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Effects of Low

RosrN M.

-T-l  HE rel ir t ively l()w tempet2rnt| .es al high ele-
I  va t io t ts  a r td  la t i t r r t l cs  :u t '  th , rug l r t  to  l : to r

an increase in thc length ol '  egg rctenti()n bv
I 'enrale squamates and, ult i rnately, the evolut ion
of viviparity (Tinkle and Gibl>ons, l977; Packard
et al. ,  1977; Shine, l9ft5). The putat ive selective
basis for increasingly longer pcriods ol egg re-
tenti()n is that cmbryos will expcrience warmer
temperzrtures (and hence dervelop more rapid-
ly) while retained in utero t l-ran thev would in
nests because of the therrnoregulatory capabil-
iw o1' l 'emales. In addit ion, thc I 'emale could pre-
vent exp()sure of the embr-vos to le thal l()w tem-
peratrlres. However, an increase in the length ()1'

egg retention is not the onlv mechanism that
would allow squamate embry<ls t() cope with the
low ambicnt temperatures in nests at high ele-
vations or lat i tudes. One alternative response is
physiological adaptiition ol embryos t<> cold.

Shine (19f34) speculated that colcl cl imates
could select firr tolerance t() l()w temperatures
by embryos and enhanced embryonic develop-
ment at these low temperat.ures. These ideas
have not been tested systematically, but inter-
specific variation in the lower temperature lim-
its fbr successful embryonic development at
constant temperatures (Sextor-r and Marion,

Temperature on Embryonic Development of
Sceloporus Lizards

ANoR!.ws, C,qnr, P. Qt'.u.r.s, ANr) BARIrARA R. Rosr

The most widely accepted explanation for the evolution of viviparity at high ele-

vations and latitudes (cold climates) is that, by retaining eggs either for short periods
(in the transition between oviparity and viviparity) or for the entire gestation period,

females can keep embryos warmer than they would be in nests and, thus, enhance

their development, However, an increase in the length of egg retention is not the

only mechanism that would allow squamate embryos to cope with the low ambient

temperatures in nests at high elevations or latitudes. We tested the hypothesis that

short-term exposure to cold temperatures has less effect on embryonic development

of species or populations from cold than warm climates, indicating physiological

adaptation of embryos to cold temperatures. Our experimental subjects were four

species (five poprilations) of Sceloporus lizards from a wide range of elevations:

Scelopmus scalais (Arizona, 1460 m) and Sceloporus aeneus (Mexico. 2800 m) from

the scalaris species group; and, Sceloporus undulatus (Virginia, 600 m) and Sceloporus

virgatus (Arizona, low and high elevation populations at 1800 and 2400 m) from the

undulafus species group. We incubated eges under simulated natural temperature

regimes, but experimental eggs were exposed to cold (8, ll, 14, or 17 C) for five

days to determine the mortality and the delay in hatching relative to control eggs

that were incubated under the same simulated natural temperature regimes. The

mortality of eggs that were exposed to cold temperatures during incubation did not

differ from that of control eggs, and mortality did not vary with elevation. These

experimental eggs hatched later than control eggs, but the delav in hatching was

again not related to elevation. The hypothesis of physiological adaptation to cold by

embryos was thus rejected.

l ! )74; Muth, 1980) suggcsts that the therrnal rt '
sp()nse curves ol r:nrlrryos mav be nrodi l iecl bv
sclet:t ion. Few stucl i t 's, however, have l ircrrs<'d r>n
the thcrrnal biololX,ol sqrramate embrvos. and
lheir results arc eqtr ir 'ocal in this rcgarcl.  Shine
(l9tt3) l i r trnd l i t t le variat ion in the lengths of
incubation, or in the low temperattrre l imits l i rr
developrncnt, am()ng species of skinks at () l le

site in Austral ia. On the other hand, f)cMarc<r
(1992) and Qualls (199(r) report m()r '( '  r 'al) id
emhryon ic  deve lopnrent  l i r r  h igh  e le r ,a t io r r
(HE) than low clcvation (t ,E) species ol , \cr lop-
orzs lizards and p()pulations oI' the skink larn-
propholis grtichenoti, respective ly, whcn eggs wt're
incubated at same temperature.

