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Summary

1. In viviparousectotherrs, the interval between reproductive bouts is often extended

by long gestation times, preventinltiple reproductive events per annum.
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2. We assessétthe potential roles of physiological adaptation and environmental
constraints in driving an unusual case of geographic variatildie imstory, in the
viviparous lizard Eulamprus quoyii), which has eitheone ortwo reproductive bouts
per annum, depending on the geographic location of the population.

3. Using'Dynamic Energy Budget theory we develdpn integrated model of the
energetics of growth and reproductiorthis lizard and appéd it in conjunction with
biophysical calculatios d body temperature and activity time acrosgé@sgraphic
range to predict reproductive frequency.

4. Our modelindicated that geographic variation in body temperature alone (i.e.,
environmental constraints) explaththe observeattern of littefrequency,
suggesting that differences in energy allocation among populations were unlikely to
bea major causef differences iditter frequency irE. quoyii. It alsosuggestedhat

natural selection should favour fixation of litter size in the transizmne.

K ey-wor ds: viviparity, Eulamprus quoyii, skink, reptile, DEB theorife history variation,

geographic.variation, litter size, reproductive frequency, growth rate

I ntroduction

Constraintsare a critical forcshaping natural selection on lifestory traits(Roff, 2002;

Stearns, 1992). Sudwonstraints mape extrinsic in nature and for ectothersisch as

lizards the thermal environmertan be criticallimportant (Adolph & Porter, 1993, 1996).
There may alsdbeintrinsic constraints, including tradwfs in the allocation of nutrients and
energy to.mainténance, growth, development and reprodfttems, 1968; Sibly &

Calow, 1986);"constraints imposed by body volume (Du, Ji, & Shine, 2005; Shine, 1992) and
constraintssassociated witbproductive mode (Ballinger, 1983; Dunham, Miles, & Reznick,
1988; Shine;2005; Tinkle & Gibbons, 1977). The evolution of viviparity is a nisger

history transitien that, in squamate reptiles, has occurred independently itDOMareages
(Shine, 1999). Much has been written about the potential costs arfdsbehenis transition,

but one major cost that has received relatively little attention is the constraint it imposes on
reproductive frequency; the intbiter frequency of viviparous species is necessarily

extended by the gestation length (e.g., Ballinger, 1983). For this reaslbiple litters per
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annumare extremely rare wiviparous reptiles, despitaultiple cluthesbeing quite

common in oviparous species (e.g., Dunham et al., 1988).

Worldwide, most viviparous lizards are constrained to reproduce once annuallyitkig.,, T
1970), orless(e.g., Van Wyk 1991, Schwarzkopf & Shine, 1991, Cree & Guillette 1995,
Ibarguengoytia & Cussac 1996)lere we investigate the potential causes g unusual
pattern of geographic variation litter frequency in a widespread viviparous lizard
distributedyalonghe eastern seaboard of Australia, the Eastatarskink (Eulamprus

guoyii), in which females in some populations reproduce twice per year (L. Schwarzkopf,
pers. obs,‘and see below). One possible explanation for variation in reproductive frequency
among populations of lizards simply thermallyinducedvariationin physiological rates

such as digestion and oogenesis (Adolph & Porter, 1993, 1996). However, a common garden
experiment using this species showed that populations from the latitudinal extBtee

range exhibit very different growth trajectoribat are both locally adapted and depend on
the thermal environment experienced during gestation (Caley & Schwarzkopf, 2004)t Thus,
appeargossible/that observed variationlitter frequencyis causedot by simple variation

in physiologicalrates driven by temperaturghis speciesbutinsteadoy local metabolic

adaptations influencing energy allocation to reproduction.

To interprethis pattern, w developda Dynamic Energy BudgéDEB) model of growth
and reproduction iulamprus quoyii and integrate it with a biophysical model of climatic
constraints on body temperature and activity budget. This ‘thermodynamic nictiellimg
approach (Kearney, Simpson, Raubenheimer, & Kooijman, 2tds3peen successfully
applied to model climatic constraints on the energetics of liZ&elrney, 2012; Kearney,
2013; Kearney, Matzelle, & Helmuth, 2012). In general, DEB theory provides a parameter-
sparse approach to modelling the full life-cycle energy and mass budget givemtiffere
nutritional andthermal environments (Kooijman, 2010yiffers from other energy
budgetingrapproaches (Kearney & White, 2013; van der Meer, 9agnsidering the full
elementalmass budgetia the assumption of distinct p@obf biomass of constant chemical
compositionexpressed in terms efementalratios (Koojiman, 1995), and provides a
powerful means to model the interaction between heat, water and nutritionahicdgsist
(Kearney et al., 2013).
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Two qualittively distinct biomass pools are considere®EB theory: ‘structure’ and
‘reserve; with the'standardDEB model’ (employed here) assuming just one structure and
one reserve. The structure is the ‘permanent’ part of the biomassis/kitipiricallyrelated

to the cube of body length, and which requires energy expenditure for its growth,
maintenancerand development. The organism badjimsst entirelyas reserveafreshly laid
egg) andhe reserve isnobilizedfor allocation to theyrowth, developnert and maintenance

of the structure. Theate ofreservanobilization isproportional to theatio ofreserveto
structure which acts as a physical scaling constréfdino, Kearney, Nisbet, & Kooijman,
2013). From birth onward, the reserve pool is replenished through feeding. The density of
reserve in‘the body fluctuates with nutritional state, rising to a maxideunsity atad libitum

food levels:

