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Thermal and reproductive biology of high and low elevation populations
of the lizard Sceloporus scafaris: implications for the evolution of viviparity
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Abstract Viviparity in squarnate rcpti les is prcsLrrned to
el 'o lve in  cold c l i rnates by selcct ion f i r r  increasi r tu ly  lon-
ger periods of cg-u retention. Longcl periods of cgg rc-
tention may recluire rnodifications to othcr reprocluctive
f 'eatr - r res associated wi th thc cvolut ion o l '  v iv iprr i ty .  in-
c luding u reduct ion in  eggshcl l  t l . t ickncss ancl  c lutc l r  s iz .e.
Field stuclies on the therrnal ancl reprocluctive biology ot'
h igh (HE) and low (LE) c levat ion populat ions o l '  the
ovi parous l it,urd,,\ t '  c I t t pr t r u.s .s t '  u I u r i,t, sLrpp(xt the'se ex-
pectat ions.  Both c lay and n ight- t i rne tenrpcratures at  thc
HE s i te were considerably cooler  than at  the LE s i tc ,  and
the act iv i ty  per iod was 2 h shor tcr  at  the HE, than at  thc
l -E s i te .  The mecl iun bocly  tenrpcrature < l f  act ive HE fc-
nrales was 2oC lorvcr than that of' LE f'errales. HE f'c-
nra les in i t ia ted reproduct ion ear l icr  in  the spr ing than LE
f'crnales, apparently in order to corrpensate fi lr relatively
Iow ternperatr" r les c lur ing gestat ion.  HE fcnra les rc ta inecl
eggs fbr  about  20 days longer than LE l 'ernalcs,  which
was ref lected by d i t fbrences i r r  the degrcc o l 'ernbryonic
c leveloprner t t  a t  thc t i rne of  ov iposi t ion (s tages 3.5. -5-37.0
versus stages 3 l  .0-33.-5,  rest r - rcct ive ly) .  These resLr l ts  su; l -
por t  thc hypotheses that  evolLr t ion of  v iv ipar i ty  is  a grac l -
ual  process.  and is  lavored in cold c l i rnates.  Fernalcs in
the HE populat ion exhib i tec l  other  t la i ts  consistcnt  wi th
presurnecl  in terrnediate stages in  the e" ,o lut ion o l 'v iv ipar-
i ty ;  mean eggshel l  th ickness o l '  HE eg-es (  19.3 pt rn)  was
si -qni l lcant ly  th inner  than that  of  LE,  eggs (26.6 grn)  and
the s ize-adiusted c lutch s izes of  HE f 'ernalcs (9.4)  werc-
srnal ler  than those of  LE,  I 'ernales (  I  1 .2) .
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Introduction

To dale,  the nrost  complehensive and widely accepted
hypothcsis  fbr  the evolut ion of '  v iv ipar i ty  i r r  sc luanrate
rept i lcs is  the cold-c l i rnate r lodel  (T ink le ar td Gibbons
1977 :  Packa ld  c t  a l .  19771  Sh ine  l 9 l l - 5 ) .  Acco rd ing  to
th is  mocle l ,  v iv ipar i ty  has cvolved at  h igh e levat ions and
lat i tLrc lcs becausc o l '  the thcrnra l  benef i ts  of  egg reten-
t ion.  E,r t tbryonic c level , rprner t t  is  tcnrper l turc c lcpendent :
ernbryonic del 'e loprncnt  is  fastcr  at  h igh than low tern-
peratures,  at  lcast  up to s() lne cr i t ica l  point  (e.g.  Sexton
and  Mar io r r  1974 :  Mu th  l c ) t 30 ;  Sh ine  l 9U3a) .  Thus ,  be -
cause of  rc lat ive ly  lorv anrb icnt  tcnrpefatures,  develop-
rnenta l  ratcs of  enrbryos in  nests at  h igh la t i tudes or  e le-
val ions wi l l  be s lowcr than at  low lat i tudcs or  e leva-
t ions.  Rclat ive ly  c<lo l  nest  tempcratures should lavor  ex-
tenclcc l  egg retcnl ion,  arrd u l t i rnate ly  v iv ipar i ty .  bccause
gravid f 'ernalcs can lnaint i l in  re lat ive ly  h igh bocly  tenr-
peratL l rcs by behaviora l  thc l rnoregulat ion when they arc
act ivc.  thus enhl tnc ing thc f i t te  of  enrbryonic c levc lop-
ment .  [ ,a te hatching as a rcsul t  o f  re lat ive ly  low incuba-
t ion ter t rperaturc could put  - juveni les a1 a cornpet i t ive
disadvantage wi th conspcci l ' ics  that  hatchecl  ear l ier .
Mureover,  incubat ion at  low ternpcra lu les can k i l l  ent-
bryos outr ight  (Chr is t ian et  a l .  1986) and low tempela-
turcs afe associated wi th h igh rnor ta l i ty  ancl  develop-
rnenta l  abnorrra l i t ie  s  (BeLrchat  l9 t l lJ ) .  Thus,  extendecl
egg retcnt ion at  h igh e levat ions lvould enhi tnce repro-
c luct ive success.

Interspecific cor.nparisons provicle suppoft fbr thc
cold-c l i tuate rnodel .  In  Europc,  lor  exanrple.  t r l ' ip i t r t rus
species of  lacel t id  l izarc ls  that  occur  at  h ig l r  e levat ions
retain eggs to rnore advanced stages than do species at
lower e levat ions (Braia et  a l .  199 l , ) .  Even more compel-
l ing support  lb l  the cold-c l imate rnodel  is  prov ided by
intraspecific variation in reproductive mode. Species
wi th both v iv iparous and oviparous populat ions inc luc le
Lucertu t ' iv i l turu,  (Bra i ra 19861 Huel in  1988) t tnd Ler is t t t
bougt t i r rv i l l i i  (Gleer  1989),  wi th the v iv iparous popula-
tions occurring at higher elevations or latitudes than the
oviparous populat ions.
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A rveakness in  the cold-c l imate rnodel  is  the l i rn i ted
evidence fbr intraspecific variation in egg rctention along
a ternperature _qradient .  The p lec l ic t ion that  ov i ; tarous
populat ions in  cool  c l in ' rates shoulc l  reta in thei r  eggs lon-
ger  than conspeci t ics at  warmer c l i rnates is  supported
only by -ueographic variation in the lcngth of cg-u reten-
tion b-y Suipho.s ecluuli.s (Greer 1989).

S<'eloltrtru.s .stuluri.s. the subject of the prescnt stucly.
has a broad e levat ional  ran-ue throughout  i ts  d is t l ibut ion
frorr r  cent la l  Mexico to Ar izona and New Mexico in  the
Uni tcd States (Srni t l r  and Hal l  l97zl ) .  Prcv ious studies on
the rc 'product ive b io logy of  th is  ov iparous species f i r -
cused on r ront i inc populat ions in  Ar izona (Newl i r r  1976;
Bal l inqcr  and Congcl t l r r  lc)8 l )  ancl  centra l  Mexico (Or-
tcga and Barbault l9lJ6). S. ,st 'tr ltrri,s has also been rcport-
cc l  lhr rn rcrrnant  se- ln idescr l  g lass lands at  low elc l 'u t ions
(Dixon and Medica l9(r5;  Stebhins l9(r ( r :  lJock ct  a l .
l9 tX)) .  a l though the reprocluct ivc b io logy o l ' thesc l topu-
lat i r lns r ' , 'as v i l tua l ly  unknown at  thc t i rne th is  s tudy u 'us
in i t ia tcd (Snr i th  et  i l1 .  1990).  Thc t l rernul  b io louy o l  th is
s1-rcc ies has been studied only at  h igh c levat ions i t r  Ar izo-
na  (Sn r i t h  e t  a l .  199 - l ) .

S. .st 'tt luri,s woulcl appenr to be un icleal canclidutc to
Iook l i r r  -ueographic v l f i i t t i ( )n in  cgg t 'L ' tcnt i ( )n and othcr
lepxlc luct ive I 'caturcs associatcd wi th thc put l t ivc in tcr-
rncc l i i r tc  s lugcs in  thc cvolut ion o l  v iv i l l r r i ty .  F i rs t .  h igh
atrd low elcvat ion l topulat ions o l '  ^ t .  . rcr r / r r l r . r  oecul  i r . r
c losc pr 'ox inr i ty  to  one anothcr .  Sccr l r rd,  th is  specics is  u
tnernhcr ol 'thc ,r 'r 'rr lr l ' i .r gr'<lu1.l which inclLrde s bolh ovipa-
rous ar tc l  v iv ipar 'ous specics (Si te s  c t  u l .  1992);  t l ' rc  <tccur ' -
rcr tcc o l '  r tv ipar i lus and v iv ipal r l r , rs  u, i t l t in  (hc sarr rc  spc
cics groul ' r  sugscsts t l ra t  rnodi l ' icut i ( ) l ls  i l t  physio logical ,
r r ro lphological ,  and cndocr i r ro logical  t ra i ts  nccessi t ry  l i l r
the er ,o lut ion o l '  v iv ipar i ty  would not  bc const fa incd by
phylogcnet ic  incr l ia .

Our object ives wcrc twol i l ld :
l .  To cor t rpalc  thc thcrura l  b iok lgy o l '  l 'cnru le , ! .  , r t ' r r / -

r l ' i , r  1 l 'or t r  nronlane and lowland 1to; tLr la t ior rs .  Thcsc ob-
se rvat ior ts  shoulc l  conl ' i r r l  that  h igh e lcvat ion populut ions
inc lecc l  expcr icnce coolef  c l inrates than low c lcvat ion
popu lat ions.

2.  To exant ine sol r lc  o l ' thc putut ivc rcprocluct ive chtr r -
acter is t ics associatcr l  wi th thc c\ ,o lut ion o i  v iv ip l r i ty .  We
plc 'c l ic tcd that  I 'ernules I ' r 'orn h igh e levat ion populat ions
shoLr ld rc ta in eugs longer ' ,  ov iposi l  L 'ggs wi th a grcatef
dcgree ot '  crnbryonic dcvclopntent ,  produce eggs wi th
th inne r  cggshe l l s  (Gu i l l c t t e  l 9c )3 ) .  anc l  have  s r ru r l l e r
c lutch s izcs than l 'ernalcs lkr rn low c levut ion populut iorrs
(Ba l l i nge r  19 t331 .