The obicctive oI' this research was to lurthcr
test the physiological aclaptation hypothesis bv
evaluating the low tcl)lperarul'e limits firr crn-
bryonic developrnent r>l &:eloPorus lizarcls. Wc
tested the hlpothesis that embryos liom l-righ
elevation species or populat i()ns, that is, cold cl i-
rnates as .juclged by mean nest temperaturc,
havc lower mortality following exposure t() l()rv
temperature and continlle development at l()w,
er temperatures than clo embryos fiom low el-
evation species or poptr lat ions.
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Source of rggr.-Gravicl female Scektporus frorn
f ive species/populat ions (Table 1) were c() l lect-
cd.iust pri()r t() the t ime of natural ()vip()sit i ()n.

l'emales, with the excepti()n <>I' S. un.duktttts,
rvt:re injcctecl with r>xytocin t() induce oviposi-
ti<rn. F<rr all species except S. uirgatu.s, oviposi-
t i<ln occurrerl  in ortr laboratory in Blacksbtrrg,
Virginia, ancl eggs wcrc immcdiately placed un-
der cxperimental r:onditio ns. *doltoru.s scalari.s
rverc colleclr:(l fi()nr the Appleton-\fl-rittcll Rc-
search Ranch Sanctuary, Arizona, ()n 2lJ ancl 2!)

. f  trne l  9!)5, and l  4 cltr tches ot 'eggs (rnean cltr t< h
size + SE - l2 + 0.7) wert '  obtained l i-r>nr thcsc
Iemales on l5.fuly. Srehlxrus rzrzans wcre col-
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Fig.  l  .  Rcpn'st ' r r l l r t iv t '  t l rcrnral  pr  o l i l t 's  l i r r  lh t '
t l r rcc incrr t rat i r )n tcnrpel : r t r l r ( '  r t 'g imcs.  Vr l r r t 's  shou'r t
ar t '  hal l - l rorrr  lncans () \ 'cr  ,1 l l  h (27- 'J l { . f  r r lv)  I i r r  two

1>robcs 1>er c l rarr tbcr .  I ' r r rbcs u,erc i r t  t l te saute. jats
uscd to incrrbatc eggs.  One . jar  wi th : r  prrrbt  w: ts
pl : rcccl  t r l rvalc l  t l lc  c( :nter  o{  t ' l tch chat t t t rcr  ar td tht '
ot l )er  2r l  the pel ip l re lv.  ( ) r 'era l l  rnean terupcratul rs
taken at  l ixrr  c l i l l i lent  pt ' r iods c lur in{  the incl rbat iorr
pel iod r l id  l ) ( ) t  v i r rv l>v rnorr  tharr  0.4 (1.  Tl tc  8,-2-()
(sol id t l iangles)  ,  l . i r *25 (oprn c i rc les)  ,  ancl  20-30
(fillecl circles) r'egimcs had overall rre:lll tcmpera-
I r r res ol  l { j . l l ,  l9 . i r ,  ancl  25.1i  O, rcspt :ct ivel1.

lected near Milpa Alta, Estaclo cle Mexico, Mcx-
ico ,  o r - t  28 . fu ly  1995,  and l0  c l r r tches  o f 'eggs
(rnean clutch size + SE : 5 + 0.3) were ob-
tainecl f iorn thcsc l 'enrales on l4 August (vouch-
er specirncns wcre depositecl in the Mrrseo de
Zo<tl<>gia, Factrl tacl cle (liencias, U rriversiclacl N a-
cional Arrt<rn<rma de Mcxico). Srelolxnus urulu
lal.uswere col lccted on i l  and l , l . fune l99l-r near
Blackslrrrrg, Virginia, ancl cggs welt:  obtained
firrrn l i r trr  fcmalcs (nrean clutch size + SE : l0
* 0.9) that ovipositccl in the laboratorv (2(i

f rrne through 2 .fulr'). Sr:rloftortts r.,lr'p"a1rz.i were
col lected betwccn 23 .fune and ,t .July 1995, at
two sit t :s in the: ( lhir icahua M<>unlains, Arizorra;
the l ,E ( l l l (X) m) site was located ncar thc
Sotrthw<'stern Resear<'h Stat ion (SWRS), an<1
thc HE (2400 rn) si te was near Barf irot Park.
Flggs l iom 25 [,8 clutches (rncan clutch sizc I
SII :  8 + 0..1) and l7 Hll  clutcht 's (mcarr clutch
size + SE - l0 + 0.6) werc obtained f iom thesc
I'ernales al SWRS on 9 .ftrlr,. Thc eggs wert'
packcd in moist vcrnicul i tc and housed in an
a i r  conc l i l i oned room,  then t r ' : tnspo l tcc l  t< r
Blacksbrrrg, \ ' i rginia, whcrt:  thev were placed
ulder expcrimental c()ndit i()ns on l5.f tr ly.