Prior to sexual maturity, a fixed proportion of the flux of mobilized reseruead to

maintain and increase the maturity state of the organism. Threshold levels of anestgd

in maturationact adriggers for birth and pubertyBirth is defined aghe pointwhen feeding

is initiated whereagpuberty occursvhen resources are no longer used to increase maturity
levels butinstead go to reproduction. Once the reproduptied reaches the level required
for a fulllitter, this biomass is then reledsas eggs in an oviparous species. In the present
case we are consideringy&iparous species with facultative placentotrophy (Stewart, 1989,
i.e., placental provision is not requisite to the production of viable offspring) andrs®
model, eggs remain in the female for the duration of egg developasedegcribed in
Kearney(2013)). Coupling a DEB model with a biophysical model of the impact of
geographic variation in environmental conditions on body temperature and goneity
enables uto assess the extent to whighographic variation ihtter frequencyin Eulamprus
guoyii occurs because a short activity season constpaiysiologicaltime availablefor litter
productionmorein the temperate zone, and less in the tropics tfhexe isan environmental
temperaturerconstraint)r occursdecause of variation in energy allocation strategies of
different poepulations oEulamprus quoyii (e.g., due to differences in enemiocation

strategiesergrowth and reproductipaley & Schwarzkopf, 2004

M ethods
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128  Observations of geographic variation in litter frequency

129 Eulamprus quoyii is distributed along the east coast of Australia from Cooktown,
130  Queensland in the north (approx. P%5145.8E) to south of Sydney, New South Wales
131 (approx. 34.2S 150.9E) (Fig.2). Across its geographic randg&, quoyii inhabits rocky and
132 sandy, vegetated, riparian habitats ranging from cool temperate to warm trofdioal.
133  determinefreproductive frequenaye collected gravid femaldsom 4 high elevation and

134  low elevationloctions along thie range high elevation populations includeBalumaQuart

135 Pot Creeknear Stanthorpe, Mimosa Creek on the Blackdown Tableland, and Sharpe’s Creek
136  at Gloucster Tops in Barrington Tops National Park, whereas low elevation populations
137  includal: Bluewater CreekAlligator Creek and North Creekll near Townsvillgthese were
138  modelled as a single lowlaridcation because of proximity)the Brisbane Cultural Centre,
139 and Dawson CreekearBrisbane Were combined and calle@fisbané asthe 2" lowland

140 location) Red Rock Creek near Yepoon clos&ktckhampton (thelocatior), andOxford

141  Falls Creekand Frenchman’s Creek in Sydnesre combined to represent th& lowland

142  location)] “Females were collected the wild by noosing, hand captuce sticky traps, and
143  transportede.dames Cook University, Townsville, Queensland, within 3 days of capture.
144 Females.were housed individually in plastic boxes (550L x 360W x 305H mm) in a
145  constant temperature room maintained 4C22 1°C. Ceiling fluorescent lights provided

146  photoperiod (32L:12D) and a 75-watt incandescent light suspended at onesext ohge

147  provided basking heat. Eight hours of available basking time was centred within tightdayli
148  hours of the photoperiod. When the incandescent lights were on, females could

149  thermoregulate at temperatures from 27°C to 45°C. All females were fed commercial cat
150  food (Purina Fancy Fed®t, assorted nofish flavours)three times weekly, and crickets

151  (Acheta domesticus) andmealworms Tenebrio molitor) once per week. Animals were fed to
152  satiation at.these times. Water was availalllgbitum, in bowls large enough for females to
153  become completely submerged. Newspaper and a small cardboard box were provided for
154  shelter ineach'ecage, and a tree branch was provided as a basking peectiiet and thermal
155  regimes weresdesigned to be appropriate husbandry for these lizards until theythdae bi
156  most several weeksand to keep them healthy after birth. They were nohd#e to be

157  representative,of any particular location in the rarfgemales were checked daily for the

158  presence of offspring in the cages. The date when offspring were first noted wedsdecor
159  Offspring were counted, measured and weighed at birth, and transferred to indieiduzd

160 cages. After birth, females were maintained in captivityfoto 1-80 (average 36) days,
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161 depending on timing of collection and then sacrificed and dissected. Ovulateddoificle

162  present, were recorded.

163

164  Abiophysical model of Eulamprus quoyii

165 We used anRR Development Core Team, 2012) implementation of the Niche Mapper
166  biophysical modellingoftware(‘ NicheMapR, forthcoming) to model field body

167  temperaturess(operative temperatud)vity and energetics &ulamprus, following the

168 ‘thermodynamiesniche’ modelling approach described in detail elsewhere (Kearney, 2012;
169 Kearney, 2013; Kearney et al., 201Bhis package consists of a microclimate model and an
170  animal (ectotherm) model. We drove the microclimate model with daily interpolated gridded
171 environmental data for Australias described in detail in Kearney et(28014) The animal

172 model incorporates a behavioural/biophysical model for computing heat/activity huatgkts
173  uses Dynamie.Energy Budget theory as the energy/mass budgeting model (see next section).
174  Parameters for the biophysical model and their sources are described it.Table

