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Rates of Embryonic Development of Sceloporu.r Lizards: Do Cold
Climates Favor the Evolution of Rapirl Development?

RonrN M. ANonr.ws, Totr,r MnrrII l.s, CARI. P. Qunr.r.s, ANU FroN,\.f. Qrr.rr.r.s

Rapid embryonic development is a potential adaptation to cold climates. We test-

ed this hypothesis for nine species of Sceloporrc lizards from four species groups

and one species of Urosaurus, an outgroup. using observations corrected for incu-

bation temperature and hatclrling size. Phylogenetically based comparisons indicated

that relatively rapid development is characteristic of the scalaris species group and

refatively slow development is characteristic of the undulahu species group. Com-

parisons within these lineages were therefore used to determine whether develop

mental rate was related to climate, as judged by elevation and latitude. Within the

scolarrs species group, developmental rates of cool climate populations of S. aeneus

and S. scalaris were not faster than that of a warm climate population of S. scalaris,

Within the undulatus species group, the developmental rate of cool climate popu-

Iations or species were not faster than those of warm climate populations or species.

In general, developmental rates of Sceloporus are lineage specific and do not appear

to be adapted to local climates.

.T-HE ral ( '  ( ) { ' r 'mbryonic t l t 'v t ' lo l l t t t t ' r t l  i r r  rcp-

I  t i l e s  i s  l ( 'mp ( ' r a l r r r ( '  depcnc l t ' n l .  s r r r  l r  l hu l

warrDer lcrnpcratures general ly  rcsul t  i r r  fhs ler

rates ()f dervcl<lprncnt ancl tlrus shorlcr pr:rio<ls
r>f  inc:ubir t ion (c.g. ,  Muth,  l9t l0) .  F 'or  ovip i r r rxrs

sJrccies,  in part icular ,  th is rneans that  in<:rrb:r t ion

pcr iods vary i rm()ng mit : ro l r i rb i ta(s ' . r r r r l  akrrrg

gcographi t :  gradir : r t ts  in paral l t : l  wi th t : t tv i rot t -

tncnt ; t l  (soi l )  ternpcrat t r r t :  (P: t :karr l  an<l  Pack-

ard,  l9t l t t ) .  Srr<:h spat ia l  val ia l ion in t 'nv i ron-
n te t r t a l  l ( 'mJ ) ( ' r a t r r r ( '  i s  : t r t  i t t t l l o t  l a i l l  ( ' ( ) n r l ) ( ) n ( ' n l

o l  rnor l t ' ls  l i r r  thc evolr r t ion r>1 v iv i1>ar i ty  in s<1rr : r -

mate rcptilcs. Rt:lativt'ly low tt:rrrPeratrrr(:s al

h igh c l t :vat i r>ns : rnr l  la t i t r r<k 's ar( :  th()ught  l ( )  l : r -

v() r  thc cvolut ion of  an incrcase in thc l t :ngth

ol '  t :gg ret( ' r ' r t i ( )n l>y fe r r t : rk 's  an<1, r r l t i rnal t : ly ,  r> l '

the cvolut ion ol 'v iv ipar i ty  (Pat :kard ct  a l . ,  1977;

Tir rkf t :  an<l  ( l ib lxrns,  l l '177;  Shinc,  l9t i5) .  
' fhc

sclect ive basis f i r r  l<>ngr:r  pcr io<ls of  t :gg rc lcn-

t ion is  that  gravi<l  l i : rnales : t rc abl t '  t ( )  regula(( '

tcrnl)(:ratrlres that :rrc rrr<lre l:rvorirl>le to curbly-

oni< '  < lcvckrprncnt  than th<r i r  t 'nr l>r 'y<ls wott l r l  <:x-

; rcr icnt :c in nesls.  Whi le rcta inc<l  i I r  t t t< 'n l ,  t 'n t -

bryos wi l l  exper iencc w: l rn lcr  tcrn l )cr i r lur( 's
(anr l  r lcvekrp mt>rc rapir l ly)  than tht :y rvot t l< l  in