Materials and methods

Study  s i tcs

The h igh  e leva t ion  (HEts tudy  arca  was loca tcd  in  thc  C lh i r i c lhLra
Mount l ins ,  Coch ise  County .  Ar izona (31 '  -5 -5 '  l3 "N by  l0 ( ) '  l5 '
6"W). The dorninant vegctat ion of the area is Noltheln Mesic cv-
ergrccn lore st (Kealncy and Pccbles l t)60). Obscl i 'ut ions rve.re
rnade at tu'o sitcs in the vicinity of Rustler Park (266,1 rn) lncl ar a

th i ld s i te lz l  krn southwcst  o l 'Rust ler  Park at  the sumrr i t  ot  N{onte
Vista Peak (28-52 rn) .  Al l  s i tes wel 'e on cxl . rosecl .  southcust- l : ic ing
slopes t i th rnot lerat t  to abrurdant coverage of  buncirgnrsst-s
boundcd by ever-r l reen l i r rcst .  Becausc ol '  thc i r  c lose pl r r i r r i t )  to
one  an ( ) t he l ' anc l  t hc i r  s i r n i l a r  vege ta t i on .  u l t i t r - r de ,  and  s l opc ,  da t i l r ! ,
f i l ' the thrcc HE si tcs wer 'e pooled.

Thc low elevat ion (LE) study arcr  was located at  the Nat ional
AudLrbon Society Appleton-Whit te l l  Rcscarch I lanclr  Srnctualy
( l : 1 ( r 3  r n )  i r nd  i t s  i r t r r ned ia t c  v i c i n i t y  on  t hc  Sono i t n  P la i n .  Sun ta
C luz  Coun ty ,  A l i zona  (31 "  36 '  l 9 "N  h i  l l 0 "  30 '  l "W) .  J ' he  don r
i na r r t  vegc t l t i on  o f  t h i s  l r c l  i s  dese r t - g l uss l i r n r i  t l ans i t i on  (Ke l l ncy
and Pccblcs 1960).  The pl r rnary area wc uorkccl  was lc lat iv t ' ly  l ' la t
ancl  suppol tcc l  an abunclant  covcl i lgc o l '  bul tchglasscs intc ls l rc lsecl
h1  l r  l t ' u  l r rw  uo r r t l )  p l l t t t l s .

l r i c l t l  su r r r p l i r r g  o l  hodv  and  cnv i r o r . t r ucn t i l l  ( cn l l l c r i l ( u l c s

l lod) '  tcnrpcr l tu lcs o l  lcrr r l lc  J.  s t t t l t t r i . r  rvcrc rncasurecl  i r r  1992
c lu r i r t g  l 0  days  i n  Junc ,  l l  days  i n  Ju l y .  an r l  on  I  day  i n  Au l r r s t  a t
t hc  l l l r  s i t c ,  and  on  | |  days  i l t . l L rnc  l nc l  . 5  c l uys  i n . l L r l y  l t  t he  l - l r
s i t c s .  S l r np l i ng  c l l i r r - t  on  cach  t l ay  gcnc ra l l l ' sp l nnec l  t hc  cn t i r c  pc -
l ioc l  o l  l izurd act iv i ty .  l lor l_v tcnrpcr l turcs tcported arc c lo lcul  tcrn-
pc r l t u f cs  o l  r c l l r - o t l uc t i v c  l L ' r r r a l cs .  t h l t  i s .  l r ' r r r l l c s  r v i t h  l a l gc  I i r l l i -
c l c s  o l  ov i t l r r c t a l  c ! [ s .

Wc c i tpturcr l  l iza lc ls by hancl  or  noosc i tnd i tnrrrcc l iatc lv ntca-
surccl  brx ly tcr) lpcratut 'c  {T, , ) ,  shaclcd ai f  tc t ) lpct ' i t turc I  cnt  ubovc
yrc ' rch {  l ' , . ,  . , , ,  ) ,  i l r rd shtrc lcr l  a i r  tc l l tpcr i l tu lc I  r r r  ahOVc Jrc|c l r
( ' l - , . t , , , )  [ o  t hc  nc i r r cs t  0 .  1 " ( 'w i t h  u  Phys i t c r r r p  t hc t ' r nocoup l c  t hc r -
nronrc(cr ' -  Wc rrrcasurct l  

' l - , ,  
only l i r r  l izar<ls cuLrght  i r r  lcss thun J.5 s

o l  p u l s u i t .
N' l i r r i r t rurrr  bocly lcnr l - rc laturcs t l l  lcnt i l lcs i r l  n ight  wcrc i l t lc t ' r 'c t l

l .nrr t t  soi l  tcnr l )ct ' i r tut 'cs i t ; rproxirnatc ly j .5 cnr bcklw lhc soi l  sLtr-
I l tcc at  thc b i tscs ol '  htutch ql i tss.  TcrrrDcnrtr l rcs wcrc rnci lsurccl
wi t l t  thc l r t tocouplc thcr-r r ronrr . t t ' r 's  ln. l  sro icd i r r  urr  Onrc-uu OM--550
t lutu loggct ' .  Obselv i r t ions rvclc t r racle in l99l  c lur ing -5 n ights he
twcc r r  f l  an r l  2 l { . l unc  i l t  t l t c  H I i  s i t c  i t r r t l  r l r r r i ng  l i v c  n i gh t s  bc -
lwcc r r  l l i  a r r t l  J0 . l unc  l (  t hc  I - l i  s i t c .  l ' h c r r r r o r r r c t c t s  wc rc  r r r ovc t l  t r ,
r r e r r  l u t  l r l i o r r s  c : r r ' l r  r r i l l t l .

Sc l cc t cd  bo r l y  t c r r r pc ra l t r r c s  anc l  c l i t i ca l  t he r - r l a l  r l a x i n ra

Wc usccl  labor l tory r -carct l  HI j  and l - [ j . ju i 'eni lcs to dctc lnt ine sc
l cc t cc l  bod t  t L ' r ) l l ) e | i r lU t c  (T , . t ) ( l ) ough  i u rd  ( i u r r s  l t ) t 32 ) i l n c l  ( hc  c l i t -
i cu l  t hc r r t l l r l  rDux in ru lD  ( ( " 1 'Mux  t .  t hc  l L . t ) )Dc r i t tU f c  u t  wh i ch  l i zu r r l s
Iosc thci t  nght ing rcsp()nsc (C'owlcs and I logr- ' r ' t  l9-1: l l  Lou'c iurr l
Vancc  19 .5 .51 .  Wc  ob ta i nc t l  . j u vcn i l c s  hy  i ncub l t i n -u  cggs  t o  h i r t ch -
i ng .  Wc  co l l ec t c t l  l i c sh l y  l a i c l  c rgs  i n . l unc  u r r c l  Ju l y  l t ) t ) 2 ,  anc l
p l accd  t hcn r  i r r  cnv i r on rnc r r t a l  cha tnbc r - s  w i t h i n  a  l i 'w  c l ays  o l - ov i
posrt ion.  Incrrhat ion tcnlpcr i r lurcs appr-oxir r ratcd thosc ol  . !< u, /o
/) . , / ' l r , \  ncsts at  nr i t l  c lc t 'ut iorrs in the C'hi l icahutr  l \ , lountains (r r rcarr
t0nrpcr i i tufe o l  15.0"( ' .  t l i r i ly  l lnuc l l 'orr r  l t ) . { ) '  t t r  . l -1.0 'C:  sr-r '  An
r l t c r vs  u r r t l  l { ose  | 99 .1 ) .  ( ' l u l chcs  wc re  i ncL rh i r t cd  i n  a  0 .7  0 . f i  t o  | . 0
rn i x t u l r ' o l  c l i s t i l l c c l  wu t c l  und  vc l ' r n i cL r l i t e  co r l espond inu  t o  l  wu
tcr  l lo tcnt iu l  o l '  l (X)  to -50 kPa (Andrcws and Rosc l9t) '1) .  Hir tch-
l i r tgs wclc wcighccl  to 0.0 1 g wi th in l2 h o l  cc losion.  Wc rcarccl
h r t ch l i ngs  i n  s r r r a l l  g rou l . r s  i n  p l as t i c  t r . r bs  c t l n t a i n i ng  s rnc l  a r rd  a
cl t tntp o l  gruss.  Wintkrws in thc ln i r .nr l  roorrr  anci  '10 W l luorcs
ccn l  V i t i r  l r l c  bu lhs  p l ov i t l c r l  l n rb i cn t  l i sh t  unc l  pho tope r i od .  A
7-5 W l ' l rxrc l  lanrp susl- rcnt lc( l  i l t  one cnt l  r r l  t 'uch of  the tubs provid-
ecl  a ht 'ut  gradicnt  l i r l  thcrnrorcgulat ion (6 7 h/c lay) .  L izards welc
lcc l  c l ickcts.  7t ' r tL ' l t r io Ia lv i rc.  and wax wornt  larv le dai lv  rncl  caqe
ve- lctat ion was splaye d wi th watcr  twicc c la i l1, .

Wc rr teasulcd T," ,  and CTMax when l izards leachccl  29-3(r  ntnr
snou t - ve r l t  l cng th  (SVL t  i r t  l pp rox i n ta t c l y  110  days  o f  l ge .  T , " ,
rv i rs dctcrut inet l  { i r r  l l  HE juvr .n i les f lonr l . l  c lutches i rncl  35 LE

. juvcni lcs f rorn l5 c lutches.  1 ' . " ,  was rncasured ut  rn idday ai ter  fhst-
ing l izalc ls l i r r  2.1 h.  To ntcasure T." , .  we re ' rnovc-d l izards c lu ick ly
l iorr  thr . i l  rear ing t r . rbs wi th a noosc,  and i rnrr iediate ly lneasurecl
thei l  c loacal  tenrpcratures wi th a Physi ternp thclntocor. rp lc thcr '
mor l ro lncter .  Thc range ot  potent ia l  body tentpcratures in thc rear /

i r tg t r . rhs u ' i ts  c leterr l ined h1'  p l lc ing a dcad. j rn,eni lc  Jr ' i  / ' r2r , r ' r r r '  t l , . -



recl ly Lrndcr the incandescent latnp and at the otr-rposite encl ol ' the
tub. EqLri l ibr iLrrrr body terr)per. i l t t- l rcs in these two po:i t ions werc
.19 .  1 ' '  and  26 .2 'C,  respec t ive ly .  I t  was  un l i ke ly  tha t  T . - ,  was  in f lu -
cncecl by thc presence ol 'other incl ividuals; iLrveni le S. . i t .a1rl .r .r .  ex,

1 -  l r ih i t c tJ  n r )  i l i l s tc \ \ ' ( )n  tou i r rds  r . ( r t ) \pue i l i ( . s  lnd  i r l l  i r t t l i r  i r . l t ru ls  lP-
petreLl to rnorc l-rtely throughout their rcar. ing tubs.