175

176  Estimating DEB parametersfor Eulamprus quoyii

177  We used the ‘covariation method’ ( see also Kearney, 2012; Kearney et al., 2013;dlika et
178  2011) to obtain estimates of DEB parameters, based on observations of growth from a
179  previoussstudy oE. quoyii (Caley & Schwarzkopf, 2004Laley & Schwarzkopf (2004)

180 compared populations from the latitudinal extremels. @juoyii’'s range(Sydney and

181  Townsville)and showedhat tragctories of growth in hatchlings incubated iorassed

182  design andaised inacommon garden, varied in a complex manner with maternal body

183  temperature,ansourcelocation (see Caley & Schwarzkopf (2004) for details of the

184  experimental design and husbandry conditions in that expeririéathus fittedDEB

185 models'basedon data for each location (Sydndylamwnsville) crossed with each maternal
186  environment (cool vs. warm), and explored the extent to which simple changes in DEB
187  parameters could account for the observed differences.

188

189  The specific observations used to fit the DEB model included: ageshjdiha&ind maturity,

190 masses (g) and lengths (sn@etit length, SVL) at birthmaturity and ultimate size, annual
191  reproductive output (number of offspringhngevity, together with lengtht-age trajectories
192  and length vs. mass relationships for individuals across ontogeny from birth teiaelulh

193  estimating the parameters, one can assign different weightings to the obsentatidvieda
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adoptedhe strategy of increasing tiaeights of obsrvations that werstatistically different

between the populatiormdtreatmentgCaley & Schwarzkopf, 2004).

An associated temperature is required for ages at birth and maturity, as neplcaiictive

rate lengthatageand longevity, together with an Arrhenius thermal response curve (we
used the Fgarameter modd€Schoolfield, Sharpe, & Magnuson, 1981; Sharpe & DeMichele,
1977). We estimated the Arrhenius temperatligefrom observations of temperaturersus
development time (Caley & Schwarzkopf, 2004), and assuhatdhe lower threshold
temperature for. enzyme deactivatibncorresponded with the critical theahminimum

(CTmin) and,the upper threshold temperatiite reducedhe performance curve to zero at the
critical thermal maximumGT nax). All of the temperatursensitiveobservations were made
under diurnally*fluctuating conditions. Thus, to obtainanstant temperature equivalent
CTE (Orchard, 1975)we estimated themean Arrhenius temperature correction factor across
all time intervals and then badalculated the temperature required to produce this mean
correction factarwhich was then used as the CTE. For observations of repradluates

and longevity;:which werderived fromfield observations, we calculated the CTE based on
biophysicalsimulations ofan adult lizard thermoregulating acrdbs years 1990-2009 in

Sydneyland Townsville.

Life history simulations

We simulated the lif@istoryof E. quoyii at the eightocationssampled fotitter frequency,
driving the simulations with environmental data from 1990 to 2008 commenced the
simulations at hatching on th& January in a given year. We exploredagation among
simulations commenced in different yeérs., thevariation among cohorts), looping around
to years prior to the start date of a given simulation to ensure a consigdrdflock (e.g. a
simulation’starting in year 2008 would then haged data fo2009 and then from 1990-
2007).

Following.Kearney (2012), we used the batch reproduction mBeéeb(eriet al. (2009) to
simulate seasenal reproductjavherebylitter production was initiated by the winter solstice
and terminated by the summer solstice, with a reproduction buffer building up in between.
Feeding was assumed to continue through pregnariagh is realistic (LSpers. obsHuey

et al., 2001)Activity, and hence feeding, was only permitted during daylight hours when
body temperature was within the thresholds for voluntary actiiarney et aJ.2013). The
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lizard was permitted to select from between 0 and 90% shade for thermoregWaion.
assumedhat water did not constraactivity (i.e. that the lizard was living beside permanent
water, which is realistic for these lizards, Law & Bradl®§90) and that lizards experienced
ad libitumfood during activity periods/NVe also ran simulations for a set8®3 locations
evenly sampled‘acrossasten continental Australigencompassing the geographic range of
the speciesio provide a broader piate of how temperature limits the life history across the

species’ potential geographic range.

Results

Geographic variation in litter frequency

Initially, visual observations of apparently gravid females present unusualiy ltte year

(in April and May) were made in Paluma, around Townsville, and near Rockhampton. In
addition,as.part of a markecapture study conducted at Alligator Ck near Townsviliee
females that:had given birth ihe laboratory irDecember were released into the fieldd
were recapturedyravid, in April, verifying that it wasndeed possible for individual females
in some population® give birth twicein one year (L. Schwarzkopf, 2005, and LS pers.
obs.) We reasonedhereforethat ifindividual gravid females could produce thitbersof

offspring, they must ovulate shortly after reproduction.