nests,  ant l  thcy wi l l  bc protcct t :< l  f i r r ln < 'x l rcrne

lcmpcratr l res t t rat  are r lc t r i rncnl ' . r l  lo  norrrr : . r l  < l t '

vel< lpr t tent .  Howt:vcr ,  : tn in<:rc:rsc in thc lcngth

of  e gg retent i<>n is  nol  thc only rncchanisrn that

woulc l  a l low s( luarnalc <:rn l r ryrs l ( )  c()p( :  rv i th krw

ambicnt  temperatr l res ol  ncsts-  ( )nc al ( r : r 'n : r t ive ,
or  possib ly complenrt : r r t : r ry rcsJ)()nse,  worr l< l  l r t '

the physio l< lg ical  adaJrtat iorr  <r1 'ernl l ryos to r :o l<1.

Shine (1984) speculatr :< l  thal  t :o l< l  c l i r rur lcs
could select  f<rr  t< l leran<'c t ( )  l ( )w l ( ' rnp( ' ra l r l rcs

by embryt>s and cnhancc<l  crnl r r l 'orr ic  t levt : lop-

r l rcnt  at  thcsc low to lnpcr i r l r l rcs.  I lowcv()r ,  f i lv

s l r tc l ics l tav<'  l i r< ' r rs<:d on the thcrmal  b io logy ol

s( lunrn:r l ( '  t : r r rbryos,  iurd thc rcsrr l ls  arc r '<1rr iv<>

<:al  in th is rcgar<1.  Shinc ( l9t l3a) l i r r rnt l  l i t t l<:var-

i a l i on  i n  t h t '  l t ' ng t l r  o l  i l r t ' r r b l t i on ,  o r  i n  t hc  Lxv

t( : r I l lx) rat lu-( :  l i r r r i ts  lor  < lcvclo l r r r rcnl ,  arn()r l l {

spet : i t 's  o1'  sk inks : r t  ( )n( '  s i l ( '  in  Al ls t r .2r l ia.  Sir r r i -

lar ly ,  Arr<l r< 'ws ct  a l .  (191)7) { i r r rn<l  r ro v:r r iat ion

ir t  t l r t '  t ' l l i '< ' ts  < l l ' lorv tcnr l l t 'nr( r l rc  or t  surv ival  or

t'ol<l t<rl<'r':rnt'<' ol' r'ntlrryos til Srcloltortts lizarrls

t l r a l  t ' o r r l < l  l x ' a t t r i l ) u t ( ' ( l  t o  c l i r na t t ' .  ( ) n  t l r t ' o t l r -

cr  lurnt l ,  l ) t 'Mar<' r> (11)! )2)  rcpor(r :< l  r t ror t '  rapir l

c r r r l r r yo r r i t '  < l c v t ' l < l p rn t ' r r t  l i r r  h i gh - t ' l c va t i o r r
( t IF))  t l tarr  krw-t :k 'vat ior t  ( l . t )  spt ' t ' i t :s  r> l  Srz/ t

porus lit;rr<ls wht:rr t'ggs wt'r<' in<'rrllatt'<l at tlr<'

s: rn lc t ( ' ln [ ) ( ' r .1r tu l ' ( 's .  ( ) t l rcr  st r r< l i t 's  t l la t  l )utut iv( '
ly  < lo<'r r rD<'nt  rn<lrc r i rPi<l  t ' r r r l>ryonic t l t 'vr :kr1>

rnctr l  i r t  <-rxr l  l l r ' . r r r  rv i t r r r r  t ' l i t r r i r l t 's  (Rykcrr i r ,  l t lUf l ;
( ) lsson c l  a l . .  l1)9tr )  t l i t l  not  < 'onlr 'o l  l i r l  t l r t '  < l t '

grce ol  < l t :v<. loprrr< ' r r t  at  ( )v i lx)s i t i ( ) r r  rvhi< l r  thrrs