I'hnma| regimes.ftr inailalion ry' e.q;gs.-Eggs werc
incubated in c()ntr() l led tenrperatrrre chzrmbers
(Perciv:r l  modcl no. I-30B1, with Bl option) rcp-
resenting three experimental temperature re-
ginrcs (-Iable l ;  l ' ig. l ) .  Thesc regirnes were
based <rrr the nest tempe ratlrre s <>l' S. aeneu.s, HE
S. uirgatus, ancl l,E S. uirgatu.s. The thermal re-
gimes wt:re dcsignatcd as tl-29, l11-25, and 20-
30, respectivelv, indicating the diel range ol'
temperature (()) in each case.

Tempcratures of 5. o,eneus nests were mea-
sured over I trrrr clavs in Jtt l l '  l99i l ,  at Aiusc<r
(2800 m), Estado de Mcxico, Mexico, and ()ver

tw() weeks in.f tr lv 199(i.  at Milpa Alta (RN{A, un-
publ. data), and our 8-29 temperature reginre
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corresponded to these measurements.  Nest

temperatures of LE S. uirgatus are fiom Andrews

and Rose ( l 994) and corresponded to our 20-
30 temperature regime. Nest temperatures of
HE S. airgalu.r were estimated Iiom soil temper-

ature by assuming that nests would be buried at

depths and exposures similar t() those of "1. zir.

gatus at the LE site. Soil temperature was mea-

sured during the incubation period (July and
August)  dur ing tw()  years (1993 and 1994).

Thermocouplt' probes were placed at two loca-

t ions that  corresponded t ( )  nest  s i t t -s  at  the lc-rw

elevat ion s i tc ,  and tempel '2r t l r res at  a depth of .6

cm were rc<:orded hourly bv data krggers. Orrr

15-25 tcmperature regime c()r resp()nded t<r

these estimated nest temperatures firr HE "S. uir-
gatus.

Temperatures of the ncsts ()l S. .scalrzrl.i and .1.

undulatu.s ltavc not been mea.sured. In Arizona,

S. scalais ancl t,E S. airgalu.s live at similar ele-

vat ions (Andrews and Rose, 1994; Mathies ancl

Andrcws, l -995), ancl gravicl Iemales havc similar

activity tcnlperatures and nest site locations
(RMA, unptrb l .  data)  suggcst ing that  nest  tem-

peratures wrxr ld bc s imi lar  as wel l .  Sceloporus un-

duktlus is geographicallv rviclc:sprcad at low t<r
moderzr tc e levat ions wi th opt imal  incubat i< ln

temperatul 'cs Of 2 l l  to 30 o (Sexton and Mar i ( )n,

1974).  We thercf i r re assumed that  the 20-30 ( l

regime would providc appropr iate "normal"

thermal  condi t ions l i r r  both r>l ' these species.

Eggs rcmai l rcd under one o1' the three exper-

imcntal  ternperat l l re regimcs throughorr t  devel-
( )pment,  except l i r r  thc l i r l lowing manipulat ion.

To c leternr inc thc low ternperature l imi ts l i r r  dc-

vclopment,  we l i r l lowed the prrr tocol  of  ( lhr is-

t ian et  a l .  (1986) ancl  removed prcassigned eggs

f iorn the incubat ion charnbers and placed them
into one ol  l i l r r  c()nstant  tcrnpt ' rat .ure cham-

bcrs fo l  I1 c l .  These chzrrnl )crs were set  at  U.  I l .

14 ,  o r  17  ( l  ( +  0 .U  O) .  A t  t he  enc l  . 1 ' t he  h ' c

clays of colcl exposure, eggs werc rcturned t<r
their  or ig inal  incubat ion chambers unt i l  hatch-

ing.  We then dctcrmined the length oI ' t ime that

hatching ol  thcse cggs was delaved, in compar-

ison wi th cggs f rom the same clutch that  werc

incubatecl  throtrghout development at  the n()r -

mal  thcrr t ra l  regime l i r r  the species, /populat ion.

