embryosasenkined and used to generate
the standard curve. Nonetheless, lower estimatds.fornatusthanS. virgatussupported my
initial prediction (Figure 2.1). Embryos bf ornatusretainedn uterofor 10 days had a mean
dry mass of 0.6 mg and a mean stage of 30 (Table 2.3). Vdless correspond most closely to
those ofU. ornatusembryos incubated under simulated oviductal conditionsGalkBa pO, (6-
7% pO,). In contrast, embryos &. virgatugetainedn uterofor 10 days had a mean dry mass
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of 4 mg and a mean stage of 34 (Table 2.3). These valtresgond most closely to thoseSf
virgatusembryos incubated at 9-11 kPa (10-12%8,) under simulated oviductal conditions.

The results of my experiments suggest that developméhtswalarisembryos is not
limited byin uterooxygen availability during extended egg retention. My &gnen is based on
four main observations. First, gravid fem8lescalarigetained eggs until embryonic
development was nearly completed (i.e. stage 39). Sekdmbnot observe differences in
growth between experimental embryos and embryos inedhatder simulated nest conditions
at 18.5 kPg0O,. Third, eggs hatched in all treatments while under @xpetal conditions.

Finally, in previous studie§. scalarissmbryos retaineth uterodeveloped at the same or nearly
the same rate as embryos incubated under standard candiathies and Andrews 1996;
Andrews 1997).

DISCUSSION

INTERSPECIFIC COMPARISONS OFPO; IN UTERO

The embryonic stages at which eggs of the three spgeiesoviposited in the laboratory
represent the normal range of stages for eggs oviposited field. Because development bf
ornatusembryos is arrested at about stage 30, gravid femalessitveggs with embryos at
stages no greater than 30 (Mathies and Andrews 1999). BemhSleeloporus virgatus
normally oviposit at stages 31-33 (Andrews and Mathies 20@D$ ascalarisrom high
elevation populations (where | also collected femalegjosit at stages 35-37 (Mathies and
Andrews 1995). As a consequence, | cannot directly condgaedopmental rates among the
three species. Nonetheless, my results provide conyeaestimates ah uteropO,.

As predictedJ. ornatusembryos had the lowest uteropO, as well as the lowest
survival at lowpO, of the three species (Table 2.2)rosaurus ornatugmbryos did not develop
at 5.3 kPg@0O,. Some development occurred at 7.9 K although no embryos survived the
10-day experimental period. Developmentjofornatusembryos thus became arrested aihan
uteropO, of about 6 kPa (Figure 2.1) when embryos reached stage Ble 1a).
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Developmental arrest presumably occurred when oxygen disnséithe embryos exceeded
oviductal oxygen availability. Embryo survival was reeld@at 13.8 kPgO,, compared to
thel18.5 kPapO, simulated oviductal treatment although there was nareliftee in growth and
differentiation between the two treatments.

In contrastS. virgatusembryos developed at oxygen partial pressures as loW &P4&,
although survival, growth, and differentiation were musttiuced compared to the 13.8 and 18.5
kPapO, treatments (Table 2.2 and Figure 2.1). Moreover,3wargatuseggs sampled after 15
days of incubation at 7.9 k&, contained living embryos at stage 35 (unpublished data). In
previous studies, embryos $f virgatugetainedn uterofor as long as one month beyond the
normal time of oviposition developed as far as stagel3elopment of retained embryos,
however, was retarded and survival to hatching was reducedared to control eggs laid at the
normal time of oviposition (Andrews and Rose 1994; Andr&9&y7). For example, after 30
days of retentiom uterg the dry masses &. virgatusembryos were less than half that of eggs
laid at the normal time of oviposition. Similarly, the present studf. virgatusembryos
incubated at 7.9 kPaO, were less advanced developmentally, by about 3 stagdmdruty
masses less than half those of embryos incubated sindidated nest conditions (Figure 2.1).
Embryos ofS. virgatusare still developing, albeit relatively slowly, apeedictedn uteropO, of
10-11 kPa. Whether thED, would be sufficient to support the metabolic demandseof th

embryo throughout development until hatching is not kndwmwever.

Sceloporus scalarismbryos exhibited the highest survival and greatesttgratow
pO, of the three species (Tables 2.2, 2.4 and Figure 2.2).uBecay observations were
restricted to two clutches of eggs, | cannot rule ouptssibility that my results may not
represent a typical responseSofscalarissmbryos to incubation at lopD,. My results (albeit
based upon small sample size) are supported, howeverségvations from previous studies
demonstrating that development&fscalarissmbryos is not retarded during prolonged egg
retention (Mathies and Andrews 1996; Andrews 1997). UnlikeyslofU. ornatusandsS.
virgatus S. scalarisembryos incubated in the 5.3 kp@, treatment survived and increased in
mass over the 10-day experimental period. Furthermot@hihg@ occurred in all treatments
including the 2 eggs in the 5.3 kp@; treatment, and the 1 egg in the 7.9 kPa treatment.
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Finally, in contrast tdJ. ornatusandS. virgatusembryos, the dry masses of experimental
embryos in the 18.5 kR#D, treatment were very similar to those of controbgyas incubated
at 18.5 kPa0, (18.5 kPa experimental: 60.8 mdL.15 vs. 18.5 kPa control: 58.3 m@.91,
Figure 2.2). Experimental embryos thus grew nearly tive sanount as embryos incubated
under simulated nest conditions. Retained embryos fadmSh scalarisclutches were laid at
stage of 39, thus embryos had completed the majorityeafdevelopmenin uteroby the time

oviposition occurred.

While | was not able to directly estimateuteropO- for S. scalaristhe ability of
embryos to survive and develop at 5.3 and 7.9dPasuggests tha®. scalarigpossess
physiological features that enhance oxygen uptake during sgjgion. Because oxygen
consumption by embryos increases throughout developrhemegative effects of low oxygen
on embryo survival and growth should be greatest ladevelopment when oxygen demand of
embryos is highest (Dmi'el 1970; Vleck and Hoyt 1991; Bircletrel. 1984). For example,
when eggs o8. undulatusvere incubated under simulated nest conditions a{TokPa)pO,
during the later half of development ¢tage 38), survival and growth of embryos were reduced
relative to that of embryos incubated at Ip@. during the first half of development (Andrews
2000). In contrast$. scalarissmbryos were nearly fully developed (stage 39) when placed
under experimental conditions, yet embryos survived amrdased in mass at IguO..

The results of my experiments confirmed the predictian the degree of embryonic
development attained during egg retention is directly mkleden utero f0,. Because my
method of estimatingh uteropO, is indirect, however, my results provide a relativeeste of
the pO, experienced by lizard embryos retaimeditera Estimatedn uteropO, was lowest for
U. ornatus(5-6.5 kPa), followed b$. virgatug10-11 kPa), and highest f8t scalarig>11
kPa). Moreover, my results are consistent with olagiems that embryonic development of
Sceloporus undulatuzecomes arrested at stage 30 and at a partial pres$uéekéfa (9% @)
when retained past the normal time of oviposition (Nt 1998; Parker et al. 2004). Thus, the
relatively low estimate ah uteropO; for retainedJ. ornatusembryos is consistent with values
observed irS. undulatus Unlike U. ornatus S. virgatusandS. undulatusextended egg
retention has relatively little effect on growth adelelopment 08. scalarisembryos. For
example, whenrS. scalari'embryos were experimentally retaineduteropast the normal time
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of oviposition, embryos grew at the nearly the saambe as control embryos incubated at ambient
pO, (Mathies and Andrews 1996; Andrews 1997). These observauggest than uteropO,
is substantially higher i8. scalarighan the other species

OXYGEN AVAILABILITY AND EMBRYONIC DEVELOPMENT

Previous studies on embryos from a wide variety of taclading insects (Frazier et al.
2001; Woods and Hill 2004), frog (Seymour et al. 2000), turtle (K882), alligator (Deeming
and Ferguson 1991), and chick (Black and Snyder 1980), have deatexhshat embryonic
development is reduced or arrested atf@y. For example, development Bfosophila
embryos is completely arrested when embryos are itedihender severe hypoxic conditions,
but reinitiate development when oxygen content is as®d (Teodoro and Farrell 2003). The
results of my study implicates uterooxygen availability as the primary factor responsibte
interspecific differences in the capacity to supporaimterine development in sceloporine
lizards. The stage attained by embryos retaimederois apparently determined by the ability
of gravid females to provide sufficient oxygen to meetrtietabolic demands of developing
embryos. Thus, embryonic development is presumablgtadevhen the oxygen demand of the

growing embryos equals or exceeds the oxygen availahilitye oviduct.