<-onl i l rn<ls physiokrgi r :a l  1r( la l ) l i r t i ( ) l l  rv i t l r  l 'a l i : r

t iorr  in r lcvt 'k lprrr t ' r r ta l  s ta l ( '  at  oviposi t ior t  (Ma-

l l r ics arr<l  Arr<l r t 'ws,  I  91) i - r ) .
' fhr '  

obic<' t iv<r o l  l l r is  l t 'sc i r l t 'h  w:rs l ( )  l i l r t l l ( ' l

cvahratc tht '  phvsio logic:r l  lx l : rptat ion hlpolhc

sis.  Wt '  <k ' l t : r rn incr l  whr:(h<'r  t ' r t rbryos lnrrn pop-

rr lat iorrs that  l iv t '  in  t 'o l< l  t ' l inrat t :s  < l t 'v t : lo1> last t ' r ' .

that  is ,  havc s l ror t t ' r  lcnglhs <>f  incrrb i r t ion,  tharr

cnr l r ryos { i -o l r r  rval  r r r  c l i r rur te s rv l rcn i t r t  r rbat t ' t l  at

t l r t '  sarrr t '  l ( '11tJ)cratr l r ( ' .  T<r <lo so,  wt :  <:o l le<: t t : r l

l : rbora(ot 'v  < l : t t : r  orr  thc l t 'ngth <l f  in<' t tbat ion of

*eklnnts l izar<ls l iorn a widc r i rngc o1' lo<: i r l i t ies.

Wc also in<- l r r< lcr l  o l lserv l t ions <ln { , / ro.snzrr ts.  the

sis l t : r '  gr<rrrp t<> Srhlxnus (Reeclcr  and Wcins,

l1)96).  For orrr  i r rcrrbat i<)n stu( l ics,  wc use( l  l lu(-

t l r l r t inu tcn)J)( ' r ' : r lur ' ( .  r ' r 'g imcs that  s inrrr later l

l r  l r t l r r o L r r n t s  . r r r r l  I  l r  r p t  t . l r g r s r s
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temperatures of natrlral nests as tvell as constant
tenrper2rture regimes. We supplemented these
data with observations on incubation periods
from the literature.

Merll'nrar.s ANr) MF:,Trr()t)s

Collection oJ eggs.-Gravid f-ernale Sceloporus were
collected just prior to the tirne of natural ovi-
position, qpically, in lateJune or earlyJuly. Sca.-
loponts aenels were collected near Milpa Alta, Es-
crrlo de Mexico, Mexico. Scektporus scala,riswere
col lected at the Appleton-Whittel l  Researcl-r
Ranch Sanctuary, Ariz<>na. Sceloporus uirgatus
rvere collected at LE and HIi localities near the
Southwestern Research Stat.ion in the (lhirica-

htra M<runtains, Arizona. Sceloporus occidenta,lis
were c<>llectecl near Table M<>untain, (lalif<rrnia
(sce als<r Ad<rlph, 1990). Scektporus undula,tus hy-
arinthinus were collected ne:rr Blacksburg, Vir-
ginia. Sccktlxtrus undukttus c on s t ininus, Scektporus
cla.rhi, and. Urosaurus ornalus rvere collected be-
trveen Rocleo ancl Hachita, Nelv Mexico. The
ye:rr o1 <>bservation i tnd numl)cr <>f clulches
trsed are given in Table 1. Within a f'ew clays of
caPture, gravid f'emales or clrrtches of eggs were
transp()rted to the laboratory, ancl eggs were inr-
mediately placecl rrnder experirnental concli-
ti<rns. Eggs werc obtained fi<rm S. a,eneus, S. scn-
furis, S. chrki, S. uirsatus, arrcl [/. ornalus by trsing
()xyt()cin t<> induce ()vip()sit i ()n and f 'emales of
othcr species wcre placecl inclivi<lually in terrar-
ia zrncl itllolve<l to oviposit natrrrallt,.