Our rat ionale was that  i I 'sorne development <lc-

curred at a particular cold temperature, then
hatching woulcl be delayed proportionally to

the degree at  which the ratc r>f  development

wa.s rerltrced or arrested. Ft>r examplc. when

Christ ian et  a l .  ( l9t t6)  exposed eggs of  S.  uz-

dukttus (collccted at 2290 m in the Guadaltrpc
Mountains, TX) to 15 C for five days, hatching

was delayed by lirur to five davs relative t() a con-

tro l  group i lcubated at  a c()nstant  32 O, sug-

829

gesting that embryonic development had been
arrested during the period of cold exposure; if
development had occurred at 15 Cl, the delay in
hatching would have been less than five days.
\4/e selected relativelv low constant temperatures
because we predicted that embryos oI S. aeneu.s,
from the highest elevation, ar-rcl the coolest site,
would continue development at lower temper-
atures than would 5.. undulatus. Because Chris-
t ian et al.  (1986) found hatching was not de-
layed when eBgs were exposed to low tempera-
tures a week or less before hatchir-rg, we ex-
posed eggs to low temperattrres aq least nvo
weeks prior to hatching (16-50 d).

Allocation of egqs to lempnature regirnes and cokl lem-

Ptnlurc lrualm(nl\.-At oviposi l ion. eHgs wcr( '
marked indiviclual ly and weighcd. At the t ime
that eggs were placecl under experinrental con-
<Iitions, ()ne ()r tw() eggs fi<lrr"r each clutch were
selected f<rr determination of cleveloomental
stage. Embryos wer( '  staged accorcl ing tr,  t  r i t t ' r ia
of Dufaure ancl Hubert ( 1961), except that half '
stages werc assigned il embryr>s had Ic'atures in-
tcrmediate between two developrnental stages.
Ernbryo.s from thcse eggs were t lr ied arrd
we ighcd.  The remain ing  eggs  w i th in  each
clutch were randomly assignc-d t() temperatrlre
regimes and treatments. Eggs ol all species/
populat ions were incubated under the ternper-
ature regimc representing their normal nest
tcmperature ancl at the cold temperilture treat-
ments (T:r l l lc I) .  Specif ic :rssignrnents l i rr  tht
experimcnts l tr l low l irr  each spc<:ies (sorne eggs
were assignecl to other tcmperatrlre regimes lirr
experiments not reported here).

Tw<r or more S. uirgalus eggs (in multiples of'
two) I iom cach clutch (HE and LE popula-
t ir>ns) were assigned to the l5-25 arrd the 20-
30 temperature rcgimes, half  in ea(h regime.
Any remaining eggs fiom 20-30 regime lirr the
LE populat ic)n wcre assigned, ()ne per tempcr-
ature, t() the c<>ld temperaturc treatments; and
any remaining eggs {iom the l5-25 ternpera-
ture regime ft>r the HE populat i()n were As-
signed, ()ne per tenperatr lre, t() the c() ld tem-
perature trcatments. Not al l  ch,rtches had { irrrr
eggs available fcrr the cold ternperature treat-
ments, so available eggs were assigncd scquen-
tially to these treatments such that sample sizes
in each treatrr lent remained approximately
equal.

Two S. scahtis eggs from each clutch were as-
signed to the 20-30 temperature regime. An),
remaining cggs were assiHned, (,ne per lemper-
ature, to the cold temperature treatments.

One crr twct S. aeneus eggs per clutch were in-
cubated under the [3-29 temperature regime.

ANDREWS ET AI-.-TEMPERATURE AND EMBRYOGENESI S
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The remaining eggs were assigned, one per
temperature, to the cold temperature treat-
ments with the same protocol used for S. airga-
tus.

Twcr S. urululatus eggs per clutch were as-
signed to the 20-30 temperature regime. The
remaining eg6gs from each clutch, ()ne ()r tw()
per temperature, were assigned to the cold tem-
perature treatments.