What physiological and morphological features affeciteropO, for embryos retained
past the normal time of oviposition? Oxygen must Gifuse from oviductal capillaries,
through the fluid film surrounding the egg, and across the etjgggiiore being taken up by the
embryonic blood supply in the chorioallantois. Thuspmbination of both maternal and
embryonic features could potentially affect oxygen awdity in utera Of these features, a
reduction in eggshell thickness, associated with extenglgdetention has been observed in
several species (Guillette and Jones 1985; Mathies andwsid@95; Qualls and Shine 1998;
Heulin et al. 2001). Reduced eggshell thickness could enhaypgeroavailability to the
embryo by decreasing the diffusion distance betweenrnat@nd embryonic circulation. In
phrynosomatid lizards, however, eggshell structure ankintbss is not associated with the
capacity to support embryonic development during extended eggiom (Mathies and
Andrews 2000). The most likely features mediating gas egehiarthe oviduct are thus the

56



vascularized respiratory surfaces of the oviduct and Caxid,oxygen binding properties of
embryonic blood.

The oviduct and CAM are both believed to play an integial in gas exchange
(Guillette and Jones 1985; Masson and Guillette 1987; Yaron 18&8%d8rn 1993; Stewart
and Thompson 1993). In two closely related speci&eloporudizards, for example, the
vascular density of the oviduct is higher in the vivipsrgpeciesS. bicanthaliythan the
oviparous specie$S( aeneys(Guillette and Jones 1985). The CAM covers the inndase of
the eggshell and functions as the primary respiratorybrame for the late stage embryo. In this
study, because the embryo stage at oviposition variedaticatly between species (mean stage
at oviposition:U. ornatus29.6,S. virgatus32.1,S. scalaris39), | could not directly compare the
absolute and relative size of the CAM among the thpeeies. A previous study, however,
demonstrated that at comparable embryonic stagesabstitute and relative CAM area was
larger forS. scalarighanS. virgatugAndrews 1997). The larger CAM 8f scalariseggs
would provide a greater surface area for gas exchangehamérthance oxygen availability to
the embryo. In addition to surface area, vascular tyemisihe CAM could also play an
important role in embryonic gas exchange. To my kndgde no comparative studies of CAM
vascular density have been conducted on any species ofaguaeptile.

Oxygen binding affinity of embryonic blood could alsoilisate increased oxygen
uptake of embryos retained in the oviduct. Several stodiesviparous squamates have
demonstrated that the oxygen binding affinity of fetabd is greater than that of maternal blood
(Grigg and Harlow 1981; Birchard et al. 1984; Holland et al. 198QsBale and Ingermann
1991). Increased blood oxygen affinity has been documantgdck embryos when incubated
under hypoxic conditions (Baumann et al. 1983; Ingermann 1991#).oxygen binding
properties of embryonic blood in oviparous reptilesss leell documented (Ingermann 1992)
and whether oxygen binding affinity of embryonic blonaviparous reptile species differs from

that of adults is unknown.

The results of this study support the hypothesis thettssh for progressively longer
periods of egg retention will not lead to viviparity uslésatures that enhance oxygen
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availability to embryos evolve concurrently with eggention. The contributions of maternal
and embryonic physiological features and of shell mog@yassociated with gas exchange,
however, have yet to be studied in a broadly comparsgimee. Future studies should examine
the mechanisms of embryonic gas exchange both amongatpitamilies with diverse
reproductive natural histories and among closely relabeal within these families.
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Table2.1. Allocation of eggs from each clutch

into treatments.

Egg no.

kPO, (treatment)

D 01~ W DN P

--- (sampled at oviposition)
5.3 (simulated oviduct)

7.9 (simulated oviduct)
13.8 (simulated oviduct)
18.5 (simulated oviduct)

18.5 (simulated nest)

Note. Eggs (nos. 2-5) of each clutch were incubated umdelasedin uteroconditions, and

egg no. 6 was incubated in vermiculite, simulating nestlidions. When clutches had more

than six eggs, eggs were systematically allocated amongpted oviductal treatments.
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Table 2.2 Percent survival drosaurus ornatusSceloprous virgatusgndSceloporus scalaris
embryos (experimental and retained groups).

Percent Survival of embryos (no. embryos)

Experimental Group U. ornatus S. virgatus S. scalaris
Number of clutches 10 10 2

5.3 (simulated oviduct) 0 (16) 0 (16) 50 (4)

7.9 (simulated oviduct) 0 (16) 35 (17) 100 (4)
13.8 (simulated oviduct) 47 (15) 81 (16) 100 (4)
18.5 (simulated oviduct) 80 (15) 100 (16) 100 (4)
18.5 (simulated nest) 100 (10) 100 (11) 100 (3)
Retained Group 67 (18) 100 (20) 100 (19)

Note. Embryos from experimental groups were incubatetiGalays past the normal time of
oviposition at 5.3, 7.9, 13.8, and 18.5 k€. Embryos from the retained group were retained

in uterofor 10 days (. ornatusandS. virgatu$ and about two week$( scalari$ past the
normal time of oviposition.
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Table2.3. Comparisons of stage, embryo dry mass, wet egg alassute and relative area of
chorioallantois (CAM) at day 0 and after 10 days of raerfor Urosaurus ornatusind

Sceloporus virgatus

Day 0 Day 10 P
U. ornatus

Stage 29.6+ 0.41 (10) 30.2 0.164 (10) 0.156
Embryo dry mass (mg) 0.55+ 0.064 (10) 0.6% 0.061 (10) 0.497
Egg mass (9) 0.18+ 0.008 (10) 0.12 0.007 (9) 0.479
Absolute area of CAM (mf) 33.2+ 2.42 (9) 37.9 2.28 (9) 0.169
Relative area of CAM (mf) 21+ 0.013 (9) 24 0.015 (9) 0.229
S. virgatus

Stage 32.1 0.208 (10) 33.8 0.316 (10)  <0.001
Embryo dry mass (mg) 2.33+ 0.187 (10) 4.19 0.313 (10) <0.001
Egg mass (9) 0.35+ 0.010 (10) 0.3& 0.009 (10) 0.611
Absolute area of CAM (mf 115.7+ 2.80 (10) 125.& 4.74 (10) 0.079
Relative area of CAM (%) 48+ 0.007 (10) 5@ 0.004 (10) 0.067

Note. Values are clutch meah$SEM (number of clutches). Statistical tests of egly an

embryonic features were made udirigsts.
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Table 2.4. Comparisons of wet egg mass, absolute and relateecdichorioallanotoic membrane (CAM) at 10-

days of incubation fotrosaurus ornatusSceloporus virgatugndSceloporus scalaris

Variable U. ornatus S. virgaus S.scalaris

Egg wet mass (g)

5.3 1.12+ 0.014 (2)
7.9 0.86+ 0.022 (4) 1.6% 0.229 (2)
13.8 0.46+ 0.050 (5) 0.9& 0.049 (9) 1.62 0.146 (2)
18.5 0.50+ 0.038 (8) 1.02 0.051 (10) 1.65 0.295 (2)
18.5 (simulated nest)) 0.32+0.031 (10)  0.6% 0.024 (6) 1.06: 0.007 (2)
Absolute area of CAM (mf)

5.3 521.2+ 5.78 (2)
7.9 48.6+ 4.70 (5) 353.& 9.08 (4) 676.1 61.87 (2)
13.8 213.1+ 35.53 (5) 431.% 20.54 (9) 665.9 39.64 (2)
18.5 285.9+ 19.53 (8) 465.& 20.85 (10) 670.% 80.11 (2)
18.5(simulated nest) 223.9+ 11.05 (10)  363.4 9.14 (6) 503.4 22.02 (2)
Relative Area of CAM (%)

5.3 100+ 0 (2)

7.9 33+ 0.124 (5) 81 0.009 (4) 10@G 0 (2)

13.8 86+ 0.047 (5) 9C 0.018 (9) 10@G 0 (2)

18.5 92+ 0.031 (7) 95 0.020 (10) 10& 0 (2)

18.5 (simulated nest) 99+ 0.0002 (10) 10@& 0 (6) 100+ 0 (2)

Note. Values are clutch mearsSEM (number of clutches). Simulated nest indicateshvist incubated in

vermiculite. Values for embryo stage and dry mass asepted in Figures 2.1 and 2.2.
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Table2.5. Statistical tests of responseddvbsaurus ornatugand Sceloporus virgatusggs and
embryos to incubation at 7.9, 13.8, and 18.5 p®afor10 days.