'l-hnmal re$mes.frtr irutrln.t.iln r/ eggr.-Eggs were
incul;ated in contr 'ol led tenl)crature chambcrs
(Percival m<>del no. I-30BL with Bl opti<>n) rep-
resent.ing three experimentnl temperature rc-
gimes in l99l>, fi>ur experimental tcntperature
regimes in 1996, two cxperinrental tcmperaturc
regimes in 1997, ancl six experirnental temper.
atrtre regimes in l99ti  (Tablc l ,  Fig. l) .  In lgg5,
the diel ranges of lentperatrrrcs rvcre 20-30, l5-
25, and 8-29 (1, which rvere bzrserl or-l natur:rl
r)est temperalurcs o1' S. rtennts and LE S. uirgatus
and on estimatcd nest lernperatures of HE S.
uirgulus (Andrews et al. ,  1997). In 1996, tem-
peratrrre regimes of 14-24 and 2l-31 (l were
sirnilar to the 15-21> and 20-30 (i regimcs of
1995.  Two add i t iona l  lemper ' : l l r t r ( .  reg imes in
1996 were 24-33 and 2(;36 (1, rvhich provided
slightlv to considerably warmcr temperatr.rres,
respectively, than werc trsed in 1995. In lgg7,
eggs were ir-rcubatecl under fiv() flrrcttrzrting tem-
per-ature regimes, 22-32 ancl 22-33 (l (not illus-
triited), that were similar in the pattern of diel
variation to the 24-33 O regime in 1996 and
also at tw() constant temDeratures, 24 and 30 C.

In 1998, incubation treatlnents rvere five c()n-

stant  temperatr l res:  23,25,28,  30,  or '  33 Cl  ancl
a fluctuating ternperature regirne: U h at 23 tl,
4 h in which the temperature rampecl linearly

to 33 C, 8 h at  33,  and 4 h i r  which the tern-

perature ramped linearly back to 23 O (overall

mean of  28 O).

Ternperatures were monitored regularll. dur-
ing ir-rcubation with temperatrlre probcs placecl
in. jars ic lent ical  to those used t ( )  incubate eggs.
One jar rvith a probe was placed t()tvard the cen-

t e r  and  ano lhe r  a t  t he  pe r i phe r r , o feach  cham-
ber. Overall, mean temperatures taken at difl 'er-

ent  per iods dur ing the incrr l ;at ion per iods never
varietl by m()re than 0.4 (1.

Albrotion oJ eggs kt tcr4)crature rraime.s and ex\eri-
men l t t l  l t r o l ocn l r . -A t  ov i pos i l i , r n .  ( ' ggs  wc t  ( .

marked indiviclually and weighe(l. ()nc <>r trv<r
eggs f tom each c l t r tch were r i lnd() ln ly selectccl

firr clett-rrnination of devekrpme ntal st:rge at ()vi-

posi l ion.  Ernbrvos were st : rgecl  i rcc<lrc l ing lo cr i -
ter ia o l  f )ufaule ancl  Hubel l  ( l ! )61),  excepl  that
half stages werc assignecl if r:rnbryos hacl fea-
t t r res in lermediate l tc twcen t l 'o  r l t :vc lopmental

stages. The rcrnaining cggs fi'orn t:ar:h r:lutch

were ranclomly assigned t ( )  ( )ne () r  m()rc tcnl -

peratrlre regimes lirr incubati<>n or rrsccl in r:x-

pcr i r r lents n() t  rep()r ted hcre.
In the rnajr>rity of t:ases, eggs fi'orn eat:h

<:ltrtclt rvere randomly rlistribtrtt'<l 2ull()nl{ terlt-

pcrature leginres such that  c i tch t : l r r l r :h !v : rs rep-
rcscntecl  by onc t< l  thre<:  cggs per ternpcr2rturc

regine.  When the nunrber of  eggs per c lut t :h or

t l r t :  nt t lnber <l f  c lutches lvas l i rn i ter l ,  ( i ! {gs were
a l l o t ' t t l t ' < l  t ( )  : r s  n ra l r y  l e rnp ( ' t : t l l t r c  r c l 4 i r r r t ' s  : t s

possib lc.  Andrews et  a l .  (1997) provic le a <le
ta i led cxplanat ion ol ' the al lor :a l ion <>f  eggs t<r
temp( ' rature regirnes f i r r  d i r ta col lcctcr l  in  lg95;

s imi la l  pr() t ( )c() ls  wclc f i r lkrrver l  in 1996, l -9-97,

and l99t t .