Over several years, we sampggigravidfemales7 fromPaluma, 2 from Bluewater Creek
and 27 from Alligator Creek and North Creek near Towns\8llepm the Brisbane Cultural
Centre, 2 fronDawson Creekear Brisbane7 from Quart Pot Creek near Stanthorpe, 20
from Red Rock Creek near Rockhampton, 10 from Mimosa Creek on the Blackdown
Tableland®.fromSharpe<reek in Barrington Tops National Pgf&loucester Tops], 15
from Oxford"Falls Crek and Frenchman’s Creek3ydney, andallowedthemto give birth
in the laboraterythen held them for up to 70 days (1-70, mean =88@r which they were
euthanizedrand dissecte@®nly females from Paluma, Townsville, and Rockhampton had
ovulatedwithin35 days of giving birtlin late December or Janugiy/7 females from
Paluma(14%), 429 fromthe Townsvilleareag13%), 1/20 from the Rockhamptarea
(5%)). One female collected in Brisbane in December 1997 that was not gravidrattbé t

collection had ovulated 4 folliclest the time of dissectioon the 19 February 1998,
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suggesting that there magtleast at timesbe early and late reproductifamalesn that

population However,no females from Brisbane ovulated after giving birth.

Three females from Sydney that gave birth in the laboratory as part of other arerkeid

in captivity forrover 1 year, and provided with food and watHlibitum. These females

ovulated more than one year after giving birth (average 420 days), and evesjaciéy

yolked ovulated folliclesindicating thak. quoyii femalesmay not be able to resorb ovulated
follicles andthat dissection is a good method for assessing breeding status. In addition,

never observed gravid females after JanuaryZwy@armark recapture study &. quoyii

conducted at Blackdown Tableland (Salkeld, Trivedi, & Schwarzkopf, 2008k gualii

from around Sydney are not known to reproduce more than once (e.g., Borges-Landaez, 1999
and R. Shine, pers. comm.). Taken together, we used these data to indicate the likely

reproductive frequency of different populations.

DEB parametersfor Eulamprus quoyii

The DEB parameter estimatasd fits to the observeatafor the Sydneywarmtreatment

are presented in TabB(see Tables S3 in Supporting Informatiofior parameters frorfits

to thedata oftheother three treatmentshe associated Matlab scripts used to estimate the

parameters can be foundritp://www.bio.vu.nl/thb/deb/deblab/add_my_pet/Species.xls

Attempts to capture the observed differences imvtjrdrajectoriedy varying the core DEB
parametersone at a time, from the ‘Sydney warm model’ failed to produce predictions
gualitatively consistent with all of the life history ddtasults not shown), with the exception
of the thermal response cun&pecifically, the estimated DEB parameters for the Sydney
warm incubation treatment could also predict the more rapid growth of the Sydney cool
incubation“treatment with a simpléGdownwardoffset of the entiréemperature response
curve(parameterd . andTy) (seeFig. Sla in the online Supplementary MatgridMoreover,
the fastestsempirical growth trajectories of the Townsville population under both the warm
and cold treatment approachiatof the Sydneywarm DEB model trajectonalthough
overall the growth trajectories at this site had a wider spreadgimdividuals, especially

for the cold treatment (Fig1b).
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294  As wediscuss further below, we conclude that the Townsville growth data from the cool
295 gestation treatmembayreflectpoor acclimation abilities of a tropical populations|aoy

296 temperatureénduced breakdown of normal growth processedoth We also conclude that
297 the Sydneycool treatment reflecteahn acclimation response. Thus we focus on the Sydney-
298  warmand-Toewnsvillewarmdataset as the most representative srieom which tcestimate

299 the DEB parameterand used therior subsequent analyses of thermal constraints on life
300 historyresponses.

301

302  Lifehistory simulations

303 The results,of the population-specific simulations of growth and reproduction wilbEB

304 model, when coupled with the biophysical model and run under the local weather conditions
305 from 1990-2009are summarized in Table 1 and Figlir&@he results of the landscapeale

306 simulations are depicted in Figdh-g. Figures 1 and 2 show results only for the cohort

307 starting in 1990, while the results in Table 2 are averages over the 20 different starting years.
308

309 The frequeney-of production of two litters increased with the body temperaturesexpdri

310 at the site, with.the highesefjuencies at Townsville and the lowesGaiucestefTops (Fig.

311 1, Table 1), andthis was broadly consistent with empirical observatitns tifters The

312 inter-cohort variability in the frequency of production of two litters showed an inverse

313 patternasindicated by the standard deviations (Table 1, expressed as a percentage of the
314 mean). At the coldest site, Gloucesteps,with the Sydney life history, half the cohorts

315 producedwo littersin their last year of life (Table 1). Under the Townsuviife history, no

316  doublelitters occurred at Gloucest@iops or Stanthorpe and the mean number of double

317 litters at the other sites was low&he mean intrannuallitter frequencywaspositively

318 correlatedwith the observed pattern of double litter production under both the Sydney and
319  Townsvillei DEB/model¢Spearman rank correlation, Sydrrey 0.79,S =17.8,P = 0.020,

320 Townsviller=10;79,S =17.84,P = 0.020).

321

322

323

324 Discussion

325  Environmental constraints on frequency of reproduction

326 Empirical observations gfopulations of viviparous reptiles suggest that most are limited to a

327 single reproductive episode per yéaug. Ballinger, 1983) and, indeed, many viviparous