U. ornatus In uterocontrasts Results: In uterovs. nest contrasts Results:
(18.5 kPap0O,)
Stage F, 14~36.6,P=<0.001  7.9<13.8=18.5 F; 154.8,P=0.045 18.5<control
Embryo dry mass F, 1=14.3, P<0.001 7.9<13.8=18.5 F; 1510.4,P=0.006 18.5<control
Egg wet mass F1 175.9,P=0.036 13.8<18.5 F1 15156.2,P=<0.001 18.5>control
Absolute area of CAM  F, 1756.1,P<0.001 7.9<13.8=18.5 F; 157.6,P=0.016 18.5>control
Relative area of CAM  F, 1716.4, P<0.001 7.9<13.8=18.5 F; 15=8.7, P=0.010 18.5<control
S. virgatus
Stage F, 1~10.1,P=<0.001 7.9<13.8=18.5 F; 1+74.1,P=0.065 18.5=control
Embryo dry mass F, 1~16.8,P=<0.001 7.9<13.8<18.5 F; ;5=7.1,P=0.019 18.5<control
Egg wet mass F, 17.9,P=<0.003 7.9<13.8=18.5 F; 14/28.8,P=0.001 18.5>control
Absolute area of CAM  F, ,=5.1% P=<0.016  7.9=13.8, F; 1718.7,P<0.001 18.5<control
7.9<18.5,
13.8=18.5
Relative area of CAM  F, ,=7.7, P=<0.003  7.9=13.8, F. 176.9%, P=0.019 18.5<control
7.9<18.5,
13.8=18.5

Note. Tests were ANOVAs and ANCOVAs comparing treatnedfects for eggs incubated

under simulatech uteroconditions (first two columns), and simulateduteroconditions at 18.5

kPapO, vs. simulated nest conditions at 18.5 kp@ (third and fourth columns)Post hogpair-

wise comparisons were made using a Tukey’s honestlyisaifdifference test (ANOVAS) or

a least significant difference test on least squarecthsn@dNCOVAS).
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Figure 2.1 Embryonic growth at 10 days (A) and stage (B), (me&KEM) in response to
incubation at 7.9, 13.8, and 18.5 k& (simulated oviduct, filed symbols), and 18.5 kit
control (simulated nest, open symbols) treatmentghtlgray filled symbols represent values
based on combined live and dead embryos. Circles repf@seloporus virgatugnd diamonds
Urosaurus ornatus.Intersection of horizontal line with the Y-axmlicates the mean embryo
dry mass or stage attained after 10 days of retemtiatera Arrows indicate estimatguD,
associated with the degreeinfuterodevelopment of lizard embryos during egg retention
Statistical comparisons of treatment effects aregottesl in Table 2.5.
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Figure2.2 Dry mass ofceloporus scalarismbryos at 10 days in response to incubation at 5.3,

7.9,13.8, 18.5 kP3O, (simulated oviduct, filled symbols), and 18.5 kPa contiolygted nest,
open symbols) treatments. Stage is not illustratedusecall embryos were at stage 39.

70



CHAPTER 3

INCUBATION TEMPERATURE AND PHENOTYPIC TRAITS OF
HATCHLING SCELOPORUS UNDULATUS: IMPLICATIONSFOR THE
NORTHERN LIMITS OF DISTRIBUTION
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ABSTRACT

Cold environmental temperatures at high latitudes anatges are detrimental to
oviparous reproduction by prolonging incubation period, negigitaffecting embryonic
developmental processes or by kiling embryos in eggstlijir&=cause cool soil temperatures
may prevent successful development of embryos in eggsis,the geographic distributions of
oviparous species may be influenced by the thermal reggims of embryos. In the present
study, | tested the hypothesis that low incubation teatpe is a major factor determining the
northern distributional limit of the oviparous lizasdeloporus undulatugo compare the effects
of incubation temperature on incubation length, surawal hatchling phenotypic traits
lincubated eggs @&. undulatusinder temperature treatments that simulated the thermal
environment that eggs would experience if located irsngihin their geographic range at 37
°N and at latitudes north of the species present geognaigie at 42, and £, respectively.
After hatching, snout-vent length (SVL), mass, taigih, body condition (SVL relative to
mass), locomotor performance and growth rate wereurgé$or each hatchling. Hatchlings
were released at a field site to evaluate growth andvalinnder natural conditions. Incubation
at temperatures simulating nests atM4 prolonged incubation and resulted in hatchlings with
shorter SVL relative to mass, shorter tails, shidnied limb span, slower growth and lower
survival than hatchlings from eggs incubated at tempesatimeilating nests at 37 and®°42
latitude. | also evaluated the association betweemamaental temperature and the northern
distribution ofS. undulatusl predicted that the northernmost distributional liofi§. undulatus
would be associated with locations that provide themrmim heat sum (degree-days) required to
complete embryonic development. My prediction that tn¢hern distributional limit of.
undulatusis associated with the minimum heat sum required foresstd development &.
undulatusembryos was upheld: 84% of location between 37Nl@ad> 495 degree-days above
a threshold of 17C accumulated during the summer incubation period (June-Segemb
compared to 11% of locations between 41-80Results suggest that soil temperatures at
northern latitudes are not warm enough for a suffidemth of time to permit successful
incubation ofS. undulatugmbryos. These results are consistent with the hggsat that
incubation temperature is an important factor limiting ¢eographic distributions of oviparous
reptile species at high latitudes and elevations.
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INTRODUCTION

Cold climate is the putative selective factor for ¢helution of viviparity in reptiles
(Packard et al. 1977; Tinkle and Gibbons 1977; Shine and Bull 18z $985). The adaptive
benefit of viviparity in cold climates is that embnyo development is faster inside the
thermoregulating female than in a nest (Packard et al. Bhi7e and Bull 1979; Shine 1983).
Support for this hypothesis (referred to as the coldaténmodel) is based in part on
observations that the proportion of viviparous specdissjuamate faunas increases in cold
climates at high latitudes and high elevations (Weeks 1388e8v 1940; Greer 1968; Tinkle
and Gibbons 1977; Shine and Berry 1978). In the coldest enwnats, 100% of squamate
species are viviparous (Tinkle and Gibbons 1977, Shine 198bjhamproportion of viviparous
species declines with decreasing latitude and elevatiddoith America, for example, about
29% of squamate species between 30M8%re viviparous, compared to 63% between 5IN55
(Tinkle and Gibbons 1977). The small proportion of oviparmmpared to viviparous species in
cold climates and occurrence of recent origins of viitipan cold climates suggests that the
geographic distributions of some oviparous species magrstrained by the thermal
requirements of embryos (Shine 1985; Shine 1987; Porter20G2).

Cold environmental temperatures are thought to be deti@® oviparous reproduction
by affecting the length of incubation and survivorshipatichlings (Qualls and Andrews 1999;
Shine 2002). Because embryonic development in reptilesnisdrature dependent, cold
environmental temperatures may prolong, or prevent ssfat@xubation of eggs in nests
(Packard et al. 1977; Muth 1980). Temperate zone squamate rgpitedly oviposit eggs in
the late spring and early summer, and hatchlings emergeydate summer and early fall (Shine
1985). Prolonged incubation as a result of cool incubagiopératures would thus delay fall
emergence, leaving hatchlings with little time to feed grow before cold temperatures
preclude activity (Packard et al. 1977). Moreover, cold teatpsrs during incubation may also
adversely affect embryonic developmental processadtingsin hatchlings with phenotypic
traits associated with low fitness (Qualls and Andr&@@9, Shine 2002). For example, Qualls

and Andrews (1999) demonstrated that lizard eggs incubatedldenmperatures resulted in
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smaller hatchlings with reduced growth rates and slopmmntsspeeds compared to hatchlings

from eggs incubated at warmer temperatures.