Eggs rvere pla<:cd inclivirlrrally in (ill-rnl glass

. jars <:ont : r in ing rnoistcnecl  verrn icrr l i te .  The . jars
wcre sealer l  wi th p last ic  k i tchen wrap seculer l
rv i th nrbber bancls.  

' Ihe 
in i t i i r l  rat io o l  d ist i l lcd

rvaler  t ( )  dry vcrrn icul i te was 0.7:1.0 by rn i rss:  ap-

pnrx i rnately -200 kPa (Tracy ct  : r1. ,  1978; Pack-

ard et  a l . ,  l9U7).  The range of  w:r ler  p() tent ia l
<rbscrvecl in thc ficld fior S. uirgatus nests is 300
to >100 kPa (8.  R.  Rose, r rnptrb l . ) .  No wzrtcr '
was aclded to the.jars thcreafter exccpt in l99ll

when in i t izr l  watcr  p() tent ia ls u,ere restorccl

monthl1, ,  and most eggs were l t ( ) t  ( l is turbcd

thereaf icr ' .  In 1995, s()nte eggs rvcre rveighe t l
wi th in a week of  hatching lo dctermine thci r

rvater- uptake. The ratios of fitrarl egg mass t()
initial cgg mass firr S. uirgatus int:ubatecl undcr
t he  20 - l l ( )  and  l 5 -25  ( . 1< .n rpe ra t r r r c  r t ' g i r ncs  a r -
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TAllt.r. l. Mt:,rN INt;us,,r'noN Pr:nroos FoR Srchporus eNn L/ro.raan^lr [,rzlnlrs AS A Fr]N(irr()N ()r. MtAN Tr:r,rprn..r-
I Lj RL DU RIN(; INt;tl lt,t t tclN, M tr,tx He lr:H t.lx<; M,tss, ANt) E t.uvAt t()N. Year and numbe r ol clutches in parenthcscs
fbl low each specics name. Means fnrr t t  constant  temperatulc rcgimcs arc r rpresel l ted by a s ingle value;  rneans
from Iluctrtatitrg telnperature rcgimcs are followed by thcir ranges in parenthcses. Bccause hatchline mass was
n<rt givctt by Ohristiarr et al., 1986, wt'ttsecl the nteatr hatchling mass lionr the othcr population oI'5. utnsolnuuts
i r r  th is study.  Al l  observ:r t ior ts arc l iom th is stucly except zrs i r rd icatecl :  "DeMalco,  1992, 1993; "Sir rervo,  l9{)0;

'Scxtot t  atrc l  M:rr ior t ,  1974; Mar ion et  a l . ,  1979; ' r ( lhr is t ian et  a l . ,  l9 f l6;  ,Overal l  1994.

Slrr  ics (1t ar,  r)
,,(iil,,,

Inc r rba l  io r r

l ( 1 n l ) (  r  r l l l f (
( ' (  l )

I  latr  h
tDlss
( r n g )

! l l t  vat iort
( r n  )