This article is protected by copyright. All rights reserved



328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361

species reproduce bienniablyless €.9., (Alison & Guillette, 1995; Cox, Skelly, &
John Alder, 2003; Ibargiiengoytia & Cussac, 1996; Olsson & Shine, 1999; Pincheira-
Donoso & Tregenza, 2011; Schwarzkopf, 1993; Van Wyk, 1991). We observed that, in the
tropical parts of their rang@dividual viviparous Eastern water skinksulamprus quoyii)
reproduce more than onper year, whereas in other locations femadgsoduce annuallgt
maost. A dynami¢ energy budget (DEB) model, combined with a biophysical model
predicting ‘body temperature and activity patterns, strongly suggest that much ofatiervar
in reprodugtive frequency among populations of this species can be explained by constraints
imposed byenvironmental temperaturesnd the associated activity period available to the
lizards This oceurs because, in our modeé& animals have the same time window to breed
(we assume they store apergy forreproduction between the summer and winter solstice,
and yolk follicles between the winter and summer solstitech is similar to what occurs in
nature, Schwarzkopf pers. opbut as temperature changes along the transect they have
different amounts of physiological tinaailable tdoring their liter full term

On‘average, the model predicted reproductive frequency correctly for each population
(Table 3, whichawas remarkable given its limitatisn Examination of Fig 1, however,
reveals that,doubliéters werepredicted, at least occasionally, fdl modeled populations
exceptGloucester Tops. Unfortunately, we do not have records for reproductive frequency
on multiple individuals, over many years with different weather conditions|, tinesle
populations, to validate the model. However, our samples and observatiorsefreral
mark-recapture studiesuggest that water skinks, especiatlysydney and on the Blackdown
Tablelandnever reproduce twice a yeay whereas those from Townsville definitely are
capable otwo litters per year. Our samples from the other populations are broadly
consistent with model predictions, and we observed ddittieliss at Paluma and Yepoon
(near Rockhampton). Our observations from Brisbane suggested that the population may
reproducdwice, but it is raréor impossiblg for individuals to do so. Our laboratory
observationsisesuggested a relatively low frequency of production of two litters per annum
generally(5=14% of individuals), and that the highest frequency of production of two litters
per annumswas in Townsville. These observations are consistent with the model.

The maodel’s tendency to sometimes opegeictthe production of two littersay
occur because (i) individuals in the model are never food restricted, whereas animals in real
populations may beeducing energy available for producing the seditted. Moreover, in
the model, individuals could feed throughout pregnancy, whereas some water skinks stop

feeding late in gestation (Schwarzkopf, 1998),n the mode| litter size is constrained to
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362 the mean size, whereas in the real wdittdr size varieslinking the rate ofproduction of

363  two littersto the body size of females in the population, and allowing females flexibility in
364  producinglitters smalleror largerthan the mearjii) in the mode] there is no disadvantage
365 to producing offspring very late in the year, essentially in winter, whereas in theoréh

366  such a restriction is likely a very important selective fgnaventing the production of two
367 litters in aSingle yearReproduction increases the basking rate of females, which may be
368  costly (e.g., Schwarzkopf, 1993; Schwarzkopf & Shine, 1991; Schwarzkopf & Shine, 1992),
369  and offspring may fare poorly if produced too late in the year (Wapstra, Uller, WhitgmQls
370 & Shine, 2010).We think it likely that this last point is very important in determining actual
371 reproductive frequencyecausea mistake, i.e., producingdligter too late in the season, may
372 be toocostlyto allow the evolution of multiplétters per annunm cooler populationsWe

373  suggest it IS moére advantageous for femalesttin the energyand allocate it to growth and
374  potentially reap a sizelependent fecundity advantage the following year (e.g. Shine,

375  Schwarzkopf, & Caley, 1996) Indeed, it seems that southern populations lack the

376  physiological flexibility to produce a secotitder, as southern (Sydney) females held in the
377 laboratory at.warm temperatures watthlibitum food failed to ovulate for over a year.

378 Litter. frequencies produced by females at Blackdown Tableland and Brigyaas
379 intermediate inphysical conditions between populations producing one or tw¢ &iteers

380 interestingwithsrespect to thevolutionary influence afisks of a second reproductive event.
381  Empirically, females at these locatiopsoduce a singlitter; yet, themodel suggests that the
382  weathemayallow two littersat times High risks associated with a secditketr, either due
383  to predation on gravid femaldsyw offspring success if produced latew offspring quality
384 (e.g. Qualls & Andrews, 1999), or some combination of these canase obligatsingle

385 littersto evolvein these transitiongdopulations.

386 The relatively low frequency of doubliters we observedcross all the populations
387 sampled.also.suggests that it would be instructive to measuresdss and performance of
388  offspring fromrsecondtters. It would also be useful to determine the influence of

389 temperatureson‘offspring fitness, to establish pos#iikess costs if females are unable to
390 maintain_high body temperatures for much of the day, as may happen later in the season.
391

392  Temperate versustropical energy budgets

393  While the constraints demperatur@nd season length alone could explain much of the
394 geographic variation ilitter frequency that we observedHnquoyii, it is also important to

395 consider whether known geographic differences in growth traject@aey &
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Schwarzkopf, 2004also play a roleBelow, and in the context of the DEB model we created
for E. quoyii, we interpret tk patterns in reproductive allocation strategies consistent with the
growthtrajectoriesreported in (Caley & Schwarzkopf, 2004).