Incubation temperature appears to be an important detarahgeographic
distributions of some reptiles (Muth 1980; Shine 1999; Pottal 002; Kearney and Porter
2004). For example, the geographic distribution of oviparpeasias oPseudechi¢Elapidae),
closely correspond to regions where mean summer antbi@peratures are greater thar’@2
(the minimum temperature required for successful developoiétgeudechigmbryos). Shine
(2002) demonstrated that eggs of the montane oviparousB&asgkana duperreyhad reduced
hatching success and hatchling viability when incubated @ temperatures simulating nests at
altitudes exceeding the elevational limit of the spéaiatural distribution. Similarly, hatching
success and hatchling viability Bf duperreyieggs were also reduced when incubated in the
field in artificial nests at altitudes exceeding theva®nal limit of the species natural
distribution. The distributional limits of some ovipar@pecies at high latitudes and elevations
should therefore be predictable based upon knowledge of adgatian temperatures,

embryonic thermal tolerances, and embryonic develofaheates as a function of temperature.

Oviparous squamate species with wide latitudinal distribsigyovide an opportunity to
study the association between the thermal tolerasfoambryos and geographic distribution.
The oviparous lizar&celoporus undulatu$or examplehas a wide latitudinal distribution
across the United States and is one of the northest-members of the gen8seloporus
(Figure 3.1). In the central and eastern United Stagegebgraphic range &. undulatus
extends maximally to about 401 (Sites et al. 1992; Stebbins 198S¢eloporus undulatus
occurs in a wide range of habitats, from arid deseftseirsouthwestern U.S. to temperate
deciduous forests in the eastern U.S. No obvious geogahphiecological barriers prevent a
northern expansion &. undulatugnd viviparous squamate species extend considerably further
north than S. undulatus. It is unlikely that soil moisfplegs an important role in determining
the distributional limit ofS. undulatudecause precipitation in the U.S. changes on a
longitudinal, not latitudinal gradient. Moreover, individudsis do not appear to have
specialized dietary requirements. While the possibltiat factors other than incubation

temperature may influence the geographic distributid®. endulatugannot be ruled out, the
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above considerations implicate temperature as an inmatéerminant of its geographic
distribution.

The objective of this study was to test the hypothésisthe thermal requirements for
embryonic development determines the northernmosthdison ofS. undulatusincubation
temperature could affect survival directly (e.g. by aifectievelopmental processes) or
indirectly (by affecting time of hatching). | theredgraddressed this hypothesis in several ways.
The experimental protocol was to incubate egdS. aindulatusinder treatments that simulated
temperatures of nests within the geographic range ahdulatusand those of nests outside the
northern distributional limits d®. undulatusl then evaluated the affect of incubation
temperature on hatching success, incubation period, ingtgtienotypic traits (morphology and
performance) and post hatching survival. | predicted thehhings from eggs incubated at cool
temperatures simulating nests at latitudes outside theemonhost distributional limit would
have reduced hatching success, longer incubation periodetedgadormance and lower
survival than hatchlings incubated at temperatures simylaésts within the geographic

distribution ofS. undulatus

| also determined the association between envirorahesrhperature and the northern
distribution ofS. undulatusBecause successful incubation of reptilian embryteniperature
dependent, | predicted that the northernmost distributlmmélof S. undulatusvould be
associated with locations that provide the minimum beat (degree-days) required to complete
embryonic development. | tested this prediction by assgshe geographic variation in
environmental temperature at sites within and outsidedinthern distributional limits 8.

undulatus

MATERIALSAND METHODS

COLLECTION AND MAINTENANCE OF GRAVID FEMALES

Gravid females 08. undulatugn=19) were collected from 17 June to 6 July 2005 from

sites within 35 km of Blacksburg, Montgomery County, Virgirffemales were placed singly in
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cloth bags and transported to Virginia Polytechnic tatiand State University (Virginia Tech),
Blacksburg, VA. From the field, eggs from a single clut@menalso collected on the day of
oviposition. Females were weighed to the nearest 0.4Adgnaasured for snout-vent length
(SVL) before and after oviposition. They were houseplastic containers (73 L x 48 W x 22 H,
2-3 females per container) in the laboratory until osifian occurred. The containers housing
females were supplied with a layer of sand to providetaldeisubstrate for nesting. The sand
substrate at one end of the container was kept maiistitbate nesting and to prevent
desiccation of eggs. Daily photoperiod was provided by &boy windows and also by
fluorescent room lighting (0800-1800h). A 100-W flood lamp was suigukat one end of each
container (0900-1700h) as a heat source, and all containezgwovided with boards and rocks
for basking and hiding places. Females where fed ungiteati(crickets and mealworms dusted
with mineral-vitamin supplement) every other day. Watas provided daily by misting the
rocks, boards, and sides of container. Shallow cerdishes filled with water were also placed
in each container. Containers housing gravid females areecked several times daily for
nesting females and eggs. After oviposition, female® weleased at the location of their

capture.

EXPERIMENTAL DESIGN

Eggs were weighed to the nearest 0.01 g within a few hdwngpmsition, and numbered
consecutively within each clutch using a non-toxic watsof marker. A single egg from each
clutch was dissected and the embryo staged according Butaare and Hubert (1961) staging
system The remaining eggs of each clutch were incubadesdually in 70 mL specimen jars
containing vermiculite moistened with a sufficient quignaf distilled water (0.7:1.0 g
H,O:vermiculite) to produce a water potential of —200 kPa (deted by thermocouple
psychrometry). The jars were covered with plastic venagh sealed with a rubber band.

Eggs from each clutch were allocated among three expddahemperature treatments.
One of the treatments was based on temperatures etdseractual. undulatusests and the
other two treatments were based on soil temperatardsdalities north of the present
distributional limit near 42 and 44 ° latitude. Soil tempa®atata were obtained from the
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National Climate Data Center for four localities {€@go Botanical Garden, IL, Geneva
Research Farm, NY, Freemont, OH, and Wanatah, id&ténl at approximately 4N and three
localities (Waseca, MN, NW Michigan Research Farrh,aid Canton, NY) at approximately
44°N. Solil temperatures at 44 and 4R were based on average maximum and minimum soil
temperatures during June-August, measured over a period of 5¢ar3) at a soil depth of 10
cm. The 22-32C (mean=27C) treatment represented actual temperatures obser$ed in
undulatusnests at 37N in Virginia (Andrews et al. 2000) and at 39 in New Jersey (depth of
6 cm) (Angilletta et al. 2000). The 19-25 (mean=€2 and 21-27C (mean=24C) treatments
represented temperatures of simulated nests outside themmomost distributional limit ob.
undulatusat 44 and 42N, respectively, if eggs were buried at depths simildhose of typical

S. undulatusests at low latitude.

The coldest temperature treatment (simulating nest$ dtwas selected because 22
is similar to the lowest temperature regime wherehagocould be successful. EQgsShf
undulatusfail to hatch when incubated at a constant temperati2é °C (Sexton and Marion
1974). Eggs 08. virgatuga member of thandulatusspecies group), however, hatched when
temperatures fluctuated around a mean dfQAndrews et al. 1997). Hatching can thus occur
at a low average temperature as long as the diel oytleles temperatures above the threshold

temperature for development.

Eggs were placed, according to treatment, into programrtexbjgerature chambers and
incubated under a fluctuating temperature regime. Temperataigs the chambers cycled
linearly for 4 hours between daily maximum and minimumgeratures. Incubation
temperatures were measured inside a 70 mL jar containiisgemed vermiculite. The
temperature probe was placed in the center of the gabamed approximately 1 cm below the
surface of the vermiculite (approximately the same dagpttihat of experimental eggs). The
mean daily minimum, maximum, and overall mean temperaforehe 22, 24, and 2C
treatments during the incubation period were 19.3, 25.1 and@2r8spectively; 21.3, 27.1,
and 24.2C, respectively; and 21.7, 31.8, and 28 8respectively. Racks of jars with eggs were

rotated within the chambers every three days to naeimosition effects on embryonic

77



development. To ensure that eggs did not experience negatige balance, the vermiculite was
changed approximately 30 days after the start of incubation

MORPHOLOGY AND HUSBANDRY OF LABORATORY HATCHLINGS

Hatchling sex, mass, snout-vent length (SVL), tatjter(TL), and hind-limb span (HLS)
(linear distance between the tip of the fourth digieanh hind limb), were recorded within 12
hours of hatching. Each hatchling was numbered using-#oxanmarker and given a unique
toe-clip for identification. Hatchlings were housed iaspic containers (73 L x48 W x 22 H
cm), with 10-15 hatchlings per container. Hatchlings viedepinhead crickets and mealworms
dusted with vitamin mineral supplement) and watered byngisghe interior and sides of
containers twice daily. Otherwise, husbandry was déingesas for gravid females. Hatchlings
were not fed on the day that locomotor performanedstwere performed (see section below).
Hatchlings were maintained in the laboratory for 10-1Z%degfore release in the field. Mass,
SVL, TL, and HLS were recorded at 10 days after hatching.