.ir:rzlru rl.r species ulrlr p

S. aen.tus (911, lt))
S. acnat.s (9t], I I )
S. a.tneu.s (gti, l2)
S.  t t tneus (gf i ,  l2)
S. u.tneu.s (gtt, I l)
S. ntneu,s (91J, l0)
S. rttrtats (9U, l4)
.S. .vzlad.r (1)l-r, tl)
S. .vzlra'l.r (-91-r, 7)
S. .;rrtkt,ti.s (91-r, l4)
S. sraktris (96, l2)
S. .utlaris (9(;, l3)
S. srulutis (9(i, l1)
S. srulai.s (9(i, l2)
.\. srzrlanr"

u n rl.u h ltt.t spt'cit's urrxrlr

S. uinlrttr.s (9r'r, 23)
.S. rrirgnlrr.r (1)1-r, 2l-r)
S. vit-gt,ltts (91-r, l7)
.\. rrrryalz,l (1)l-r, l7
S. uirrle,lus (96, l0)
S. virstttts (96, l2)
.\. zrllgalrrs (9(;, l5)
S. virrlultls (9(;, l3)
S. zrirgalzs'
S. uoorli
S. utilltn.lrt,l.i..s (1Xi, l1)
S. ut idntu,l,i..s (96, l3)
S. ur id.tt t t.u.l.i.st'
S. u rirltrtIu.l,i..|'
,\. rxt ii trt.t aIi..st'
S. udi,entul,i.:i'
,\. hyutinthirtu.s (lllt, 4)
S. lryadnl.h,ittu.s (\17, 1)
S. h,yurinlh.irtus (97, l7)
S. hyarin rlt,irru.s (9U, I 3)
S. ltlarin th,irru.t (9U, I 4)
S. ltyarinllt,inu.s (91J, I2)
S. hyatitt.lhinus (91J, l4)
S. lLyarintlt,inu.s (gtt, l4)
S.  hyar inth inu.s (9U, l1)
S. hladn.lh,inu,s'
S. h,jarinl,hi,nus'
S. rnrtsobrinus (97, l2)
S. utn.solninus'l

clrrAl species group

S. rkuki  ( \17,  l )

52
13
32
32
27
9 ?

tt( )
90
42

I 0 4
14
42
33
30

l (x i
l ) {

I (Xi

54
t22
l-r3
5 l
,10

3(i
40
ir6
43
3u
39
1 3
43
(i0
l : )

62
flir
(i(;
4tt

39
.f:)

64
40
: ) t

40

ti l

20.3 (fr-29)

25
2tt

2n (23-33)
30

l1).0 ( lJ-29)
l1).5 ( l1'r-25)
2l-r.2 (2t)-3{))
17.\t  ( t4-24)
2 5 . 1  ( 2 1 - 3 r )
27.3 (24-33)
30. r (2(;36)

30

| 1).1-r ( l5-25)
25.2 (2{)-3{))
l9.l'r (11-r-21-r)
25.2 (2{)-3r))
17 .9  (14-21)
21 ' , .  I  (21-31)
27.3 (24-33)
30.1 (2(;3(;)

30
30

2 l ' r . l  (21-31)
30. l  (2(;3(i)

30
30
30
30

Zir.2 (2{)-3t))
21

26.2 (22-32)
23
2ir
2lt

2rJ (23-33)
30

30
26.2 (22-33)

30

26.0 (22-33)

244
2t7
2 t 5
2 t 4
2 t 4
207
2 l t t
263
263
2(i3
2l-r I
26,1
26u
2(t9
31-r0

431'r
.13.5
.148

417
. 1 1 ( ;

39(i
31)lJ
31Xi
420
,1(X)
(i.13
(i2r.|
I-r(X)
51X)
(i1x)
(i30
.+lJtr
( ; 1  7
(i53
) : ) t )

t ) : )+

:) :) t )

ir4u
1'r3(i
t )+  /

4(X)
,110

940

2800
2r.|(x)
2tt(;.)
2800
2ti(x)
2fr(x)
2rJ(X)
l4( j()
I  46()
l ,+60
1.160
1.160
1.160
l1( i0
2(i00

lu(x)
Ir.|(x)
24(X)
2100
I rJ(X)
l l l (x)
I u(x)
I u00
I u(x)

')/l

2230
22:t0
2(X)
7rr(l

1 330
2230

/ l ) ( ,

71'r0
750
750
7r.r0
7rtl
7lr0
750
750
I ttO
I n 0

1 300
2290

I 300
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TAllr.r .r  l .  (krN r rrLrr,rr