In the wild, here were ndlifferences in asymptotic size or overall reproductive output
among lecations, and the lengtiass relationships f@ll of four laboratory experimental
treatmentscool (Sydney) origin individuals, cool and warm treatments, and warm
(Townsville) origin‘individuals in cool and warm treatmef@sley & Schwarzkopf, 2004
and Schwarzkopf pers. obsvgrevirtually indistinguishabl€Fig. S2). The growth
trajectories.obffspring fromthe two temperature treatment groiqesn Sydney showda
striking convergence on asymptotic sidespite the dramatic increase in growth rate
imposed hy'the cooleestatiortemperaturéreatmen{Fig. S1a). This convergensaggests
thattherewereno major changes in energy allocation strategies with gesdatiermal
environment. Instead, for the Sydney population, the gestiatiortreatmentmay have
imposed an acclimation response on the developing embryos such that their thermahoptimu
shiftedto a.cooler value. Thus, we conclude that Sydney animals had a wider thermal
tolerance, and.could acclimate to both the warm and cool thermal environments they were
offered in the'laboratory. The Townsville population Ed&uch a pattern but exhibda
wider spread in‘growth trajectories, especiallyféonilies exposed tthe cool gestation
treatment (Fig«1b).

Caley and Schwarzkopf (2004) foutithtthe Townsville population hadiargerlitters but
grewmore_slowly Under the DEB framework thisascaptured throughhanges in two
main parameters lower value of kappa (the allocation tenvh)ich dictates the fraction of
mobilized reserve that is directedgmwth (rather than maturation @production) at a
given instantand a higher value for somatic maintenamgg (Table S1) Under the
standard DEB model, as applied heve,assume kapparemainedconstant for the whole
life-cycle.. Thus,/in the Townsville DEB model, growth hapgmore slowly at the expense
of greater investment in reproductidon.DEB theory, howeveidecreasing kappa in isolation
results in assmaller maximum size (ultimate lergtki{ pam}/[ pm]), Which was not
observed«Thusitting the DEB model to th&ownsville population also necessitatatbwer
somatic maintenance term (Table S1). One interpretation of this is called toasiey’
(Kooijman, 2013) whereby animals exploiting shiemm resources evolve high maintengnce
allowing themto grow quickly to a small size with high reproductive output. According to

this interpretation, the Sydney populatianth a shorter growing seasomould be ‘wasting
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429  to hurry’ compared vih Townsville. The DEB parameters for the Townsville population,
430 howevermakedoublelitters less likelycompared to those for the Sydney population (Fig.
431  1). Thus, it does not seem that geographic patterns in reproductiverfogocan be

432  explained by the differences in allocation to growth we obseifvadything, they should act
433 in the oppositerdirection.

434 An alternative, non-adaptive interpretation lod tlisparity igrowth responss between
435  Townsville'and Sydney familias that individuals from Townsvilléad narrower thermal
436  tolerances; or less efficient acclimation responses, compatieolse fromSydney This

437  interpretations,consistent with many recent papers suggestingrbahermal acclimation
438  response of tropical species may be narrower than those of temperate (gpgctsnday,
439  Bates, & Dulvy, 2011). In addition, the Townsviflearm’ environmenprovided to females
440 for gestationin‘the Caley and Schwarzkopf (2004) experiment, although intended to
441  represent a “Townsville gestation environment”, may have not been represeuit#tiee
442  thermal environment females from Townsville usually experienae.siulations of ta
443  likely gestation environment experienced in Townsville predicted considerabbyr fugtly
444  temperaturesgspecially at night (Figs3): the constant temperature equivalent (CTE)
445  calculatedfrom field temperature data &s0°C compared to the 25:€ provided in the
446  laboratoryfor the warm treatment. The CTE of the simulated gestation environment for
447  Sydney was.between those of the cool and warm gestation treatmentC)48i§. S3a).
448  Thus, it Is possible that offspring from Townsville exposed to both the warm and cool
449  treatments experienced thermal stréssreby reducing growth ratek any case,

450  Townsville offspring responded with slow and variable growtlaboratorythermal

451  treatments, compared to Sydney offspring.

452

453  Conclusion

454 Thereshasong been a general appreciation that major transitions in the life irstdr
455  ectotherms are likely to be strongly influenced by temperaturdyyatitce window ofactivity
456  timesavailable'to different groups (e.g. Adolph & Porter, 1993, 1996; Stevenson, 1985).
457  Here we.have combined empirical observations of life histariation includinglitter

458  frequencywithra,Dynamic Energy Budget model aadbioenergetics modeb better

459 understand a very unusual life history transition for a vivipakausiralian lizardrom one to
460  two litters per annum. Even given the simplifying assumptions of the model, the

461  physiological activity window calculated by the model was an excellent predidiwe of
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occurrence of thisinusual life historyransition Models, such as those developed here that
integrae formal metabolic theory with biophysical ecological principles, have great potential
to provide insights into constraints on life histories and how they vary through spacaand ti
(Kearney, 2012; Kearney, 2013).
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Figure Captions

Figure 1. Growth trajectories (wet mass) predicted for the Sydmaym (black solid line)

and Towngsville-warm (grey dashed lifegm DynamicEnergy Budget modefsr

Eulamprus quoyii at eight sites across its range under the local weather conditions from
1990-2009 (all lizards had died from old age in the simulation by this time). The sudden
drops in mass represditters, with doublelitters appearing as two drops within a single year,
indicated by the heauyorizontalbars.Observed annual frequency of reproduction is

indicated.after.the site labels.