CTMax rvas detcrrr i i rrct l  f i rr  |  |  HE.iLrvcni les l iont eisht clutch-
es and l0 LE.juvcni les l l 'orn six cl lr tches. To d<t so. we inscfted a
therntocor.rple ptohc 0..5 cnt into thc. clolcu ol cach l iznr.d and
taped i t  in placc. Thc l izurd was then placcd in an insulatccl clrn
over l l  prc hcatccl hot l) l i l tc i lnd irr tenrJtt ' r .utLrr.c r.cc<rr.clcd rrpoi l  loss
ol '  i ts r ighl i  n-g rL-sponse.

Rcproducl ive condit ion ol '  I  ernalcs

Approx in ta tc  da tes  l i r r  the  in i t ia t ion  and dur .a t ion  o l  ov ipos i t ion  in
thc l ' i t - ld wL.rc dcte' l t i t )cd h),thc.u'rhcr () l  rcpl.(xl .c( i 'c and rrorr_
gr-avid l 'enrir lcs citpturcd lrnt l  rclcrsct l  r , t . t  cucl) r  isrt  to a srtc.

Wc co l l cc tc r l  l ' c rn l l cs  i r r  l99 l  l l -o r r r  2 ( r . lune  to  5  Ausus f  (H[ ]
s i t c )  und l ' ro rn  ( r . lu t )c  t ( )  2 , \L rgus t  ( t_ l :  s i t c .y .  Fcr r r i l i . . ,  w . . rc
wci-ghcd to thc ncurcst 0. I  g and SVL rvls rrrcasurccl to 0. 1 rnnr l t
thc t ir))c . l  captu'c. frcrr. lcs u'crc ki l lccl r i ' r thirr 2'1 h . l 'c.r-rtur.c
with Nc'thutal und disscctccl.  Thc prcsencc .r ahscl.rcc . l  y,r lkct l
<lvrr ian l i r l l ic lcs wxs r)otcd ;rnd ovicluclal cggs wr.rc cour)lcJ. Bggs
rvcrc rcrnovcd l irrr .rrc farrd0rnl,v sclcclcd ovichrct. wcighccl ir i r i i
v idLra l l y  to  I  n lg .  an t l  thc  t l t rc l t , l r r l t .n t l l  s l t rLc  o l  thc  c r t rb r . r ,o  t l c
tclnrirred ([)ul iuu'c .nt l  Hubcrt I96 | ) .  t :rrhryirs th:rt  u crc inicr.rn..
cl ialc bctwccn t\ \ 'o st ir ,Jc\ rr cr.c lrssi!rrtd i ' l  i l t tcnnc(l i i l (c sl ir l lc
(c .9 . ,  - l l . -5 ) .  Er r rb ryo l r i c  s t lgc  wus i r r r l r ia r r t  w i th in  c lu tchcs  (s i ,c
l l s .  I )cMarc .  1992) . ' l ' hc 'c r ra i r r i ' g  . r ' i t l uc t  was  rc r r ro 'c t l  i r r tuc t
w i th  i rs  cggs  and l i xc t l  i r  B .u i r rs  s . lu t i .n  l i r r '2 .1  h .n r l  rhcr r  s r . r -cd
i ,70( ,1  E toH.  l rggs  l ' r ' . r r r  thcsc . r , i c luc ts  wc 'c  lu (c 'usc t l  t ' c l c tc r .
r ) ) i l r c  thc  th ick r rcss  ( ) l  cgushc l l s  {scc  bc low.y . ' l ' hc  l0 ta l  r r r i l ss  o l  thc
c lu tch  was cs t i ' ' r t cd  hy  rnu l t ip ly ing  the  to ( .1  r ru r r rhcr . r ' cugs  per .
c lu tch  hy  r rc i rn  csg  ur i rss .  Rc la t i ' c  c lu lch  r ,ss  ( l t ( 'M l r i r t  r i l : i n , rs i -
t i .n  was c . l cu iu tc t l  by  d iv id in r  t l ) c  to ru l  r ) r ,ss  o r ' thc  c lL r leh  hy  thc

r  r l ) r l s l ( ) \ ip ' s i t i . r r  i l r i r \ \ . l  t l r c  l i ' r r r l r l c .  (  i r [ i l l i r l r i l l !  l ( (  M in  t l r i .  i r r r r r r
b i i ' " '  u r  r r i t l s  s l : r t i s t ie  e l  p 'oh lc r ls  tha t  c l l r  i r r i sc  l l . t ' r r r r  r r rc lL rc l ins  c lu tc l r

r r tass  in  bo th  thc  nuntc ra to t  l rn t l  rk 'nor r r ina tor  (Shrnc  I ( )X( i :  Sh inc
1990). l t( 'Nl l i rr  l l l i  r 'cur ' lcs w.s dcterrrr irrcr- l  i rr  r ' ic lcl  cuurhr |c-
rna les  (c l r r tch 'c r r r t l r ' cc l  surg ica l l y )  th l t  con t i l i nc r l  c r r rh r ' \ . s  u t  thc
srr i lc slal lcs ut l lhich cggs wcrc ovi l-rosi l icd in thc l icl t l  (rr.c Rt,_
su l ts :  [ i rnbry .n ic  s ta -ucs  a t  . i ' i p .s i l i . i r y .  l i cM l i r r  I - l r  l c r r r ' l cs  rvas
t lc tc r rn i r re 'd  l i r r  l c rn l l cs  tha l  ov i l )os i tc ( i  in  c r rc losurcs  (sec  l i r l k rw
ing  scc t io r r  ) .

Er t th tyon i t  s t i t . !e  \  u l  o r  ipor i I r r rn

To c lc tc r r r r in t '  thc  t le  vc lopnrc r ) t i l l  s t : r l rcs  o l ' c r r t r ryos  a l  ov ipos i t ion .
*c  p l r rccc l  g l .v i t l  l cn r i l l cs  i r r r l i v i c lua l l y  in . t r rdo . r  w i r .c  sur .cc r r  cn ,
c losurcs  ( ,1 .1  cnr  i r r  d i : r r r re . tc r ,  19  c r t r  h ich)anc l  ohscr .vcd  thcr r r  t l l i l y
tun t i l  they  lu i t l  cggs .  Erc l .surcs  *e 'c  f l l r cc t l  i r  thc 'pcr r  u .d  rvc rc
providcd with clurnps ol 'gr.ass. e-xposccl soi l .  shlcle, ind a subsur._
l.cc 'ct 'cat. ' l 'his 

irn-angcrrr 'nt i l l l ()we(l r 'cr-rules l  ch. ice' . l  l rcst
sitcs. Fcrnalcs wcrc lcd cl ickcts ir t  lc i lst cvcry othcr ( lay tO supplc-
nrL'nt ni l tUl ' i t l  pfty. We L'xpectc(l  thl t  lctnlt les in ( lrc crrckrstrr.cs
r. l ,ould lay eggs at the sal l te t inle that l iec-r. lnging l 'cnrl lcs laicl
eggs arrcl that.vip.sit iorr would be ass0ciatcd r i , i ih t l rc onsr' t  ol  thc
sunrl ler lains ( Bal l in-uel lnd C'ongclon l  r .) lJ l ,  Rosc l  gf l  l  '1. fhirtccn
HE f 'ertrales wcle placecl in cnclosur.cs l t  a HE studv sit t  clur. ing
thc 2ncl wctk in July. Seventecn LE l 'entales rvcr.e placctl  in cnclr i
su les  dur in -u  the  l ld  weck  u l ' June.  Enc losures  i i r r  LE fcn t i r l cs
wclc krcated at thc. Southwestet.n Resci lrch Station (SWRS). por.
tal '  A. izona, r 'ather than at thc [-E site. t .  raci l i tate dai lv r.rorr i t .r .
ing .  SWRS is  s i tua tec l  in  i r  ra l lev  an t l  i s  appror i rna t i l y  l . l0  n t
h igher  in  e lcva t ion  than the  LE s i te ;  thus ,  L i j  l cn ta lcs  w l i th in  en_
closures at SWRS probablv erpcriencccl sl ightly coolcr. tcr.nPera_
tules thirn norntal.

,  I lo th  HE l r r rd  LE s i tc r  fc r .e t \c ( l  thc  l i r r t  heur r  :u l r r r ' c r . r .u i r r  (cu .'  i  mtn . )  o r t .7  J r r l l  1991.  Hr rucrc r . .  on l l  1 r ;19  HE lcnr l r le  o r  ipor i le r l
.  r tural lv within an cnclosurc (3 August). ' l 'he 

r.ef i tr .c. whcn ippr.or_
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irrately 80%, of free-ranging l 'emales at the HE sitc had ovirrositcd
( lst.wec.k in Augus(). wc brought t l re rentainrng HE fentulci in the
enclosures into thc lab and indr.rced oviposit ion with an intr.aperi_
toncai in. jcct ion ot (1.0-5 cc oxytocin. LE t 'cr lales hegrn rrest con_
stn-lct ion and cg-u laying within cnclosurcs on I0 July. Howgy.., . .
oviposit ion in the cncktsur-cs occurr.ed over I  r lruch longer.t ime oe
l iod ( l0 JLrl),  t l  ALrgusr) rhrrr was obscr-vecl in thc l leid (apprt ixi_
nratcly 7-13 July). Ther.ef irrc. only thosc I_E fenrr les f iorr i  enclo
sulcs thlt  hld ovipositc'cl  by lr l  July (rr = -5) wc.re usecl to clL-ter_
rn ine  deve loprnenta l  s tagc  a t  ov ipos i t ion .

F,ggs welc weighc-d to thc ncat.cst I  rrrg and ernbryos l l .orn l_.3
elqs wcrc staged as described above. lJrgs obtainecl with oxytocin
we'c weishcrl  inr*cdiatcly und csgs ovi lxrsit t ' t l  withirr cncl irsurcs
wclc. ut lnosI cirscs, wcighed tvithin 2 h of ovi l-rosit ion.