Eggs were placed individuallv in 65-mL glass
jars containing moistened vermiculite. The jars
were sealed with plastic kitchen wrap and se-
cured with rubber bancls. The init ial  rat io of dis-
t i l led water to dry vermicul i te was 0.7:1.0 by
mass: approximately -200 kPa (Tracy et al. ,
1978; Packard et al. ,  l9tt7). The range of water-
potential observed in the field for 5.. zlirgrzlzs is
-300 to > -100 kPa (BRR, unpubl.).  No ad-
dit ional water was added tr> the.jars during in-
cubation. Small samples of eggs were weighecl
within a week of hatching to determine their
water uptake. The ratios oI' final egg rnass t()
initial egg mass firr S. uirso.tus incubated under
thc 2{)-30 ancl l5-20 tempcrarur(. reginres av-
eraged Z.l t  (n :  8) and 3.1 (n : 4), respectively.
For S. .scalrzrzl.s in the 20-30 temperature regime,
the rzttio of final egg mass to initial egg mass
averaged 3.2 (n : t4). Eggs thus tr ipled thcir
ini t ial  masses during incubation; this magnitude
of wnter (rptake is associated with high hatching
succcss f<rr parchment-shel led eggs in general
(Packard, l99l) and f<tr Srelaltorus in particular
(Tracy, 1980; Meck, l99l).  Thus, hydric condi
tions in the .jars, although they w<>uld n()r. have
been identical under al l  temperature regimes
ancl incubation periods (Packard, l99l),  pro-
ducecl eggs that had comparable rati()s ()l watcr
uptake during incrrbation.

.Jars containing eggs were placed randomly
within assigned environmental chambers. With-
in cach charnber. iars were rotated within
shelves, and shelves were rotatcd among posi-
tions within the chambers twice weekly to min-
imize anv p<rsit ion ef l 'ects. ( lhambers were
checked twice daily Iirr hatchlings. Hatchlings
were weighed to the nearest 0. I mg within in a
Iew hours of hatching.

Because embryos liom differenl clutches var-
ied in developmental stage when incubation was
init iated, the total length of the incubatir>n pe-
riod varied am()ng clutches. Therefore, to de-
termine a standard incubation period fcrr each
species or p<>pulat ion, we regressed the mean
length of the incubation period f<rr control eggs
fiom each clutch against initial embrvo stage.
We used the resultant regression equati.)ns tc)
predict the length of the incubation period
starting from developmental stage 30 {br each

species. Stage 30 is the modal period of or.ipo-
sition f<rr sceloporines and other lizards (Black-
b u r n , 1 9 9 5 ) .

Statistics.-All parametric anall'ses (ANOVA,
ANCOVA) were conducted with Statistical Anal-
vsis Svstems software (SAS Institute Inc., Carv,
NC, 1985, unpubl.),  and nonparametric analy-
ses f<rl low Siegel (1956). The restr l ts of AN(IO-
VAs are rep()rted onlf if the interaction benveen
the covariate and the class variable(s) was not
signi l icant (P > 0.05). Means are presentecl with
their stantlard errors.

Rt:st t t .  t  s .rNlr f) ts< ;trsstor.t

ligg mortalily and de.tebpment at. knu temperature.-
Mortality oI eggs drrring incubation was gener-
ally lcrw (Table 2). F<>r S. aeneus, ,\. scaftzrjs, "\.
unduh,tu; and l,E S. uirgolus, mortality r:rnged
tiom 0-177o. and nr<lrtal i tv rates of eggs incu-
bated continuously under one of the incul>ation
regimes did not differ fiom those of' eggs re-
movccl fiom these regimes placecl temporarilv
in one of the colcl tcmDerature ueatments (,1t
>  ( ) .05 .  independ<,n t  2  r  2  ch i -sqru t rec l  t cs ts  l i ) r
t :ach specics). In contr-:rst,  l i l '  the HE popula-
tion <rI' S. virgatus, mortality was relativell' high
and was also greater lirr eggs exposed to the
cokl temperatlrre treatments thal) lirr eggs in
thc 15-25 incubati t>n regime (41 vs l5%, re-
spectively). Howevcr, because mortirlitv was ()nly
5%, li>r eggs ol LE ancl HE populati<>ns incu-
bated uncler the 20-30 temperature regime, the

Part ictt lar ly high mortal i ty of cggs of 'HE S. zir-
galu.r in thc cold temperature treatnrents sug-
gested a cumulativc cll'ect ()f cold tcrnperaturr:
on embryonic development.

Thc physiological adaptati<>n hypothesis pre-
clicts that high elcvation species, which have the
l()west rnean and minimum ncst terl lper:rtules
(Fig. l) ,  shotr ld be most t() lerant of colcl.  Our
clata do n()t supp()rt this prediction; mortality of'
eggs incubirtcd at c() ld tcnrperi l tures f irr  hvc
days did not difl'er fi-om that of control eggs f()r
any of the species we tested except lirr the HE
poprrlati<rn <>f S. uirgrttus TI-re preclicted greater
egg mortality of low elevation than high eleva-
tion species in response to short-term exp()srlrc
to cold temperatures was t.hus not observed.