Figure 2. Thegeographical distribution dgulamprus quoyii (a) and results dandscape-
scalesimulations of its growth and reproduction assuming the Sydaey Dynamic

Energy Budget.model (b-g). On all maps, lieck squareare sites wherk. quoyii

produces two litters per annum (from north to south, these are Paluma, Townsville, Yeppoon,
Brisbane)while the blackriangles are sites where it produce litter(from north to south,

these are Blackdown Tableland, Stanthorpe, Gloucster Tops, Sydney [Royal NP]).
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Table 1. Heafactivity budget model parametds Eulamprus quoyii.

parameter units value source

E€body, SKiloNgwave infrared emissivity - 1.0 default

abody, SKiRLsolar absorptivity - 0.857 (lan F. Spellerberg,
1972)

Phody, flesh/density kg nt 1000 default

Kboay, fleshthiermal conductivity wm'ect 05 default

Chody, flesh.specifideat capacity Jkg'°K? 4185 default

Frody,sky CONfiguration factor body to sky - 0.4 (Porter, Mitchell,
Beckman, &
DeWitt, 1973)

Fuoay,sub €ORfiguration factor body to substrate - 0.4 (Porter et al., 1973)

A, lizardsurface area cn? 10.4713,,%88 wherew, is wet weightin g (Porter et a].1973)

Asi, silnglette area normal to the sun cn’ 3.7981, %683 wherew,, is wet weighting  (Parter et al., 1973)

Fsun fraction-of surface area contacting the substr - 0.1 assumed

Fwet, fraction of surface area that is wet - 0.01 assumed

TFI™, minimum temperature for leaving retreat ~ °C 17.4 (lan F. Spellerberg,
1972)

T/ minimum baking temperature °C 17.4 (lan F. Spellerberg,

This article is protected by copyright. All rights reserved
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T/™  minimum foraging temperature

T, maximum foraging temperature

Tyrer, Preferredemperature

CTpin, critical thermal minimum

CTpax Critical thermal maximum

°C

°C

°C

°C

°C

23.9

34.2

30.0

6.0

39.8

(lan F. Spellerberg,
1972)

(lan F. Spellerberg,
1972)

(lan F. Spellerberg,
1972)

(I. F. Spellerberg,
1972)

(I. F. Spellerberg,
1972)
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Table 2. Dynamic energy budget (DEB) model parameter estimati&ulaimprus quoyii estimated for the Sydney population under the warm
maternal incubation treatment of Caley and Schwarzkopf (2004) (see Supportingalidarfor pararaeter estimates for other treatmenBart
a) shows _the observed to the predicted data (fit of 9.6/10) and part b) shows the core DEB parametefredéématesected to 20 °C), and

additionaFBEB parameters either independently observed or assuimdetdefault value3.he lengths relate to snewent length (SVL).

a) observed and predicted data

data obs. pred. units data source

ap, age at birth 71.0 62.5 days (25.8C) (Caley & Schwarzkopf, 2004)
ap, age at puberty 3755 367.3 days (25.8C) (Caley & Schwarzkopf, 2004)
am, longevity 4380 4380 days (17.7C) Schwarzkopf unpublished

Iy, length at birth 3.8 3.8 cm (Caley & Schwarzkopf, 2004)
lp, length atpuberty 9.0 86 cm (Caley & Schwarzkopf, 2004)
l», maximum length 13.0 13.1 cm Schwarzkopf unpublished
W,, masss=at-birth 0.29 0.29 g,dry (Caley & Schwarzkopf, 2004)
W,, mass atpuberty 3.3 34 g,dry (Caley & Schwarzkopf, 2004)
W,,, maximum mass 125 13.2 g, dry Schwarzkopf unpublished

R., maxixepro rate 5.0 5.2  #year (17.7°C) (Caley & Schwarzkopf, 2004)

b) DEB parameters

parameter value units source

z, zoom factor (relative volumetric length 2.825 - estimated

This article is protected by copyright. All rights reserved



dm, Shape correction factor
Vv, energy conductance

k, allocation fraction to soma
[pm], somatic-maintenance
[Eg], cost of structure

EP , maturity at birth

EL | matdrity)at puberty

kx, digestion efficiency

KR, reproduction efficiency

0.2144
0.02795
0.8206
48.81
7512
866.6
1.019x1d

0.85
0.95

[ET], maximum specific stomach energy 350

Eo, energy'content of ‘egg’

{Pxm}, Maximum specific food intake
Xk, half saturation constant

dv, density.of structure

Wy, molecular weight of structure
ux, chemical potential dbod

ue, chemicalpotential akeserve

v, chemical potential of structure
up, chemieal potential dheces

kxp, fraction of food energy into faeces

9220
12420
10

0.3
23.9
525000
585000
500000
480000
0.1

cm d?t

Jcemdd?