E-ugshc l l  th ickncss

Eggshc l l  th ickncss  wus t l c tc r . r r r i r rcd  l i r r  onc  cgg l l1 )n t  c i t ch  o l  l f
HL irncl l l  l -E clutchcs. w. t l rr . ' r ' rrr inct l  rhrrt  thc d.uirrs s. lrr t ion r l i t l
n0 t  a l l cc t  thc  t l r i ckncss  ( ) l  thcsc  cggshc l l s .  T0  ensur t ,  tha t  a l l  cgg
shcl ls wc'c l i r l lv l i r . ' rct l .  cggs thn( c' .ntuirrcd crrrbrv.s at crcvcl ir i r-
lr)cntal st.sc 2t) ol grcatcf wcrc uscd. Thc sccti0ri  r l l 'ccsslrcl l  at
thc cr 'hrv.rr ic p. lc cl i 'cct ly . t l . iaccrrt t .  crrrbrl 'us r i ' ,s 

-r i ' r .ovctl ,

pinrrcd l ightly to a l lat sul l lcc covcr.ccl by ubsor:hcnt papcr..  ancl l l
I .q 'cc l  t .  a i r  r l rv  l i r r '2 .1  h .  

' l i r  
r r r in in r ize-  c l i s r . r t i . r r  . l ' t i r c ' shc l l  edsc .

cggshcl l  scct i() 's r. i  c 'c dippccl bricl ly irr t .  l ic luicl  r i t ' .g.r i rnd t l icrr
snuppcd irr hal l .  l 'hc l l .actur.ccl cdgc wus photogr.aphccl at
l (d )  l2 (X)  x  'n , i th  u  sc . ' l r i r rg  t  l cc t r . . r  ,u i . ' r , rc , ,p . i .  Shc i l  t i r i ck r rcss
wils_rrrci lsurcd tt l  0. |  trrrn h1 t i lk irrg l i r t  cvt 'nly spircccl.  but r.urrckrrrr
lv placccl.  nlclrsufcrl tcnts l i l rn thc l)olarrr ir l  l t r . ints ol elch sltcci_
nrct.r.  Mci lr ' rs 0l thc I ivc l l lelrsurcl l lcnts wcrc usccl to t .cDr.escnt thc
th ick r tcss  o l  c i t ch  shc l l .  Mcasurcrncn(s  inc ludc t l  thc  c l rL : l fu r ) rs  i r r r l
l i b r i l  1 .1 'c 's  (scc  Packurc l  c t .1 .  I9 l i2 :  pack . rd  a r rc l  [ )cM, rc .  I99  l )
i ls thcsc \\ ,crc t()o irrtcrt l is i tutccl to ntci[ iurc scl) i l f i l tc ly.

S t i r t i s t i ca l  ana lyscs

N.rtqrari trrrctr ic . lcirs. lcs o{ cc'(r ir l  rcrt lcrrcy (rrr. t l i rrr) and t l ispcr-
s ion  ( in tc rqu i r r t i l c  c l i s ta r rcc ,  Q,  1 )  wcrc  uscc l  to  su ln rn l r - i zc  bo t ly
antl  i I i l  tcrr l . lc| lr tu|cs bcci l trse clata l i r I  sonrc val i l rhlcs wcrc r lot l lor-
t t ta l l y  c l i s t r ibu tcc l .  w i l c .x t> r r  I l . rk  Sr r rn  tcs ts  Io l  rwo s rouDs wcre
usctl  t .  cor)r l l . r 'c b.t ly .rrcl  i l i r  tcnrr)ct l tu.cs. A wil loxtxr Rirnk
S U i l l  l e \ l  \  i l s  U \ C ( l  l o  r ' o r 1 1 P 1 q 1 q .  r ' r r t b 1 . 1 1 r 1 1 j . .  \ l i r ! f s  i t l  o r  i P o r i l i o l t .

[ ] t x ly  tc rnpcra tu lcs  cxh ib i tc r l  by  l i zar t l s  we rc  typ ic l l l y  low t rp
t ln  r r rOrn i r rg  en)c |gcnce ar rd . ius l  hc l i r rc  |c l l ca t ins  i r r  lhc  cvcn in r is
( l ' - ig. lA. l3; ' l 'hus, 

to cxplc\s ccnl l l l  tcnrlcnci ir ,  clatu lccorcl icl
car- ly in. lhr t l i rv irnt l  in thc evcrr ing r icrc ercludcrl  l l rrrr thc lrnl l l ,s_
cs .  Jo  do  so ,  the  c l i t t i l  l i r r . cach popu la t iun  wcrc  l i r . s t  par t i t ioncc l  i r t
to  th ( )sc  rbsc . r 'u t i .ns  t i rke .  hc l i r ' c .n t l  u l ' t c '  l l ( x )  hou 's  l ' hc r r .  l i r r .
cac l r  da ta  sc t  ( two l i r r  cach popu la t ion .  l i ru r - to ta l )a l l  observu t ions
wi th in  0 . -5  h  t i r r rc ' in tc r 'a ls  \ \ , c rc  scc l .cn t i l l l l  c l c lc tcc t  s t i l r t ing  i r t  (hc
cxtrL'nrc cnds 0l cach activi ty pcr. i()d urr l i l  l incar. rcgr.essi0rrs () l ' . f , ,
on  t i r ) rc  o l ' t l l y  wcrc  no t  s ig r r i l i can t  t1 )s  >  0_0-5 t .  fh is  rcsu l te t l  i r i
thc  cxc lus ion  o l  l l l  obscr i ,a t io r rs  l i r r  thc  HE popu la t ion  takr ,n  bc_
l ir lc 0u(X) houls arrcl cxcltrsiorr ol 'ul l  obscr.vati i rns t irr  the LE popu_
Iation lakcn bt. l i r le 09(X) hours lrnd l l lcr.  I l l30 h0rrr.s.

Thc relnt ionship hctwee n cnvirorrrncntal tcnt l ]craturc ancl boclt ,
tcrt t l tcl i t(ulc wns cvl lul tet l  with l inear rcgrL'ssions ol 

' f , .  ,r tr  T., . , . i ,
ancl ' l ' , ,  on T,., , , , .  Thesc analyscs ut i l izcd al l  obse.l .vat ion, of botl i l
anc l  u i l  t cnrpcra tures .  Mic |ohah i ta t  sc lec t io r r  and o ther  b ion l \s ie l i l
l lctors besidcs cnvironrnerrtal terl)pcraturc irr l ' luence T', ,  ar id.- thur.
lcglcssion stat ist ics cxnnot bc uscd to rnake inlcrenccs ahout thel._
rno le - {u la t ion  pc l  sc  (Huc1,  l c )82 ;  Her . tz  L . t  a l .  1993) .  We usc  th is
nlcthodology hcre ntcrely kt pnri ' idc contpantt ive lncust-trcs ol ' the
lclut lonshin betu ce.rr T,, rrnd cnvir.onnterrt i i l  Ietnpcraturcs f irr  popu_
l l t r { r r r \  th i t t  ( )ccuny  \ t r ' r - rL t [ r ra l l y  s in t i la r  hab i t i l t s  ( i .e .  bur rchqr - i i ss l  a t
t l i  l f t ' r 'cnt r- lcvations.

Means alc prescntecl plus or. rninus their stanclar.cl  errors. Arral_
ysis of covirr iuncc (ANCOVA) rvas used to test fot.cl i i ler.ences bc-
twcen. regression cquations tol lowing a homogencity of slopes
tcs t .  A l l  ana lvscs  invo lv ing  cggs  and hu tch l i r i ss  i l re  b rser l 'on
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clutch mcans. A signif  icance cri terion ol 'P < 0.05 is used thlough-
or.rt .  Stat ist ical ani l lyses were conducted using SAS sof ' twarc (SAS
lns t i tu te  lnc  198-5) .

Results

Field body temperatures of reproductive f 'emales

Daytime air telnperatures were krrver at the HE than the
LE s i tes as judged by median T. , . , , , ,  va lues of  22.u"C and
31.0'C, respectively. Body temperatures of active f 'e-
rnales at the two sitcs reflected these difl 'ercnces in day-
t ime a i r  ternperatures.

Fernales at the HE, and LE, sites were flrst observed at
approxi rnate ly  0730 hours (F ig.  I  A.Bt .  and they re-
rnained act ive unt i l  about  l ( r00 hours and lU(X) hours.  re-
spectively. HE f-ernales exhibited lower body telrpera-
tures than LE f 'crnales throughout  the act iv i ty  per iod.
Bcldy ternperatures of nrost HE, l 'errales did not reaclr
30 'C unt i l  approxinratc ly  0800 hours whereas bocly  tcm-
peratures of LE f'enrales wcre alwlvs 30"C or rnore wherl
f i rs t  obscrved.  Mediarr  T, ,  va lucs of  HE, und LE l 'ernales
were 3?.2oC and 34.0 'C,  rcspect ivc ly  (Wi lcoxon Rank
Sunr  t cs t .  Z=  5 .7 .  P  <  0 . (X ) l ; ' f ab le  l ) .  HE  I ' e rna l cs  a l so
exhib i tcc l  srcatef  d ispers ions (Q,  r )  i r r  Tn,  

' f . ,  
, , , , ,  and

T, , .1 . , , ,  t l ran LE,  f 'enra les.  HE f 'enra lcs rnainta ined body
temperatures that wcre rnore elevttccl above uil te nrperl-
turcs than LE f'crnales. Mcdiau dif f 'erences betrveert T.
i l t rd  T, . r , , ,  (T5-T. , .1 , , , )  as wel l  as ' fn  ancl  T, , . t . , , ,  (J 'h  T. , . r . , , , )
were greltcr f i lr HE f'ernales compared to LE t'ernales
(Wi lcoxon Rank SLrrn tcsts.  Z = 7.9 ancl  -5.5,  respcct ive ly :
P < 0. (X) l  l i r r  both:  Tablc |  ) .

Body tcrnperatures dur ing inact iv i ty  were lowcr at  thc
HE than the LE s i te  as in t 'er rec l  lkr rn the rnecl ian nr in i -
rnurn soi l  lempcfatures o l '  l -5 .0"C (Q.r  r  = 2.9,  n = -5)  ancl
20.4"C (Qr r  = 1.6,  t t  = -5) .  rcspect ivc ly .