MEASUREMENT OF LOCOMOTOR PERFORMANCE AND GROWTH OF
LABORATORY HATCHLINGS

Locomotor performance was measured at 3-4 days aftdnmgiesing a 1 m long
electronically timed racetrack (Qualls and Andrews 1999 néfaaind Andrews 2002). Five
infrared photocells were connected to an electronjovgatch; the five photocells were spaced at
0.25 m intervals along the length of the racetrack. @hetrack was placed in an environmental
chamber (150 L x 80 W x 80 W cm) set at a constariC3ITwo electric fans were situated at
opposite ends of the chamber to promote air circulaimhto ensure a uniform temperature
distribution within the chamber. Observations werelenbetween 1100-1530 h. Hatchlings were
acclimated for 30 min in the environmental chamberrgodocomotor performance trials.
Locomotor performance was measured three times for fegtchling with at least a 2 min rest
between trials. Hatchlings were placed at the begirofitige racetrack and prodded gently with
a small paintbrush if they failed to run. Locomotor parfance was assessed using three
criteria: 1) the fastest running speed of the twelve 0.2&ervals, 2) the fastest running speed
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of the three 1 m trials, and 3) the number of timesdhgatchling stopped during the trial. The
time required for hatchlings to cover the prescribed nigtavas expressed as meters per second.
The number of times that a hatchling stopped along thalistance was recorded using a

manual counter.

Growth in the laboratory was measured over 10 days asdgsessed as the difference
between an individual's natural log transformed SVL ossra 10 days and at hatching divided

by 10, the number of days between measurements.

MEASUREMENT OF LOCOMOTOR PERFORMANCE AND GROWTH GH#ELD
HATCHLINGS

In order to determine if laboratory produced phenotypes wemparable to phenotypes
produced in the field under comparable thermal conditiomgdsured the phenotypes of
hatchlings collected in the field (“field hatchlingsThese individuals (n=41) were captured
from 24 August—19 September at one of the field sites. Tleeg measured for mass, SVL, toe-
clipped, and numbered with a non-toxic marker at the ¢sihzapture and at the time of release.
They were returned to the laboratory for measuremdotomotor performance traits and
growth rate. Field hatchlings were housed in separat®@icens from laboratory hatchlings but
otherwise maintained under identical conditions (seioseon “Morphology and husbandry of
hatchlings” above). Locomotor performance traits waeasured 2-3 days after capture (as
described for laboratory hatchlings). Field hatchlingseralso maintained in the laboratory for
10-13 days before they were released at their locaticapitire.

GROWTH AND SURVIVAL OF HATCHLINGS IN THE FIELD

Hatchlings (n= 47, 42, and 41 for the 22, 24, and@Treatments, respectively) were
released between 27 August and 6 November at the site fidieteatchlings were collected on
warm, sunny days between 1000-1600 h. The release site \appraxximately 600 Aforest
clearing located on private land in Montgomery County, Y#es of woody debris, and small
shrubs scattered throughout the clearing provided suitabilahtor hatchlings. The clearing
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was surrounded on all sides by forest except for a gaaeelss road that passed through the site.
Hatchlings typically do not disperse through dense foaest therefore tend to remain in the
open areas where they hatched for at least therfosth or two of life (Warner and Andrews
2002).

The clearing and periphery of the surrounding forest weaieched thoroughly for
hatchlings twice weekly from 27 August to 14 November. Adegsture, hatchlings were
identified by their number and toe clip, weighed, and measiar SVL, TL and HLS. After

measurements were recorded, hatchlings were releatdegragite of capture.

Survival estimates in the field were based upon the ggg&mthat disappearance of
hatchlings was largely due to mortality rather than d&deThis assumption is supported by
previous studies odta stansburianandS. undulatushat indicate that emigration is a relatively
rare event and does not bias survival estimates (WVil9@1; Andrews et al. 2000; Warner and
Andrews 2002).

CALCULATION OF DEGREE-DAYS

The heat sum accumulated during each treatment was expassse

day=j

S= ) (tm—to),

day=1
whereS=sum of degree dayt= the threshold temperature for developmdrtthe mean daily
temperature. Because developmerfs ofindulatugmbryos is arrested at 1€ (Andrews et al.
1997), | used 17C as the minimum threshold temperature for degree-dayladns. Because
embryos presumably would not complete development at a teegerature less than 22
(see above), the 22 °C treatment represents the minmuomrer of degree-days required for

successful incubation &. undulatugmbryos.

The number of degree-days abové CAvas also estimated as a function of latitude
using mean monthly air temperature data obtained fromca@diag stations ranging from 37-
50° N. Mean monthly air temperatures (based on 30 yeaag®s) during June, July, August,

and September were obtained from the National Clildata Center. The use of mean air
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temperatures instead of soil temperatures in degree-dayatans is justified because at
shallow depths (5-20 cm), soil temperature is similataadard air temperatures (Shine 1983;
Parton 1984). Degree-days accumulated from June to Septeetgeestimated by summing the

number of degree-days above°T7over the 122 d period for each locality.

DATA MANIPULATION AND STATISTICAL ANALYSES

Analyses of incubation length, morphology, growth and locomotor performance

Statistical analyses were conducted using SAS StatiBackage version 9.1.2 (SAS
Institute, 2003). The effects of temperature treatmemaubation length, morphology, growth,
and locomotor performance were analyzed using analysevariance (ANCOVA) and
analysis of variance (ANOVA) (GLM Procedure). Pretiary analyses indicated that sex did
not affect hatchling morphology, performance, or sutviBax was therefore not considered in
further analyses. Stage at oviposition was used asaaigtevin analyses of the effect of
temperature treatment on incubation length. The effetemperature treatment on SVL, HLS,
TL, and body mass at hatching was evaluated using egg smasoaariate. The effect of
treatment on hatchling mass at 10 days was evaluatedinisaldhatchling mass as a covariate.
Snout-vent length at hatching was used as a covariatelyses of the effect of temperature
treatment on morphology at 10 days (SVL, TL, HLS) and inghepeed. Body condition (mass
relative to SVL) was assessed as MISY/L (Andrews 1982). When the covariate was not
significant @ > 0.05), single-factor analysis of variance (ANOVA)swesed to evaluate
treatment effects. Analyses of treatment effectsevibased upon clutch means. Prior to
ANCOVA analyses, the assumption of homogeneity of slayes satisfied by testing for
significance of the interaction of the covariatehvtittatment variables. For all ANCOV Asst-
hocpair-wise comparisons were made using a least signifiifitence test on least squared
means. For all ANOVAgyost-hocpair wise comparisons were made using a Tukey's honestly
significant difference test. The effect of temperatueatment on the frequency of kinked or bent
tails was analyzed using a Chi-square test (Freq Proce@ai) are reported as meaSEM

unless otherwise reported, and probability values lessQl05 were considered significant
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Analyses of growth and survival in the field

The effect of temperature treatment on growth rateatghlings in the field was analyzed
as described for growth rate in the laboratory. Becaase hatchlings were not recaptured after
release, no data on growth was obtained for some fhgatment combinations. Consequently,
the number of clutches in the analysis was reducedjbt ieithe 22°C treatment, 15 in the 24
°C treatment, and 13 in the 2C treatment, respectively. Growth at 10-25 days afteasel in
the field was measured as the difference between asdmdl's natural log transformed SVL or
mass at last capture and at the time of release fretthelivided by the number of days between
measurements. The effect of temperature treatmenratehling survival at 10, 20, and 30 days
after release in the field was analyzed using Chi-squasts. The overall association between
phenotype and survival independent of treatment was adsiesach phenotypic trait using
ANOVAs and ANCOVAs. Separate analyses were used taasirgurvivors versus non-
survivors for each of the three time periods.