Jcm?®
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estimated
estimated
estimated
estimated
estimated
estimated

estimated

(Shine, 1971)

default

(Kearney, 2012)

estimated
assumed
assumed
assumed
default
default
default
default
default

default



Ta, Arrhenius temperature 8817 K (Caley & Schwarzkopf, 2004)
T., lower bound foiT o 279 K Matched toCT min
Ty, upper.bound fof o 306 K Matched toCT max
TaL, value-offy below lower bound 50,000 K (Kearney, 2012)
Tan, valle ofTa above upper bound 90,000 K (Kearney, 2012)

Table 3. Summary ofife history predictions of the integrated biophysical/Dynamic Energy Budget mode&llnprus quoyii at various sites

across itssgeographic range, as well as obsdittexdirequencies, under a) the Sydney Dynamic Energy Budget (DEB) model parameters and b)
the Townsville DEB model parametefithese simulations useldily weather interpolations for the specified locations from 1990-2009 as input,
assuming=ne food limitation when thermal conditions permitted actRegults are means of 20 simulations covering all starting years, i.e. all
possiblelcohorts of this time sparhe values in parentheses represent the standard deviation of Hoea¢rvariation expressed as a

percentage of the mean.

a) Sydney life history

Observed  Predicted Lifetime Age at 1st Life
Litter Litter Double Lifetime  reproduction Span
Site Longitude Latitude Frequency Frequency Litters Fecundity (years) (years) I max
Paluma 146.21 -19.01 2 1.5 (0.0) 3.0(0.0) 45.0(0.0) 29(0.3) 7.8(0.3) 0.40(0.5)
Townsville 146.78 -19.5 2 2.0(0.0) 5.0 (0.0) 50.0(0.0) 2.7(0.4) 7.3(0.3) 0.45(0.2)
Yeppoon 150.65 -22.85 2 2.0(4.2) 4.6 (14.8) 49.0(4.2) 2.8(0.6) 7.4(0.6) 0.45(2.9)
Blackdown 149.1  -23.82 1 1.5 (0.0) 3.0(0.0) 43.3(5.7) 2.9(0.5) 7.8(0.5) 0.40(1.8)
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Brisbane 153.02  -27.46 2 1.5(0.0) 3.0(0.0) 45.0(0.0) 29(0.3) 7.8(0.2) 0.40(1.4)
Stanthorpe 151.98  -28.69 1 1.2 (7.7) 1.4 (35.9) 35.8(0.0) 3.8(8.8) 8.7(0.5) 0.34(5.3)
Gloucester 151.61  -32.07 1 1.1(7.5) 0.3(156.7) 30.0(7.8) 3.1(7.0) 9.6(1.3) 0.28(1.2)
Royal NP 151.05  -34.07 1 1.3 (0.0) 2.0 (0.0) 40.0(0.0) 4.1(11.4) 85(1.0) 0.36(0.4)
b) Townsville life history
Observed  Predicted Lifetime Age at 1st
Litter Litter Double Lifetime reproduction  Life Span
Site Longitude Latitude Frequency Frequency Litters Fecundity (years) (years) I max
Paluma 146.21  -19.01 2 1.2 (0.0) 1.0 (0.0) 56.0 (0.0) 3.6 (8.4) 8.2 (0.3) 0.43 (0.1)
Townsville 146.78 -19.5 2 1.4(2.4) 2.0(0.0) 56.0(0.0) 29(0.4) 7.6(03)  0.44(1.9)
Yeppoon 150.65  -22.85 2 1.3 (0.0) 2.0 (0.0) 57.6 (5.7) 2.9 (0.6) 7.7 (0.6) 0.44 (0.3)
Blackdown 149.1  -23.82 1 1.2(0.0) 1.0(0.0)  56.0(0.0) 3.0(15.7) 8.1(0.5)  0.43(0.1)
Brisbane 153.02  -27.46 2 1.2(0.0) 1.0(0.0)  56.0(0.0) 3.1(03) 82(0.2)  0.43(0.1)
Stanthorpe 151.98  -28.69 1 1.0 (0.0) 0.0 (0.0) 48.0 (0.0) 3.9(0.4) 9.1(0.5) 0.34 (0.4)
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Gloucester 151.61 -32.07 1 1.0(0.0) 0.0 (0.0) 38.4 (8.5) 5.0 (6.0) 9.9 (1.3) 0.26 (5.5)

Royal NP 151.05  -34.07 1 1.1(9.2) 05(0.0) 47.2(5.2) 3.8(0.5) 8.8(0.9) 0.33(0.8)
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Table S1Dynamic energy budget (DEB) model parameter estimati@ulamprus quoyii
estimated for the Townsville population under the warm maternal incubatitmérgaof
Caley and“Schwarzkopf (2004).

Table S2As,above for the Sydney, camlaternal incub&n treatment.
Table S3As"above for the Townsville, cool maternal incubation treatment.
Figure S1Growth trajectories (snout vent length) of individ&alamprus quoyii from a)

Sydney and b) Townsville experiencing either a cool or warm maternal

environmentduring gestation and reared in a common (warm) garden.
Figure SZFitted power functions for snout-vent length vs. wet magsiiamprus quoyii
from Sydney“orTownsville experiencing either a coovarm maternal environment during

gestation and reared in a common (warm) garden.

Figure S3Cool (a) and warm (b) environmental exposyfesm Caley and Schwarzkopf
2004).

Figure S4 Snout-vent length vs. wet mass for the Sydney populatifuhanfipr us quoyii

experiencing either a cool or wammaternal environment during gestation.
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