Relat ionship between body ancl  a i f  ternpcratu l 'e

Thc re lat ior tsh ip bctweeu body i l r ld  r r i r  tenrperaturcs was
vcry s i rn i lar  f i r r  bolh the HE and [ -E populat ions (F ig.2,

' lhble I [3otly tenrpcnttLrrcs (71,). uir tcrrtl-rt 'r 'atulcs I rn abovc 1.rr.r 'ch
(7, , .  r , , , ) .  a i r  ter l rpc l i r tu lcs I  crD abovc pcrch (7, , .  r . , , , ) .  d i l ' lc lcnce
bL'tween body tenrpcratures and air tcrnpelatulcs I rn abovc- pcrch
(T- t ,  7 , , .  1, , ,1.  d i f l 'c lcr tce bctwecn bodr te lnpefatulcs ur td a i r
t L ' n rpe ra (u l L ' s  l c rn  l hove  pc r ch  t 7 ) , - 7 , ,  1 . , , , ) ,  anc l  s l opcs  (b+SH1  o l

0800 1000 1200 1400 1600 1800 2000

T|ME OF DAY (h)

l ' ig .  I  Btrc lv lcn)pef i l tu lcs o l  rcprocluct ivc lcntr lc  St t lo lxt r t r . t . r t t t l
r r i ' l , r  a l  A high c lcv l t ion ( / /1 j )  ant l  I ]  low c lcv l t ion (1- [ )  s i tcsd,
t h l oughou t  t hc i l  c l i r i l y  l c t i v i t y  pc r i oc l s

Table l ) .  Fer .nalcs at  t l rc  two s i tcs d id not  d i t fcr  in  e i ther '
s l ope  ( f  1 . y1 .1  =  0 .0 ,  P>  0 .0 -5 ;  F r . , :  =  2 .1 ,  P  >0 .05 )  o r  i n -
t e r cep t  (F r . r . r+  =  l . J ,  P  >  0 .0 -5 ;  F r . r : o  =  0 .2 .  P  >  0 .05 )  o f
the l inc l t r  reglessi r lns of" l t ,  on T. , . , , , ,  i l r . rd  oD Tu. t . , , ,  respec-
t ive ly ,  a l though v isual  inspect ion of  the p lots  shows that
HE f'ernales wcre active at lower air tenlperatures than
Lh, lernales and thus hacl krwcr bodv te-rlneratules ovcr-
a l l .

thc rcgrcssiuns ol  bocly tL ' r l rpcf i r t r . r rc\  ( )n i r i r  tcnipcl i r turcs f i r r '
lcp locluct ivc lcrnulcs in h igh ancl  low elevat ion popul l t ions of
St  c lo l toru.s . t tz t lur i : .  Rcgrcssion stat is t ics ut i l ize thc cnt i rc datr  set ;
a l l  other stat is t ics r . r t i l ize only those obscrvat i ( )ns taken dur ing the
ccntr i r l  port ions () l  thc t la i lv  act iv i ty  pcl i0t ls  (sec tcxt)
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!z l ' - iB.  2 Rclut ionship.hctwccn bot ly  1g111'- t " tut t t rc  i r r t t l  A ai r  tc tnpct i t
Iu le I  nr  uhr) \c l )L ' reh lnt l  l l  a i l  tcrnpcralufc I  c t t t  abovc l tcrc l t  l i r r
t 'cproclr rc l ivc lc t tur lc  . tcc/oTrr t r t r .s  .s t  t r l t t r i . t  at  h igh ( /11r)  i t r tc l  low
(Lh) e lcv l t ion s i tcs.  / )zr , r / rcz1 / i r rc. r  rcplcscr t t  ec;u i t l  bot ly  l t r t l  l i r
( en rpc r l t u f cs .  Rc ! r css i o r t  s l opes  i t t t c l  i n t c f ccp t s  c l i t l  no t  t l i l l c r  s i s
r r i l ' i ca r r t l l  i n  c i t hc r -  ( l u t l  s c l  ( s c r '  l c x l  )
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Selectecl body temperatures and crit ical thermal maxima

The nrcdian selected body temperatures l 'or cuptive--
ra ised HE and L.E juveni les were 35.6 'C (Qr r  = 0.5.
r r  = l3)  ancl  3-5.8 'C (Qr r= 0.6.  r r  = l -5) .  respect i r , 'e ly ,  ancl
T. . ,  d ic l  not  d i f fer  betweerr  populat ions (Wi lcoxon Rank
Surn test ,  Z = 1.61,  P > 0.0-5) .  Median T." '  o f  l lE and LE
juveni les was h i - r rher  than the median f  ie ld Tn of  f -emales
in thei r  respect ive parent  popul i r t ions (Wi lcoxon Rank
Sum tests,  Z = 3.3 and 5.3.  respect ive ly  P < 0.05 f i r r
both). However, the difl 'crence in rncdian T."1 and median
T6 wns srnal ler  f i r r  thc LE popLr lat ion (  1.8 'C)  than thc
HE 1 - ropu l l t i o r t  { . 1 . J  C ) .

The rnedian cr i t ica l  the-rnra l  maxima f i r r  HE and LE
juven i l es  we re ,14 . l J "C  (Qr  r  =  0 .75 .  n  =  l J )  and  44 .6 "C
(Qr r= 1.0.  n = ( r ) .  respect ivc ly .  ancl  c l ic l  not  c l i t fer  bc-
lweerr  l ropulat ions (Wi lcoxon Rank Sunr tcst .  Z = 0.3t ) .
P > 0.0.5 ).

Fenrale rcproduct ive concl i l ion

Al l  l 'c rnales at  a l l  s i tes wcrc reprodLrct ive by ear ly  June:
that  is .  a l l  l 'er r ra les conta incd e i thc l  cn la lgcd f i r l l ic les or
ov iducta l  cggs (F ig.  3;  Tablc 2) .

The phcnologv of  f 'ernale reproduct ion d i f fcrcd be-
tween HE and LE populat i ( ) r rs  in  scver l l  res l )ccts.  HE fc-
nra les bcgan ovulat ing 2 3 wceks ear l icr  tharr  LE I 'c-
rnalcs.  Vi tc l logcnesis was p lesurnably in i t ia tec l  car l icr  bv
HE f 'crnalcs than LE I 'crnalcs as wcl l :  Newl in (  1976) sug-
gcstc( l  thr r t  v i tc l logcncsis  in  HE populat ions bcgins i r r
late April, br-rt rr"c have rto clata l ir l the LE, pttpr-rlation.
HE, l 'c rnalcs reta incc l  thei r  cggs consic lcrably  lonser  than
LE, f 'ernllcs, approrirratcly -10 days versus 20 clays. r 'c-
spect ivc ly .  Oviposi t ion by HE I 'cn l r les bcgan about  2
wccks uf ' ter  thc I ' i rs t  heavy sur l rner  ra in o l '  1992 (7 July)

o L E
o H E

1 0

l , ' ig .  3 l {cprrr t luct ivc phct t t l lo-
ty o l '  lcnr i r f  c  St  t lo lutnr .s ,s t ' t r l -
t r r i .s  at  h igh ancl  krw c lcvatron
s i t es .  I ) l t c s  o l  ha t ch ing  a t  h i gh
lr rd low c lcvat ion s i tcs ar-c f l 'orr r
Ncw l i n  ( l ( ) 7 ( r )  anc l  Sn r i t h  c t  a l .
(  1990 ) ,  r c spcc t i v c l y

I
JUNE

I
MAY

I
APRIL

I
JULY

I
AUGUST

I
AUGUST

I
SEPTEMBEH

I
SEPTEMBEH

I
JUNE

I
MAY

I
APRII.\-J

I
JULY

6
o

HIGH ELEVATION

Follicles

Oviductal Eggs

Oviposition
-

Hatch

T

LOW ELEVATION

Follicles #1 Foll icles #2
-

Oviductal Eggs #1
-

Oviductal Eggs #2

Oviposition #1 1st heavy rain Hatch #1
I T
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Table 2 Reproductive
conditicln of l'ernalcs and
developrnental staecs of
embryos in high antl  low
elcvation popr"r lat ions of '
Sceloporu,s sculuris f lorn early
Junc to eal ly Au-uust 1992 (rr
nurnhe l  r r f '  Ien t l t les .  ( | I t l ,  r . \  |  t t t  i I
Jl . /g( '  oviductal cggs exarrr int 'd.
grzrl i r l  lernales with ovidr.rct l I
eggs or largc lbl l ic les t

Collected and autopsied Col lectcd and le leascd

Reprocluctive concl i t ion (rr) Ernblyonic stage Reploduct ivc corrdi t ion ( l  )

</
Iinl arged
l ir l  I  ic lcs

OvidLrcal Range Ctav id Non-grai . ' id

I '  EI lbr\ ' ()s too unclcvclopccl to
assign a sta-9c
I '  Scconrl clutch

Hig l r  c leva t ion

Junc -5-20
J u n c  2 l  . l u l y  l 6
J u l y  l 9  2 l t
August I  -1

Luw elevation

J u n c 9  l l
June 26 Jul l '  .1
Ju l l '  t ;  1 -5
. lLrly 30 3 I

30.0.

3-5.0-i 7.0

-  t 3
-3() .0"  t l

10.0 .r2.-5 trl

t.)
t.l
al

7

L )

35
l f r

2
I

-5
)
l h

3
I
6

I

<30.0
3 1 . 0
3-5. tt
16.0

/ ) <  |

3 1 . 2
2li.-5

3
I

l h

( ,
0

t 5
( ,

and cont inued into ear ly  August .  whi lc  ov iposi t ion by
LE, f 'enra lcs was synchronized by the onsr- t  o f  the fa ins;
wi th in a weck of  7 July ,  l -5  < l f  l7  [ -E f 'enta les ohservecl
wel 'e  non-gravid.

At  thc HE, s i te ,  lcrnales produced only one c lutch.  In
contrast, at the Llr sitc. ut least sorrrc l 'ernalcs pr()duccd a
seconcl  c lutch.  Two f 'enra les col lccted bctwcen 30 and 3 l
July  conta ined oviducta l  etss wi th vcry car ly  s tagc cnt-
bryos (s tase 2 l l  or  less) .  Moret iver .  on 13 Aurr . rs t ,  l i rur '1 'e-
nra lcs f ror l r  thc cnclosures at  SWRS (see t i l l lowing text )
conta incd larue yolkcd l i r l l ic lcs in  addi t ion to thc i r  I ' i rs t
c lutch.  Srr i th  e ' t  a l .  (  l9 t )0)  ohservecl  gf lv i ( l  l 'ernalcs as
latc  as 20 August ,  but  assunred (presur lat r ly  in  c l r r l r )  that
the se f .ernalcs wele st i l l  carrv inr  thc i r  l ' i rs t  c lutch.