Exposure of eggs to cold temperatures lirr
five days during inctrbation delaye<l hatching
(Table 3). Preliminary AN(IOVAs and ANOVAs
indicated that the delay in hatching was inde-
penclent oI' the time befcrre hatching that eggs
were exposed to the treatments as well as to the
temperature during cold exp<tsure. The onlv ex-
ceptior-r was for S. .rcalaris. Delay in hatching var-
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T,rsr-E 2. Moru',u.rtv or Etx;s IxcLrg.\r'uo (loNttxuot sr.v trNDrlR rFrF. Expl.rur'rgxr,rL Tl-lrpumrt tr: Rl:t;rr.rr:s (8-

29,  l5-2|r ,  oR 20-30) ANr)  FOR E(;( is  rHAl Wr,nr  Tnl t 'on ' rnrr- r ' (5 c l )  Exposro Lo ( loNslrxr  (krr-u- f r . r r l rprrr  nr :s
(U, 11,  14,  and l7 ( l  Tr-eatrnerr ts Poolecl  i i r r r l  Indicated as ( l r l r l  Ternp.  Tr t . )  arrd thcn Retrr l r rcc l  to Previorrs
Ittcrrbatiott (lortditions. Obsenatiorts of eggs r>l Sr:ekltorrr.s ttity3rtttts incubated uurler reciprocal tetrtperatrrle
regimes are encloscd in brackcts (eggs fiom these legimes rvere r)ot c'xposed to the colcl temperatrrre trc:rt-

rncnts) .  Die<lr lhatchecl  -  thc tota l  number o l  egus in each catcgorv.
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X: - 0..1. / '  > 0.5

X !  -  1 0 . 0 ,  1 ' <  0 . ( X ) l

ied among c() ld tenlperature t reatment.s (F. , . " , ,  :

3.4,  I ' - -  0.032,  one-way ANO\A);  an( l  a l th()ugh

the delay in hatching did not  c l i f lcr  bctwecn

eggs exposed to 14 and 17 ( l  and eggs exp()secl
t ( )  [J  ancl  l l  O,  cggs exp()sed to l '1  ( ]  hatchcd

faster than those cxposecl t() I I O (least-s<ltralecl

means  c ( )mpa r i s ( ) ns ,  P :  0 .0 . I 0 ) .  The re l i r r c ,  we

c()mparcd species/p()pulat ioDs i r respcct ive ol '

treatment, except I<>r S. sutktis, in which the

cggs exp()scd to l l  nnd I I  ( l  and to 1.1 an<l  17
( l  wclr :  combinr:d,  using tht :  r le lay in l ratching

as the depenclent  var iable (cach observat ion

was a c lutch mean) and species as the c lass var i -

able ( lhble 3) .  In th is anal) 's is ,  thc dela,v in

ha t ch ing  va r i e r l  among  spec ies /popu la t i ons
(Fn.rn :  3.6,  - f '= 0.(X) l l ,  <tnc-way ANO\A).  The

delay firr S. aenans was significantly grcater than

that  f<rr  S.  smkr is (14 and l7 ( l  t reatments)  and

f i r r  LE S. u i rgalus ( ,1t  < 0 003,  Bort ferroni  < 'or-

r -ecl i r>t t  o l  P lor  l l ' r  possib l t :  pair rv ist :  con-rpar i -

sons),  but  no othcr c()mp2rr is()ns di l l 'erecl .  These

rcsul ts indicated that ,  a l though cxp()sr l rc t ( )

terr lpcratures <t l  17 ()  or  lowcr s lowed ()r '  Arrer i t -

c<[  the dr :vc lopmcnt o l  i t l l  specics/populat ions,

crlrl)ry()s <>l S. .smknis an(l HL, S. rrir.q'alzs wt'rr:

lcast all-ectcd as hatching was clelaycd by onc to

two days less th:rn thc pcr iocl  o1'cold cxp()sr l r ( ' .