Contrasts of field and laboratory hatchlings

Growth and locomotor performance of field hatchlingsexeompared to laboratory
hatchlings. Because incubation conditions and clutchigihoof field hatchlings were unknown,
individual values rather than clutch means were useaiistatal analyses. Nine of the
laboratory hatchlings (n=5 in the 2€ treatment and n=4 in the 2C treatment) were
inadvertently released before first obtaining dateoonrotor performance. The number of
hatchlings used in performance analyses was therefdueed to 37 in both the 24 and°Z7
treatments. The effect of temperature treatment tehlrag running speed was analyzed using
ANCOVA with initial SVL hatchling mass as a covadat did not compare morphological traits
(SVL, body mass, TL, HLS) between field and laboratmaichlings because the morphology of
field individuals at the time of hatching was unknown. édt¥ise, statistical contrasts comparing
growth and survival of field and laboratory hatchlings e same as those described above for
laboratory hatchlings (above).
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RESULTS

EFFECT OF TEMPERATURE TREATMENT ON EGG SURVIVAL ANINCUBATION
LENGTH

Survival of eggs was not affected by temperature tredatr@smerall, 131 of 140 eggs
hatched (94% survival), and survival exceeded 90% in athtieds. Survival of hatchlings in
the laboratory was not related to temperature tredtr@ey one (from the 22C treatment) of

131 hatchlings died prior to release (99.2% survival).

Incubation length differed among temperature treatmewntsvas negatively associated
with increasing temperature (Tables 3.1 and 3.2). Hatcluogreed from 17 August to 6
September in the 2T treatment, 1 September to 28 September in tR€ 2deatment, and 29
September to 27 October in the Z2treatment, with mean incubations periods of 56, 74, and 99

days, respectively.

EFFECT OF TEMPERATURE TREATMENT ON HATCHLING PHENQPIC TRAITS

Hatchling SVL and body mass at hatching and at 10 days tdiffey among
temperature treatments (Tables 3.1 and 3.2). Body conditibatching was not affected by
temperature treatment. At 10 days, however, hatchliogs the 22°C treatment heavier for
their length than hatchlings from the Z2Z treatment. Tail length and hind limb span at hatching
and at 10 days differed among temperature treatments (Bablesd 3.2). At hatching, the tail
lengths of hatchlings from the 22 treatment were on average about 4 mm shorter tbae tf
hatchlings in the 27C treatment and differences in tail length persisted thee10 days that
hatchlings were in the laboratory. Hind limb spanathing and at 10 days was shorter by
about 3 mm in the 22C treatment compared to the 24 and@7#reatments. Hind limb span did
not differ between the 24 and 2C treatments. Hatchlings from the 22 treatment also
exhibited a higher frequency of kinked tails than hatghlinom the 24 and 2C treatments
(x?= 7.1, d.f.=2, n=130p =0.03). Approximately 21% of hatchlings from the°22had kinked
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tails compared to 2% of hatchlings in the°4treatment and 12% of hatchlings in the°€7

treatment, respectively.

Hatchling growth in the laboratory over 10 days androator performance did not
differ among treatments (Tables 3.1 and 3.2). Hatchlings gr&VL and mass at similar rates

and ran at similar speeds irrespective of treatment.

GROWTH RATE AND SURVIVAL OF LABORATORY HATCHLINGS N THE FIELD

Growth in mass during 10-25 days after release in theviiaglrelated to temperature
treatment but growth in SVL was not (Tables 3.1 and 8i@)chlings from the 22C treatment
tended to grow more slowly in mass and SVL than thase the 24 and 27C treatments.
Growth in mass of hatchlings incubated at’@2was about 50% slower than that of hatchlings
incubated at 24 and 2T.

Survival of hatchlings in the field at 10, 20, and 30 day aéilease differed among
temperature treatments (Table 3.3 and Figure 3.2) with lbatehling survival in the 22C

treatment than in the 24 and A7 treatments.

CORRELATES OF SURVIVAL OF LABORATORY HATCHLINGS IN'HE FIELD

Overall, individuals that survived to 10 days of age had lotajle and higher average
running speeds over 0.25 and 1 m than individuals that did noves(Figure 3.3). While this
pattern continued to 20 and 30 days after release, differerere not significant.

CONTRASTS BETWEEN FIELD AND LABORATORY HATCHLINGS

Field-incubated hatchlings had a mean SVL of 27 mm atntten date of first capture
(4-September). Given the overall mean SVL of 25 mna#thing and the overall mean growth
rate of about 0.3 mm/d of laboratory hatched individubks niean date of hatching in the field
would have been 28 August. Assuming that oviposition of &glgls took place on 3 July (the
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median date of oviposition in the laboratory), the mieaubation period in the field would have
been 56 days.

LOCOMOTOR PERFORMANCE AND GROWTH

Running speed of field hatchlings did not differ from thaaboratory hatchlings
(Tables 3.4 and 3.5). Field hatchlings, however, stopped freapeently over 1 m compared to

laboratory hatchlings from the 22 treatment.

Under laboratory conditions, field hatchlings grew inLSAbout 40% more slowly than
did hatchlings from the 27C treatment, while growth in mass did not differ betuéeld and
laboratory hatchlings (Tables 3.4 and 3.5). In the fggldwth of field hatchlings did not differ
from that of laboratory hatchlings 10-25 days after selaa the field (Tables 3.4 and 3.5). The
average growth of field hatchlings was almost identichbth SVL and mass to that of

laboratory hatchlings incubated at 24 and@7

Survival in the field of field hatchlings was similar that of hatchlings from the 24 and
27 °C treatments at 10, 20, and 30 days after release (Tatded®Rgure 3.2). Survival of field
hatchlings was, however, consistently higher thahdhkboratory hatchlings from the 2€
treatment, but differences were only significant at & 20 days after release in the field. At 20
and 30 days after release, survival of field hatchlings 48% and 36%, respectively, compared

to 19% and 12% survival for hatchlings from the°22treatment, respectively.

EFFECT OF LATITUDE ON INCUBATION LENGTH

The number of degree-days accumulated during each treatmgetdrfrom 495 at 2ZC,
521 at 24°C, to 564 at 27C. The number of degree-days above@tlecreased with latitude
(r*=0.56,F=63.0,P<0.001) and ranged from >900 at’3¥ to 103 at 50N (Figure 3.4). Eighty-
four percent of the locations within the geographic ihstion of S. undulatubetween 37-40N

had> 495 degree-days above°1Z accumulated during June-September. In contrast, only 11%
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of locations at latitudes between 41>50 outside the geographic distribution®&fundulatusiad
> 495 degree-days accumulated over the same period of timed Bagn a minimum
requirement of approximately 495 degree-days abo¥&1d complete embryonic
development, the predicted northern latitudinal limiSotindulatusvould lie at approximately
40.5 N.

DISCUSSION

A central question in ecological and evolutionary phggjglis whether the variables
measured in laboratory studies are ecologically reldadittators of fithess under natural
conditions (Irschick 2003). One difficulty is that the asation between phenotypic traits and
fitness is complex and poorly understood (Travis et al. 1888rews et al. 2000). For example,
phenotypic traits of hatchling lizards may exist tranty during ontogeny and may therefore
have relatively little effect on hatchling fithnegss¢hick 2000; Qualls and Shine 2000). Another
difficulty is that studies examining the associatiorwasn incubation temperature and
phenotypic traits such as locomotor performance and roatee often yield conflicting results.
For example, cool incubation temperatures may be atedawith increases (Qualls and
Andrews 1999) or decreases (Elphick and Shine 1998) in runnind. spo&ather complication
is that lizards in nature may rarely achieve running@gpeecorded under laboratory conditions
(Brafa 2003; Irschick 2003). Running speed may depend on multgredting factors such as
distance from refugia, energy expenditure, benefits of gapyure, or the perceived threat of a
predator. With this in mind, | determined whether th@snees of fithess | selected were
ecologically relevant by assessing the overall aatonibetween survival of laboratory
hatchlings in the field and phenotype. Individuals thatigedvthrough the 30-day observation
period had longer tails and faster average running speedmthdduals that did not survive
this long (Figure 3.3). Relatively long tails and reldyifast speed were thus related to the
survival of hatchlings.

My results also support a direct connection betweephkeaotypic traits produced in the
laboratory and in the field, given comparable temperaegenes. For example, nest

temperatures at our field sites near Blacksburg average aB6C (Andrews et al. 2000). |
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therefore predicted that the incubation period and phemotyesld hatchlings would be most
similar to hatchlings from the ZC treatment. In general, my observations supported my
prediction: field hatchlings and the hatchlings from2@éC treatment had similar incubation
periods and survival in the field, while both groups diffiefrem hatchlings from the 2ZC
treatment. For most performance traits, field hatglslidid not differ from laboratory hatchlings

from the 27 and Z2£ treatments.