Er t rbryonic s tagcs at  ov iposi t ion

' l 'hc 
nrcc l ian ernbryonic \ luScs u l  ov i l . los i t io t r  l i r r  cggs oh-

ta i r rcc l  l l ' r l rn  Htr  ancl  LE t 'crnalcs nru inta incd in  enclosures
wele -16.0 ( rangc = 3-5.5,37.0;  r r  = l3)  ancl  33.0 ( range =
3 |  .0-3-1. -5;  r r  = -5) ,  respL'c t ivc ly  (Wi lcoxon l lank Sunr
test ,  / .  =  3.3t i .  P < 0.00 I ,  l ; ig .  , l ) .  Thesc c lata urc i r i  as lee-
ment with the data l lonr f l 'ee-ranging l 'ernalcs. Clutchcs
ll 'onr l{E, l 'enrales collected on 26 and 2t3 July, ancl I Au-
gusl  ( ( )nc each datc) .  were at  crnbryonic s tages -37.0.
3-5. -5.  and 36.0.  respect ive ly .  Onc LE l 'ernalc  col lectcd
on l0 July  conta ined crnbryos at  s tage 32.-5.  and thc
f l rs t  c lu lch ov i l - ros i ted in  the LE cnclosures was at  s tagc
3 3 . 0 .

Fernale.  egg.  arrd hatchl ing s ize

Reprocluctive l 'enrales at the HE site wele smallef than
reprocluctive l 'eurales at the LE site. Mc'au SVLs and
rlasses of HE f'ernales were -19.6 mrn (range = 42
59 mrn;  n = 6 lJ)  and,1.6 g ( range = 3.0-7.1 g;  n = 68)
while rnean SVLs ancl masses of LE f'emales wele
-52.8 nrrn ( rangc = 46-6J tnm; , l  =  72)  ancl  5.1 g ( range =
3.3-U.6 g:  n = 72) ,  respect ive ly  ( / - tests,  P values < 0.0-5) .

31  32  33  34  35  36  37
EMBRYONIC STAGE AT OVIPOSITION 

<.

l ' i g . 4  E r r r b l t ' on i c  s t ugc  a t  ov i pos i t i on  l i r l  h i sh  ( / / [ )  l nd  l o r v  ( / . / r )

cf  cra l iot t  1 ' ro l l r lat ions t>|  . \ t  c lo lxtnt .s ,s t  t t l r r r is .  I jnrbrvos l l  thc I l l :
s i tc  wcrc s igni l ' icunt ly  rnorc t levclopccl  l t  ov i l - rosi t i t )n thtur  at  thc
l - l r  s i t c  ( sec  t cx t )

1'hcsc contpar is( ) l rs  inc lLtc lcc l  a l l  rcproduct ivc f 'enra lcs
capturecl l 'r 'onr carly Junc thlough cally AugLrst.

At  t l tc  t ime o l '  ov iposi l ion,  cggs f l 'onr  HE l 'er t ru lcs
rvcrc larger than thosc l ir lni LE l 'crriales. Thc rrrean cgt:
nrasscs i t t  ov iposi t ion l i ) f  HE and LE lernales w'erc
0 .37  g  ( t  0 . (X ) t3 ,  r r  =  l 3 )  anc l  0 .29  g  ( t  0 .01 ) .  t t  =  5 ) .  r e -
spect ive ly  ( / - tcst .  t  = 5.61.  l ' ]  <  0. (X) l ) .  Thc la lser  rnean
cgg nrass of HIr cggs was lcflected by a larger hatchling
rnass. Mcan rnirsscs of HE ancl LE, hatchlings were
0 .33  g  ( t  0 . (X )9 ,  r r  =  l 3 )  and  0 .28  g  ( r  0 . (X )4 ,  n  =  l 3 ) .  r ' e -
spec t i vc l y  ( r - res r .  r  =  -5 .3 -5 .  P  <  0 . (X ) l ) .

Clutch s izc ancl  rc ' la t i l ,e  c lu lch rnass

Clr . r tch s ize was posi t ive ly  corre latcd wi th l 'enra le s ize in
bo th  HE  (F r  r+  =  22 .0 .  r t  =  16 ,  r l  =  0 .61 ,  P  <  0 . (X ) l ) a ' c l
LE,  (F ' i  =  30. t . i ,  u  = 2 l ,  r ' l  =  0. -5-5,  P < 0.001.1 popula-
t ions (F i - t .  5) .  The s lopes of  these regressions d id not  c l i f -
t 'er (F,.,., < 0. l, P > 0.0-5). However, HE f'emales hacl
smal ler  c lutch s izes thar t  LE ternales (Ft  r , r  = |  1 .3
P < 0.01.  ANCOVA, SVL used as the covar iate) .  At  thev
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SNOUT-VENT LENGTH (mm)

I, ' ig. 5 I lcl i r t ionship betwccn clr.r tch sizc and lL'rnale snout vcnt
lcng th  l i r r  h igh  (H1:1  and low (1- l )  c ls 'a t ion  popu la t io r rs  o l ' . \ r ' c1o
ltot 'us .st t l t tr i .r .  Thlcc clata poinls l i rr  HIr clutchcs arc obscurccl.
[ ] lu tch  s izc  o l ' l . [ i  l cn ra lcs  was s i l ]n i l ' i c l r r t l y  la rgc l  than tha t  o l 'HE
lcnra lcs  (scc  tcx t )

-srand covar iate nrean (53.3 nrrn) ,  thc ad. justcd c lutch s iz-
es l i r r  HE ancl  LE I 'cnra lcs wcre 9.4 ( t  0 . ,12)  and I  1 .2
( t  0 .32) .  fespect ive ly .

HL,  and LE 1 'enra les hacl  s inr i lar  RCMs ut  ov i l ' los i t ion.
Mcan I i .CMs l i r r  HE, ancl  LE l 'cmalcs wcrc 0.136 ( - r  0 .  101,
t t  = J)  and 0.1J2 ( t  0 .0-59.  r r  = ( r ) .  respect ive ly  ( l - test .
I  = 0.40.  / '  >  0.0.5 t .

Essshe ' l l  t h i e  kncss
\ > . '  

c c

Eggshcl ls  pfoduced by HE l 'ernales wefe th inncr  than
thosc o l '  l , l i  I 'c rnales.  Mean eggshel l  th ickncsscs o l '  HE
and Lh,  eggs wefe 19.3 t r t rn (+ 1.36,  t t  = 12)  and 26.6 ptnt
(+  0 .92 ,  r  =  l J ) ,  r cspcc t i vc l y  (1 - tes t ,  I  =  4 .0 ,  1 '<  0 . (X ) l ) .
HE shcl ls  were th iuner-  than LE eggshcl ls  bccausc o l '  a
th inncr  l ibr i l  laycr ;  thc th ickncss o l ' thc calcareous layer
ruppeared to bc s inr i la f  in  both populat ions (Mathics
1 9 9 4 ) .

Discussion

Cornparat ivc thc l r ra l  b io logy at  HE and LE s i tcs

Thc HH s i te was considerably cooler  than thc LE,  s i tc
w i th  respec t i ve  rned ian  T , . , , , ,  va l l r es  o f  ?3 "C  vc rsus  3 l "C
dur ing the day when I 'ernales were act ive.  and mcdian
soi l  ternperatures of  l -5"C versus 20"C at  n ight ,  r 'espec-
t ive ly .  Fcrnalcs at  the HE s i te were apparent ly  able to
par t ia l ly  cor .npensate behaviora l ly  fbr  rc lat ivc ly  low day-
tirre temperaturcs. For exarrple, median Tn of f 'ernales at
the HE s i te was only 2 'C lower than at  the LE s i te ,  and
HE, f 'ernales tended to have body temperatures that wel'e
more elevated above air ternpelatures than LE f'err-rales.
However.  in  thc absence o l -a measure of  the nul l  d is t r i -

-\ rutior.r o1'T6 values at each site (see Hertz 1992 HerIz et

a.,rl. 1993), these data cannot be used to in1'er active ther-
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moregulation at either site. Overall, however, the rela-
tively low ambient temperatures at the HE, site were as-
sociated with a lower average body temperatures fbr HE
f'emales than LE fernales. HE f-emales not only had lower
Tn values than LE, f 'ernales while active, the daily period
of activity at the HE site was about 2 h shorter than at
the LE site as well. Moreover, during the period of inac-
t iv i ty ,  l -5 . -5 h and 13.-5 h fbr  each d ie lcyc le at  the HE and
LE, sites, respectively, body ten-rperatures of f 'ernales at
thc sites would have been even rrore dispalate, as in-
fbrrcd fronr the measurernents of night-tirne soil ter"npcr-
atures.  Thus,  the cumulat ive amount  of  t i rne spent  at  re l -
atively high T,, valucs was less lbr HE 1'emales than LE
f-cnralcs.

Observations on .juvcnile Sccloporu,s,st'uluri.t suggest
that ,  g iven thc sanrc therr .nal  opportuni t ies,  HE and LE
f 'ernales would havc thc sarne act iv i ty  ternperatu les.  Ju-
veni les ra iscd in  the laborato ly  had v i r tual ly  ident ica l
T." ,  and CTMax.  Bccause HE and LE . juveni les were in-
cubated and ra ised under the sanrc condi t ions.  thc i r  thcr-
rnal  bchavior  ancl  physio logy in  the laboratory presurn-
ably rc l ' lects  genet ica l ly  deternr ined responses.  Thus,  thc
higher T.", of . juvcnilcs in thc laborirtory vcrslrs the 

' l ' ,-

va lues of  act ivc l 'cnra lcs could rc l ' lcc l  inabi l i ty  o l '  I 'ernales
to ra ise thei l  T, ,  va lues to prc l 'cr rcc l  levels  in  the I ' ie ld.  On
the othcr  hand,  grav ic l  I 'cmalcs ancl  . iuveni lcs rnay s i rnply
exhib i t  d i f i 'c rcnt  thcnnal  behaviors.  or  l izards la ised i r r
thc laboratory nray cxhib i t  d i l ' l ' c lent  behavio ls  than f lcc-
langi r tg l izards,  or  both.

Cornpala l ive lcproduct ive b io logy at  HE and LE s i tcs

E,nvirontrcntal ternperatures rnay directly afl 'ect l i f 'c his-
tory character is t ics (Adolph ancl  Por tcr  1993).  Bccausc
rates o l 'ernblyonic dcvcloprncnt  in  l izards arc ternpera-
tLrrc  dcpcndent  (Muth l9 t tO;  Shine l9 t t3a;  Via l  ancl  Stcw-
at t  198-5;  Packard and Packard l9 t l13) ,  tcnrpcraturc d i rcct -
ly al ' l 'ects the tirne that ernbryos requirc to reach sta-qcs
appropr iate f i r r  ov iposi t ion ( i .c . ,  c lurat ion of  c-qg rc ten-
t ior t )  as wel l  as tota l  develo l . ln lenta l  t i rne .  In  our  s tudy,
er.nbryos wel'e exposed to lowcr tcnrpcratures at the HE,
than thc LE s i te  .  Fol  exarnple,  ternperatures of  ernbryos
dur ing gestat ion would have averaged 2oC lowcr at  h igh
than low c lcvat ions dur ing the day when f 'ernales wel 'e
activc and as nruch at 5"C lower when f'ernales were in-
act ivc.  Af icr  ov iposi t ion.  incr- rbat ion ternperatures would
havc bccn lower at  the HE s i te than the LE s i te  as wel l .
as tenrpcrat l l rcs o l  nests should c lusely ref lect  arnbient
a i l  ternperatures (Shine I983a).