The c le lay in t ratching associatccl  rv i t l t  exprr

srrre t ( )  thc colc l  tcrnper i r t l l rc  t rczt t r ) )ents was l l ( ) t

re latecl  to tht :  length ol  the incubat i ( )n per i ( ) ( l
('lhbfc 3). Seklxnus aeneus an<l .S. srnlari.s had

the longcst  delay in hatchl ing re lat ive to thc

Iength ol  the incrrbat ion per ior l ,  i rnc l  S.  urrr l r r

hlus and S. tirgalus had the sh()rtest. This was

also tnrc f i r r  the dclay in hatching re lat ivc t ( )

tht :  length of  the incub:r t ion per io<l .  For exarrr-

. I , , r t l t , l l l ' l ) l , t , , u ' t r . l l , r t r l t t I N t ; ( ) ! l ] ( : ( ; S l . ] x t ' t l s r , t l t r l ( ) N t . t l l . F t l t .
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<r f  t l r is  pcr ior l .

b()( l l  t rc : l t l ) tcnt  groul)s.
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ple, eggs of S. aewus, the species from the high-
est elevation ancl the coldest climate, had the
greatest absolute delay in hatching (5.6 d) in
response to colcl exposure and the second high-
est relative clelav (ll7o of its total incubation
per iod).  Accr>rding to the cold adaptat ion ht ' -
p()thesis, this species should have been affected
the least.

In conclusion,  our studies did not  reveal  any
systematic variation in the mortality or the cold
toferance of eggs rf the Scekftorz.i lizards that
rve studiecl aftcr five days o[ exp()sure to cold.
Thr.rs, tl 're c()nscrvative thcrrnal biology of eggs
may parallel the conservative thermal biology ol
the posthatching stages <fi' Scehporus (Bogert,

1949: Brat tst rom. 1965)

(,okl lemperatu.res a n d rLntelopmen t.-l ncubation at
c()nstant  t ( :n lpcrat l r r ( 's  is  the norm lor  lab<lra-
t ( ) ry studies ()n rcpt i le eggs.  Horvever,  l i r r  manv
smal l  squamatt 's  whose ncsts are located super-
ficially, nest terr)peraturc nlay valy consiclerably
on a die l  cycle (Andrews and Rosc,  1994; Oas-
t i l la  and Swal lorv,  1996; Shine and Har low, 1996;
th is paper) .  I r - r  th is s i tuat ion,  incrrbat ion at  c()n-
st2t t r t  tcmperat t r r t :  does n() t  pr()v id( '  ec<l l<rgical ly
rc levant  r lata ahorr t  the tcmperature l i rn i ts  l i r r
dcvclopmcnt (see also Shine,  l9f t3;  Ovcral l ,
1994).  F<rr  cxample,  cggs ol  S.  unduki lus that
wcrc inctrbatc( l  at  c()nstant  6,  l l - r ,  ancl  20 ( l

fa i lcd to hat<: t r  (Sexton and Mar ion,  197,1) .  In
c()ntrast, thc cggs <>I' S. unrlukil?r.r that wcre ex-
posecl  to tcmpcr l l t r l res o1' l l ,  l  l ,  l - { ,  or  l7 ( l  f i r r
f ivc days in orr l  expcr i rnents h i rd the sarnc high
survival as eggs incubated in the 20-30 tempcr-
ature r<:gi rne.  At  thc ( ) ther cxtre lne,  about hal f '
the eggs ol' Stektltoru.s mtriami incubated at 3l
( l  hatchcr l  when t 'xposed t ( )  37 O lor  per iods of '
l -3 h/d,  wlrereas r) ( )  eg!{s hatched whcn incu-
i rated at  ' . r  c()nstunt  37 O (() r ,cra l l ,  1994).  Thus,
high ancl  l ( )w lenrperatures t l t i r t  are lethal  t<r
embryos wi th corrstant  exp()sr l rc,  arc exper i -
cncecl Iirr short periods on a daily basis without
increasing m()r ta l i ty .  Al though dai lv  exposure of
embryos t() l()w tempcratures mat, temporarily
s low or arr t :s t  development,  c la i ly  exp<lsrrrc of '
embryos to h igh temperatr l res nray actual ly  en-
hancc developm()nt  (Andrews and Rose, 1994;
Shine and Har loq 1996).  Observat ions at  c()n-
stant  tempcratures thus undcrest imate the
rangc of tempcratlrres that n<lrrnally supp()rt
successf i r l  cmbrXrnic c levelopment.
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