EGG INCUBATION TEMPERATURE AS A DETERMINANT OF GEORAPHIC
DISTRIBUTIONS

Incubation ofS. undulatugggs at temperatures simulating nests &NA@2 °C
treatment) substantially increased incubation lendtbctaed hatchling phenotypic traits, (Tables
3.1 and 3.2) and reduced survival in the field (Table 3.3 andeF®j@). In contrast, incubation
at temperatures simulating nests afM224 °C treatment) resulted in a relatively modest
increase in incubation length, and with the exceptidaiblength, hatchlings did not differ in
any aspect of phenotype, locomotor performance, onslisompared to hatchlings incubated

under normal temperature conditions at a mean tempeEtaiC.

My prediction that the northern latitudinal limit 8f undulatusvould be associated with
the minimum number of degree-days required for successfubgevent ofS. undulatus
embryos was upheld (Figure 3.4). Based upon a minimum requirefaoproximately 495
degree-days above a threshold of €7 the predicted northern distributional limit ®f
undulatusin the central and eastern U.S. would lie at approgiynd0.5°N. The predicted
value of 40.5 closely corresponds to the observed nortligmbutional limit of approximately
40 °N.

How does incubation temperature limit population§ ofindulatuso approximately 40
°N, at least in the eastern U.S.? Cool soil tempegatcould influence geographic distribution
by affecting embryo survival in nests. In contrastpprediction, however, hatching success
was high (>90%) in all treatments, suggesting that eggs eblddst survive to hatching in nests
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at a mean temperature of 22 at latitudes as far as 4K. Eggs incubated at a mean
temperature of 22C had an incubation period of approximately 100 d. AtMd4hatching

would thus occur during the first part of September assurgigg were laid at the beginning of
June. Soil temperatures at that latitude, however, deetesvard the end of the summer
(National Climate Data Center). For example, theaye soil temperature at 44 decreased
from a mean of about ZZ in August to 19C in September. At high latitudes, therefore, the
incubation period would presumably be even longer tharyiexperiments due to decreasing
temperatures during September and October. Because erappgs to be most susceptible to
the effects of cold temperatures late in development fwibatching, eggs in nests at high
latitudes could be exposed to lethally low temperaturesgliaie summer and early autumn
(Yntema 1978; St. Clair and Gregory 1990; Bobyn and Brooks 1994).

Temperature-induced effects on physiological processes digidopment could also
influence the geographic distribution ®f undulatusHatchlings from the 22C treatment had
shorter SVL relative to mass, shorter tails, shidnied limb span, and higher frequency of tail
deformities compared to hatchlings in the 24 and@Treatments (Tables 3.1 and 3.2). Contrary
to my predictions, however, locomotor performance diddifeer among temperature
treatments. Nevertheless, relatively long tails rtetively high speeds enhanced juvenile
survival in populations 0%. undulatusn the field (Figure 3.3). In general, cool incubation
temperature has a negative effect on hatchling fitfeegs Shine et al. 1997; Qualls and Shine
1998; Qualls and Andrews 1999; Andrews et al. 2000; Blouin-Demeits2004). For example,
hatchlingS. virgatusncubated at a mean temperature of@Qvere smaller and ran more slowly
than hatchlings from eggs incubated at a mean temperdtdBfC (Qualls and Andrews 1999).
In other examples, hatchling black rat snakes incubat28°€ had reduced locomotor
performance compared to hatchlings from eggs incubated’& 80d for pine snake®ituophis
melanolucu} incubation at 23C resulted in abnormal hatchling behaviors such asasexd
emergence time from nests compared to hatchlings fggs iacubated at 2& (Blouin-

Demers et al. 2004; Burger 1991).
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Cool soil temperature could also affect hatchling suhundarectly, by prolonging the
incubation period and delaying the time of hatching. Thatmet benefit of early hatching is that
hatchlings experience more favorable environmentadiiions and thus are able to grow more
and accumulate greater fat stores than hatchlingsiiege late in the season (Ferguson and
Fox 1984; Shine 1997; but see Andrews et al. 2000). In the psgadygt hatchlings from the 22
°C treatment that were released late in the seasbauistantially slower growth in mass and
lower survival than hatchings from the warmer treati:i¢Tables 3.1, 3.2, and Figure 3.2).
Because growth rate in the laboratory did not differ rgriveatments, the reduced growth and
survival of hatchlings from the 2Z treatment was presumably attributable to environahent
factors such as reduced activity period, increased coiopetind/or reduced food supply
associated with hatching in October rather than Augu$iSeptember.

An unanswered question, however, is why ddesndulatu®ccur in localities such as
Blacksburg which has a relatively cool climate foratstude (37°N). According to my model,
approximately 364 degree-days are accumulated during June-Sepbdniberbout 495 degree-
days are required for successful development. The explarszt@ons to be that gravid females
compensate for low ambient temperature associatechigithelevation (ca. 625 m) through
selection of warm sites on both landscape and midogetascales (Andrews 2000; Shine 2004).
In mountainous southwestern Virginta, undulatuss typically found on south-facing slopes.
Moreover, females oviposit in open areas where iitest &e exposed to the sun for most of the
day (A. Roberts and R. Andrews, pers. comm.). Selecfievarm microhabitats for oviposition
by gravid females has been observed for other spdaieptdes inhabiting high elevations and
high latitudes, includingcelopors lizards (Andrews 2000), snakes (Blouin-Demers et al.
2004), skinks (Hecnar 1994; Shine 2004), and turtles (Litzgus 1998)alilityi of thermally
appropriate nesting sites would thus appear to be critioggrtant for populations of
oviparous species living in cool climates near thetridistional limits.

IMPLICATIONS FOR THE EVOLUTION OF VIVIPARITY

The putative benefit of viviparity in cold climatesist development of utero
embryos is enhanced by higher and more stable body taetupes of the thermoregulating
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female compared to eggs in a nest (Packard et al. 1977;188Be Shine 1985). The term
“cold”, however, is often used in a qualitative and suljeananner with regard to explanations
of the distributions of oviparous and viviparous species.ekample, irSceloporudizards, the
majority of viviparous species are confined to highaiews at low latitudes, whereas the
northernmost members of the genus are entirely oviiga(®ites et al. 1992; Méndez-De-La
Cruz et al. 1998). In this example, viviparous specie€dcefoporudizards at tropical latitudes
have activity seasons that may last the entire gean at high elevations. In contrast, oviparous
species (such &. undulatusinhabiting northern latitudes have relatively shamtivity seasons
due to cold temperatures during winter (Andrews 1998). Congidrinsubstantial body of
research on the evolution of reptilian viviparityisisurprising that relatively few studies have
attempted to quantify the environmental limits of ovipes reproduction.

Our research suggests that the distributional limitsvpfarous species at high latitudes
and elevations are determined both by absolute tempetdrthe length of time eggs are
exposed to a favorable range of incubation temperatioesxample, even in relatively cool
environments at high elevations, construction ofleivahests in warm micro-sites by gravid
females can largely ameliorate the negative effeidtsroambient air temperatures on
embryonic development (Andrews 2000; Shine 2004). Thus, atietiéate latitudes and
elevations there may be little thermal advantageteneled egg retention. Shallow nests,
however, also expose eggs to potential risks such asmextemperature fluctuations,
desiccation, or predation (Andrews 2000). At high latitudelsedevations, increasing mortality
of embryos would thus eventually offset the thermakbenassociated with a shift from deeper
to shallower nests. With progressive increasesitudgg or elevation, gravid females would
eventually be unable to behaviorally compensate fdiniteg air temperatures through nest site

selection.
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Table 3.1. Mean values and standard error (number of clutcheg&)dobation period,
phenotype, locomotor performance, and growth of laboy&oeloporus undulatusatchlings

incubated at 22, 24, and 2C. (Statistical tests are reported in Table 3.2)

Trait 22 24 27
Incubation period (days) 98.9+ 0.7 (20) 74.4 0.9 (19) 56.4: 0.3 (19)
SVL (mm)
At hatching 25.3+ 0.2 (20) 25.4 0.2 (19) 25.4 0.2 (19)
At release 27.8+ 0.3 (20) 27.& 0.3(19) 28.4: 0.4 (19)
Body mass ()
At hatching 0.587+ 0.013 (20) 0.582 0.014 (19) 0.58a 0.015 (19)
At release 0.761+ 0.034 (20) 0.72% 0.024 (19) 0.714 0.027(19)
Body shape (ma33SvL)
At hatching 0.0336+ 0.0001 (20) 0.033% 0.0001 (19) 0.0332 0.00021 (19)
At release 0.0329+ 0.0002 (20)