The prediction that f 'emales would retain their eggs
longer at  h igh than low elevat ions was upheld.  HE f 'e-
males in i t ia ted reproduct ion approxi rnate ly  2 weeks ear-
l ier', and cornpleted oviposition about I month later, than
LE f'emales. Thus, HE, f 'enrales retained eggs consider-
ably longer than LE f-ernales: ,10 days (this study) to 50
days (Newl in 1976) versus 20 days,  respect ive ly .  Howev-
cr, the extended period of egg retention exhibited by HE
f'ernales was only partially due to relatively slow devel-
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opmental rates of embryos. HE f'emales retained eggs to

more advanced stages of clevelopment than LE f'enrales,

stages 35.5-37.0 verst rs  3 |  .0-33.5.  respect ive ly '  f t r l f i l l -

ing our second prediction. Thus, the reproductive biolo-

gy of LE f'ernales is typical of that of other temperate

ione l izards at  low elevat ions inasmuch as the dulat ion

of  egg retent i t l t r  is  re lat i r rc ly  shor t .  ov iposi t ion ( )cc l - l fs

when embryonic developnlent  reachcs approxi r r la te ly

stage 30 (Shine 1983b;  DeMarco 1992'  1993),  arrd fe-

nra les proc luce mul t ip le c l t r tchcs (T ink lc  1967) '  whereas

thc reproiluctive biology of HE f-er-nales is typical of that

o l '  species that  i r th i lb i t  h igh e levat ions inasmr-rch as t l te

c lurat ion of  egg rctent i t l t r  is  re lat ivc ly  long,  ov i l . ros i t ion

occurs when crnbryonic s tage is  re lat ivc ly  advancccl .  and

f 'emales p loc luce a s ingle c lutch pcr  season (Braf la  c t  a l '

lc )c) l ) .  More() \ 'er .  oul '  f inc l i r lg  that  cgg retent io t l  rar ie-s

along a therr t ru l  gradient  pr t lv ides st t 'o t lg  s t lppol t  l i l r  the

hypothcsis  t l ra t  v iv ipar i ty  cvolves in  cold c l i lnates by in-

creases in  the durat i t tn  t l l 'egg retent ion.
Also in  accot 'd  wi th re l i r t ivc ly  low arnbient  tc l l lpera-

tures.  cst i tnutec l  t t l ta l  dcvclopr l renta l  t i r t lcs of  et l lbryos

u,crc longer at  the HE s i te than at  t l re  LE s i te '  Dcvelop-

rncnta l  t i r t rc  t l f  HE c lutches,  bascd on 7 Jr- rne as t l rc  date

o l ' l l r s t  ovu la t i ou .  anc l  t he  obse rva t i on  o l 'New l i r r  ( 1976 )

ol '  thc f i rs t  a l tpcal 'ancc of  l ra tchl inss i r t  car ly  Septcnrhel ' ,

was at  least  u-5 t lays.  I r l  c( ) l l t last .  the est i r t ta ted dcvcl t l l l -

nrenta l  t i r t rc  o l '  LE c lutchcs ( t l rs t  c l r r tch) '  baset l  t ln  l l ' i

. lune as the datc of  t lvu lat ion,  and the obscrvat i t ln  of

S r r i t h  c t  a l .  ( 1990 )  o l ' an  app rox in ra te  ha tch  da tc  o l ' 20

Angust ,  was l rbt tut  60 days.  The 1.4- f i r lc l  incrcasc i r t  thc

tota l  t lcvc l t lprncnta l  t i t t te  o l 'c t t tbryos at  the HE s i te cr l t t t -

pared to cnthryos at  the L l l  s i tc  rnay bc pher loty l ' r ie :  c t t t -

Lrryos l 'nrm HE and LE s i tcs had idcnt ic l t l  c lcvc lopntenla l

ri"rtes whcn gestation tell lpcrattlres wcre thc sarrte (T.

Mathies.  unptrb l ished dat l ) .  Thtrs ,  the rc lat ive ly  low tc l t r -

peraturcs exper icnced by cr l lbryos at  t l re  HE s i tc '  rcsul tc t l

in  a re lat ivc ly  lengthy pel i t ld  of  developr l lent .
The re lat ivc ly  lor rg per iod o l '  cgg rc tcnt io l l  and tota l

dcvcloprne nta l  t i r t te  t l l '  HE c ' r t tbryos l i t r r i ts  thc t t r t r r t l rc t  o l '

clutches HE, f 'crtrales prtlclttcc pcr yeitr to one. wrlereas

LE 1e rnales can producc t rv t l .  For  S.  . r t  r t l r t r is ,  a t  lcas l '  thc

nurrber  of  c lutches p loc l t rced per  seasol l  t r lay a lso be a

phcnotypic responsc to tenlpcrature. For exarnple, the rc-

iateil species St'elttpttru.s (t( 'ttcLt.r t i lr 'rnd at high elcvatiorts

in Mexico nornta l ly  hns ot tc  c lutch pcr  year ,  bt r t  t 'enta lcs

|cared in thc labot'atory at warlr tell lpcratl lrL's pt'otlrtec- tt

lcast  two (R.M. Andrews.  unpubl ishcd data) '  RedLrct i t lu

in c lutch f rec luency is  typ ical  of  l izards that  inhabi t  cool

er tv i ronrrents (  Bal l inger  l9 t t3;  L icht  l9 lJ4;  Jones et  a l .

l9u7: . larnes arrd Shinc lt)t it i), ancl is pt'esur.tlecl to be a

precondi t ion f i r r  thc evol t r t ion o1 'v iv ip i t r i ty  (Shine I98-5) .

Our third prediction was that HE I'err"rales would prtl-

c tLrce eggs wi th th inner  shel ls  than L l l  l 'emales.  Rcduc-

t ior t  in  eggshel l  th ickness has been p lopc ' rsed as a cr i t ica l

rnoclit lcation for increasing rates of gas cxchan-uc be-

tween the developing enlbryo and the f 'emale (Packald et

a l .  1911,  Gui l le t te 1993).  This  may be especia l ly  i rnpor-

tant at high altitucles where thc partial pressure of O, it l

lu f ter ia l  b lo i l t l  is  lc lwer than at  low al t i tuc les (Gui l le t te et

a l .  1980).  Our observat ions were in  accord wi th th is  pre-

dicti<ln: eggshells frorn HE t'ernales wcre significantlv

th inner  than eggshel ls  f lor l l  LE ferra les.  l9  prn \1el 'sus

27 'p ,m .
Our fourth predrction was that HE l 'ernales would J

have smal ler  c lutch s izes than LE f 'ernales.  Viv ipar i ty

and longer durations of cgg retetrtion l l lay requlre a re-

dr- rc t ion in  c lutc l t  s ize becat tse c lutch t l tass and vol t t t t rc

inc leasc substant ia l ly  c lur ing embryonic dcvelopnrcnt

due to water  uptake by eggs (Goldberg 197 |  ;  M6ndez dc

la CrLrz ct  a l .  lg t i t i ;  V leck l9 i ) l ) .  A large c lutch r l t i - tss

could physic l l ly  bt r rden the f 'cr r ra le ancl  th t rs  i r tcrc l tse her

vulncrabi l i ty  to  predators (Shine lc)80;  Var l  Darnnlc c t  a l '

l9U9;  Sincrvo et  a l .  lc)9 l ) .  V iv iparous specics of  S ' r 'c i r r -

Tro i ' r r . r '  have snra l ler  c lutch s izes thar l  ov iparotrs  spccie s o l '

ihe s l " le  bocly  s ize (Bal l inger  19t33) .  Poptr la t ions of  S '

,sct r l t t r i .s  are col ts is te l l t  wi th t l i is  pat te ln:  HE fer t ra lcs pr t l -

clucccl apploxittrlrtely two l 'ew'er cggs per clutch than l-E

1'erra lcs o l ' thc sat t le  s izc (F ig.  5) .  Ht lwevcr '  RCM at  ov i -

posi t ion d ic l  not  c l i l l 'er  betwccn HE and LE populat ior ts .

Si rn i lar  I tCMs wet 'e  duc.  i r t  par t .  t t l  thc l i t lger  eggs pfo-

duced by HL,  than LE f 'e t t ta lcs ( th is  s tudy) .  but  a lso [o i t

h ighel  cgg water  content  associated wi th thc i r  t r l t l te  l tc l -

vanccd stagcs t l f '  en lbryonic c lcve l t lpr r lcnt  at  ov iposi l ior l
(T.  Mathics.  unptrb l ished dat l ) .

The rncchl tn is t ic  bases urrc lcr ly ing thc i l l tc fact i ( l t ls  bc-

tu 'ccn c lutch s ize lnc l  cgg s ize of  l iza lds i t re wel l  u t t t lc t ' -

s tood  (S inc rvo  1990 :  S inc t - vo  and  L i ch t  199  l ) .  a l t ho t rgh

lhc ccologic i t l  bascs that  c lc lcr r l l ine thc c l i lcct ion t l l '  th is

t lac lc-o l l 'are lcss c lcar .  Thc shi l ' t  in  the pcr  c lutch rcpro-

ductivc cll i lr l  bv HE {crrlalcs tt l { 'cu'cr htrt l l t lgcr t 'Sg\ hrr .---.-
bccrt notccl l ir l othcr t lrctlrhct's t l l '  thc .rt rt lrtr i.s gt'oLrp: 1;tt '  3

v iv ipar t r t ts  Scal t t l t t t t ' t r ,s  l t ic t t t t t l t t r l is  has a st l la l ler  c l r - r lch

s ize hut  la lger  h i t tch l in-us than i ts  ov iparot ts  s ib l ing spe-

c ies.  S.  ( t ( t t ( 'u . \  (Cl t r i l lc t tc  lgu l ) .  ancl  S-  l t icat r l l tu l i :  < tc-

curs at  h ighcr  e lcv l t t ions t l tan  ̂ S.  ( t ( t t ( t t , t  (Thonr ls  l r r l t l

D ixon 1976).  I t t  c t l t l t r l ts l ,  I 'c r l la lc  S.  t t t ' t ' id t ' t t t t t l l . r  a t  a h ig l t

e  levat ion s i te  havc largel  c lutches ancl  s l l la l lcr  eggs than

fe nru lcs at  a low c: levat ion s i tc  (Sincrvt l  1990).  Prcst t t t t -

ahly .  thc c l i rect ion ot ' thesc ( rat le-of ' l 's  he(u 'ccu o l ' l 'sp l ing

ruurnbcr  and s izc rc f lect  thc p i r r t ic t r lar  et lv i r t l t . t t t lenta l  cor t -

d i t ions at  thesu' l l lo l l tanc s i tcs t l r  l ineagc-speci f ' ic  rc-

spor lscs to thcsc ct l r rd i t ions.  or  both.

Contparative phcnology of leprtlclucti<lrl
a t  HE and LE s i tcs

Tenrperaturc typ ical ly  scrvcs r rs  l t  pr t rx i t r t i l tc  c t tc  t i r l  i l r i t i -

ating rcprocluction in tenlpcritte zonc l izards where popu-

latit ins i 'r warrt ' '  environnlents (e.g.' low altituclcs or l l t i-

tudes)  general ly  in i t ia te reproduct ion at  an ear l ier  date

than populat ions in  cocl ler  er tv i ronments (L icht  l9 t t - l ) '

Tlt is general pattern is t ' t 'r 'ersed in HE ancl LE popula-

tions of S. .rcrt1rtri.s. HE f'enrales init iate leproduction (vi-

te l logenesis)  ear l ier  in  the spl in- t  than LE f 'emales appar-

ently in order tt l compensate for relatively low tempera //

tures dur ing gestat ion.  Addi t ional  constra ints  c ln the t i t t l  -



ing of reproduction are that soil rnoisture in southeastern
Ar izona is  too low for  successfu l  incubat ion pr ior  to  the
onset  of  the summer ra ins (Rose 1992),  and fo l lowing

.t the onset of the surnnrcr lains. soil, and thus ltest telnpel'-
atures, drop as clor-rcl cover reduces insolation. Thus, suc-
cessfu l  reproduct ion at  the HE s i tes requi res that  a sub-
stant ia l  por t ion of  e l t rbryonic deve' lopment  occLtrs in  ute-
ro so that ernbryos are at relatively advarrcecl stages
when thc l ' irst rairrs t 'rccur. In lt)92. however'. HE f'ernalcs
did not  be ' - l in  ov iposi t in-u urr t i l  approximately  l2  days a l ' -
ter  the onset  of  the ra ins.  This suggcsts that  the de_{rcc o l '
ernbryonic clevcloprnent is the prinrary firctor t irr init iat-
ing ov iposi t ion,  at  lcast  in  thc HE l . loytu l l t ion.  Unseason-
ably cool  tempcratu les dur ing May 1992 nray havc de-
layed ovi l - ros i t ion that  year  as ov iposi t ion and the f i rs t
sunrrnel '  ra ins usual ly  co inc idc ( t la l l ingcr  ancl  Corrgdon
t 9u  l  ) .

Rcploducl ive t i rn ing l i r l  LE I 'e  nra les a lso n)ust  cnsure
t l rat  cggs arc ready to be la id at  the onsct  of  lhc suntrncr
ra ins.  Vi tc l logencsis  and cntbfyonic developrnent  in  ute-
ro arc re l l t ivc ly  rapic l  becausc o l '  r 'e lat ivc ly  h igh bocly
tcnrpenl turcs.  Thus.  r 'c la t ivc ly  l l tc  in i t i i r t ion o l '  reprocluc-
t ion ensurcs that  l - l t  le  nra lcs are not  cnculDlrcred wi th I
largc clutch nrass l irr lonscl' thart nccessary belitrc cggs
can bc la i t l .  ILedLrcccl  rnobi l i ty  o l '  l 'cnta les nr ight  bc par ' -
t i cu la r l y  c l i sudvan (uge  ous  (Sh inc  l 9 l l 0 ;  S inc rvo  c t  a l .
199  l )  a t  t hc  l ,E  s i t c  bccuuse  thc  t l i v c r s i t y  a l r c l  dcns i t y  o l '
potcnlial prcdalols l irr '  .!. ,rcrriru'i.r '  appcar lo bc gleatcr
than at  thc HE s i tc  ( ' I ' .  Math ics.  pcrsonal  obsclvat ion) .

v:-  
Evo l111 i1v ;1  o l ' c r t c l r de t l  L ' !S  r c t cn t i ( ) n

For l iza lds in  the . r r r r iz l ' r . r  uroul t ,  u t  lcast .  v iv ip l r r i ty  ru i ry
cvolve lc lat ive ly  cusi lv  l - rccausc n lost  o l '  thc in tc t 'n tec l i t tc
stcps a l ) l )caI  to  |csrr l l  l .K lnr  c i lhcr  precxis l i r rg rcac( iorr
nonns o l  sc lcct ion lac i l i ta tcd by phcnoty l ' r ic  p last ic i ty .
The ledLrct ior t  in  c lutch l ' r 'cqucncy t ' ronr  rnul t ip lc  c lLr tchcs
a t  l ow  e l cva t i ons  t o  u  s i ng l c  c l u t ch  a t  h i gh  e l c l ' a t i ons  i s
l ikc ly  to bc i r  c l i lcct  cor)scqucnce o l '  t l rc  lc l re l i ( )n l t ( )nn
bctween thc rate of 'physio logical  proccsses ( i .c . ,  the ratc
ol '  enrbryonic dcvelopnrcnt)  und tcnrperatufc.  Howcvcr ,
the shi l ' t  f lor l  rnul t ip lc '  c lu tchcs to a s ingle c lutch per
sL ' i rson is  upparent ly  n<l t  sufTic ient  i r r  i tse l f  [o  cnsure suc-
cessfu l  leproduct ion at  h igh e leval ions.

Fi rs t ,  HE 1 'crnales rc ta ined cggs nruch Ionger and to
rttucl"r r.nure advanced dcvelopnrcntal stagcs than LE, l 'e-
r t ta les.  In  ac ld i l ion.  HE l 'ernalcs in i t ia tcd reprroc luct ion
ear l icr  th l r r  LE,  I 'eura lcs.  These observat ions suggcst  th l t
successfu l  rcproduct ion at  thc HE s i tc  requi led adcl i t ion-
al ad.justrnents to l 'ernale reproductive biology. Morcover,
the nature ol' these acljustmcnts irnplies that these arc
aclaptive cvt'r lutionary responses t<l the pr<lblcr.r.rs of rc-
product ion in  a cool  c l inratc.  Extending cg_g r r ' tent i ( )n t r )
thc degree- exhibitcd by HE l 'entales should have beerr
re lat ive ly  casy to accornpl ish becausc egg retent ion by S.
, 'uluri,s f 'ernales is an ertrernelv nlastic trait: uncler labo-

t rtory cclnclit ions LE fL-nrlrles reti ine.t ellbryos to as lrcl-
vanced stages as those of HE f'entales without irnpairing
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development (T. Mathies, unpublished data). This obser-
vation is consistent with the view that the abil ity of f-e-
rnales to extend the duration of egg retention tacultative-
ly  is  a precursor  to v iv ipar i ty  (Shine and GLr i l le t te  1988).
Presumably,  the t i rne at  which v i te l lo- {encsis  is  in i t ia ted
is  a lso in t r ins ica l ly  var iable and would a lso respond rap-
id ly  to select ion.

Seconcl. eggshells plclcluced by HE t-ernales werc sub-
stant ia l ly  th inner  than those p loduced by LE f 'emales.
Morphological  s t r - rd ies suggest  that  eggshcl l  th ickncss is
a f i rnct ion of  the nurr rber  of  shel l  g lands in  the ov iduct
(Gui l le t te lc)92) ,  and that  rcduct ion in  the number of
shel l  g lands requi les select ion (Gui l le t te l i ) t ) - i ; .  Thus for '
S. stulari,s. rcdr-rction in the thickness of the eggshell ap-
pears to be the only "novel"  t ra i t  associated wi th extend-
cd egg fc tent ion.  Given thc cxtensivc phenotypie p last ic-
i ty  in  thc at r i l i ty  o l 'LE f 'cr r ra les to rc ta in esgs.  invasion o l '
h igh e lcvat ions by l -E f 'ernales would not  hc p lec ludcd
by thc th ickness o l '  the i r  cggshel ls  and redr . rc l ion in  cug-
shcl l  th ickncss docs not  appcaf  to  bc necessary dul inu
the in i t ia l  s tages in  the er , 'o lut ion of  v iv ipal i ty .

ln  the prccccl i r tg  c l iscussiorr  rve have assunted that  low
e lcval ion populat ions t l l 'S.  scrr / r l ' i . r  are ancestra l  to  h igh
c l cva l i on  popu la t i ons .  I s  t h i s  a  va l i d  assu rnp t i on '?  A t
prcscnt, ,5. .rtulttr i.s is largely conl' ined to ntontanc rnead-
ou,s thrr rLrshoLrt  i ts  lange.  However.  Bock et  a l .  (1990)
point  out  lh l t  thc h is t r l r ica l  t 'ar tge-  o l 'S.  . rcr r / r l ' i , i  on k l rv
c levat ion g lass lands oncc la l  excccdcd the arca of  rnont-
anc d is t r ibLr t ion and suggcst  that  nronlane l topulat io l ts
lt| 'e rcnrti.ult l .ropulati<lrts. The <lrrcc widesl.r 'cacl distribLr-
t ion o l '  S.  ,s t  t t l t t r i .s  ut  low c lcvat iorrs  suguests lhal  low c lc-
vat ion po;ru lat ions w'erc ancest l l l  to  rnontanc popula-
t ior rs .  T l rat  is  not  to  say,  howevcr ,  that  thc scquerrcc o l '
cveuts lcac l iug to e xtenclcd egg rctcnt ion c lcscr ibed above
is nol  rcvels i [ r lc  ancl  that  sLrch rcvc ls iL ls  do not  occur .  ln-
clccd, the capacity ol ' .\. .rcrrlr l 'r.r lo nrodily lcproductir"c
stnr tcg ics to sui t  c l i l l 'c rcnt  thernra l  envi ronl r rcnts coLr ld
luccor . rn l  l i r r  thc wide gcoglaphic arrd e levat ional  d is t r ibu-
t i o r r  o1 ' t h i s  spcc i cs .
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