Tail length (mm)
At hatching
At release
Hind leg span (mm)
At hatching
At release
Locomotion (m/s)
Speed over 25 cm
Speed over 1 m
No. stops over 1m
Growth in the field
SVL (lo@dmm/day)
Mass (lodg/day)
Growth in laboratory
SVL (lo@dmm/day)
Mass (lodg/day)

25.6+ 0.6 (20)
28.4+ 0.7 (20)

38.6% 0.9 (20)
41.6% 0.4 (20)

0.692+ 0.032 (19)
0.417+0.020 (19)
3.0£0.2 (19)

0.003& 0.0003 (8)
0.010% 0.0023 (8)

0.009% 0.0008 (20)
0.0235 0.0039 (20)

0.0326 0.0002 (19)

28.2 0.5 (19)
30.6: 0.6 (19)

41.% 0.3 (19)
42.8 0.4 (19)

0.78% 0.063 (18)
0.384 0.020 (18)
3.8:0.2 (18)

0.005& 0.0008 (15)
0.0162 0.0020 (15)

0.008F 0.0091 (19)
0.0198 0.0024 (19)

0.0318 0.0004 (19)

29.% 0.47 (19)
32.9:0.56 (19)

41.6:0.4 (19)
43.8 0.4 (19)

0.828 0.11 (18)
0.42% 0.034 (18)
3.7+ 0.3 (18)

0.006 0.0005 (13)
0.02% 0.0012 (13)

0.0108 0.0012 (19)
0.012 0.0035 (19)
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Table 3.2. Statistical tests (ANOVAs and ANCOVAS) of effectsincubation at 22, 24, and 27
°C on incubation period, phenotype, performance, and grofieloporus undulatus
hatchlingsPost hogpair-wise comparisons were made using a Tukey’s horsgtificant
difference test (ANOVAS), or a least significant difface test on least-squared means

(ANCOVAS). Significant differences are in bold type.

Trait Covariate Treatment Results
Incubation period (days) Embryo stage F, 5/996.9,P <0.001 22>24>27
SVL (mm)
At hatching Egg mass F, 5/0.1,P =0.904
At release SVL +5~1.3,P=0.292
Body mass ()
At hatching Egg mass F,,5/0.2,P =0.855
At release Mass F,,5/0.8,P=0.433
Body shape (ma33SvL)
At hatching F,,55=0.8,P =0.465
At release -— F,,553.8,P =0.027 22>27
Tail length (mm)
At hatching Egg mass F, 5/~18.9,P <0.001 22<24<27
At release SVL F,,5~18.7,P <0.001 22<24<27
Hind-limb span (mm)
At hatching Egg mass F, 5/~8.4,P <0.001 22<24=27
At release SVL F2,579.6,P <0.001 22<24=27
Locomotion (m/s)
Speed over 25 cm - F,,5=0.9,P=0.434
Speed over 1 m SVL F,,5=0.6,P =0.569
No. stops over 1 m F,,5-=2.8,P =0.068
Growth in the field
SVL (logdmm/day) - F,,3+=3.1,P =0.06 -
Mass (logg/day) - F,,3574.9,P =0.014 22 <27

Growth in the laboratory
SVL (logdmm/day)
Mass (lodg/day)

F,,55=1.3,P =0.269
F,,55=0.4,P =0.682
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Table 3.3. Statistical tests comparing survival of laborat@gntrasts of treatments) and field
incubated (contrasts of field vs. laboratory) hatgsinfSceloporus undulatust 10, 20, and 30
days after release in the field. Overall contrastsuo¥ival were performed using Chi-square

tests. Significant differences are in bold type.

Statistical test

(overall)

Laboratory hatchlings

Survival at 10 days
Survival at 20 days

Survival at 30 days

X°=7.1, d.f.=2, P=0.028
X°=14.8, d.f.=2 P<0.001
X°=13.4, d.f.=2P=0.001

Field vs. lab hatchlings
Survival at 10 days X?=7.1, d.£.=3,P=0.067
x°=15.5, d.f.=3P=0.001

X°=13.5, d.f.=5P=0.004

Survival at 20 days

Survival at 30 days
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Table 3.4. Comparisons of performance and growth between labgra&ichlings incubated at

22, 24, and 27C, and field incubated hatchlings $¢eloporus undulatu¥alues are means

SEM (number of hatchlings). (Statistical tests aporeed in Table 3.5)

Field Hatchlings

Laboratory Hatchlings

Trait

Locomotion (m/s)
Speed over 25 cm
Speed over 1 m
No. stops over 1 m
Growth in field
SVL (logAmm/day)
Mass (lod\g/day)
Growth in lab
SVL (logAmm/day)
Mass (lod\g/day)

0.842+ 0.032 (41)
0.470 0.018 (41)
3.7 +0.16 (41)

0.00% 0.0007 (22)
0.01% 0.002 (22)

0.00% 0.0007 (41)
0.022 0.0022 (41)

22

0.682 0.026 (47)
0.41@ 0.018 (47)
3.2 +0.19 (47)

0.004 0.0004 (10)
0.01% 0.002 (10)

0.002 0.0007(47)
0.022 0.003 (47)

24

0.8150.065 (37)
0.39@ 0.020 (37)
3.6 +0.19 (37)

0.00% 0.001 (20)
0.01& 0.003 (20)

0.00& 0.0008 (42)
0.018& 0.002 (42)

27

0.838& 0.081 (37)
0.418& 0.021 (37)
3.7 £0.24 (37)

0.00% 0.0006 (22)
0.02% 0.001 (22)

0.01% 0.0009 (41)
0.02% 0.003 (41)
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Table 3.5. Statistical tests (ANOVAs and ANCOVASs) between katory hatchlings incubated
at 22, 24, and 27C and field incubated hatchling3ost hogair-wise comparisons were made
using a Tukey’s honestly significant difference test (AMG), or a least significant difference
test on least-squared means (ANCOVASs). Because clutchgiri could not be determined for
field hatchlings, statistical contrasts of laboratang field hatchlings were conducted using
individual values rather than clutch means. Significalfereinces are in bold type

Covariate Statistical test (laboratory vs. Result
field)

Trait
Locomotion (m/s)
Speed over 25 cm F3 158=2.1,P = 0.106
Speed over 1 m SVL Fs3 157=0.7,P =0.538
No. stops over 1 m SVL Fs3 157=3.1,P =0.028 Field >22
Growth in field
SVL (logAmm/day) Fs.70=2.0,P = 0.109
Mass (lod\g/day) F3 70=3.3,P =0.024 22<27
Growth in lab
SVL (logAmm/day) Fs. 167=5.1,P = 0.002 Field < 27
Mass (lod\g/day) Fs3 167=0.3,P = 0.799
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Figure 3.1. Geographic distribution @celoporus undulatus the United States. Information on
distributional boundaries was obtained from several ssujee text).
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Figure 3.2. Percent survival of laboratory and field incubated tietgs at (A) 10, (B) 20, and
(C) 30-days after release in the field. Date abovddne in (A) indicate mean date of hatching
for lab individuals and the mean date of capture for ired/iduals. Numbers above the bars
(A-C) indicate the number of hatchlings recaptured &b &ae period from an initial release of
47, 42, and 41 hatchlings from the 22, 24, andQ@Treatments, respectively and an initial
capture of 50 field hatchlings.
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Figure 3.3. Comparisons of tail length and locomotor performaoeer@ll mean, SE)
independent of temperature treatment for hatcl8ingndulatushat survived and did not survive
to 10, 20, and 30 days after release in the field. (A)l@mgjth, (B) average running speed over

25 cm, (C) average running speed over 1 m.
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Figure 3.4. Relationship between number of degree-days aboVv€ Btcumulated over 122
days (June-September) as a function of latitude (3MNOIntersection of horizontal line with
Y-axis indicates the minimum estimated number of degrgs-dmuired for successful
incubation ofSceloporus undulatusmbryos. Arrow indicates the predicted northern latitaidi
limit (approximately 40.5N) for S. undulatus®ased upon a minimum of 495 degree-days

required for successful egg incubation.
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