S ; r r  i l s  ( r r ' . r r .  n )

I r r (  l r l ) a l i ( ) r r

'"ilii.'
l r r c r t l r a l i o r r

l (  i l l l ) (  r  a l l l r  c
( " (  l )
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erirge(l  2.8 (n :  8) an<l 3.1 (n - 4), respectively,
and fi)r' S. sutla,ris in thc 20-30 O tcrnpcratrrrc:
rcgimc, t .hc f inzrl  ral i()  ()f  c!{L nlass l() ini t ial  cgg
mass aver:rgerl i3.2 (n : 14). Thesc cggs thtrs
tr iplecl thcir ini t ial  rnAsscs <lrrr ing incrrb:rt ion;
this magnitu(lc ()l' wa.tcr uptakc is :rssor:i:rtcrl
with high hatr:hing succcss l i rr '  p:rr '<: l trncrrt-
shel le<l el lgs in gencral (Par:kitrr l ,  1991), i tn<l f i rr

A

Srelol toru.s in part icular  ( ' I ' racy,  1980; Vleck,

l 99 l ) .  Hyd r i c  c ( ) nd i t i ( ) ns  i n  t he  . i a r s ,  a l t hough

Lht:y worr l< l  nol  have been i r lent ical  uncler  : r l l

ternperitturc regirnes and incul)ation periotls
(Par:k i t r< l ,  l99l ) ,  prodtrced cgf{s that  had corn-

paral) lc  ra l i ( )s ( ) l  w:r tcr  upt : rkc dtr r ing incuba-

t i on .

.firrs r:ontirining eggs werc placed rand()nrly

wi t l ' r in  thci r  assignc( l  <:onlnr l lc<l  t ( :n lpcratr l re

charr l l )crs.  With in oach ch:rrn l )er ,  . inrs were r(>

tatc<l  wi th i r r  shclvcs,  an( l  shclvcs wcrc rotzt tcc l

arn()ng JX)si l i ( )ns wi th in tht :  charnl)ers lwice

wc(:k ly lo rn in imizr :  p()s i l i ( )11 ef l 'er : ts .  . fars were

cho('k(:(l firr hat.<:hlings c2r('h rn()rning rur(l even-

ing,  an<l  hatchl ings wor( '  immc( l iat r : ly  weigher l

l ( )  tho no2rrest  0.  1 rng.

L,gg rnorta l i ty  wirs l ( )w ()ver2r l l ,  suggest ing t l )at

norrc o l '  l l tc  cxpcr i r t rcrr la l  pr ' ( ) l ( ) ( : ( ) ls  wcrc t t t r -

r )ut l r ra l ly  st r t :ssf i r l  to cnrbryos.  In 1995, r<:spc( i

tivc cgg rrr<rrtlrlity f<>r S. sruktri.r, S. uircalzs, S.

uruhtktltts, itttd S. u,en.cus zlcr'()ss lcrnpcralllre rc-

g i r r r cs  w : t s  l - r .  1 - r .  l  l ,  l r r r r l  l 7 ' 7 ' .  I r r  l 99 t i .  1997 .  u r r< [

l99t t ,  thc rn i rx i rnurn rnort i r l i ty  pcr  species was

6%. ()bscrval ions orr  inr :ubat ion pcr i ( )ds lakcn

f i r r r r r  t l rc  l i l r : r : r t r r rc thal  wore rnar lc at  ternpera-

Irlres nt which mortality <-luring incubirti<ln wurs

!{rctatcr  than 30% wcrc n() l  usccl ;  r :onstztnt  in-

<:rrbal . ion lcrnper i r l l l res h igher than 3l  ( l  f 'e l l

in to th is c2rt .eg()ry (c.g. ,  Sexton ancl  Mar ion,

1974 ;  ( ) ve ra l l , 1994 ) .

(krkul.u,liotr ol tfu lenglh of iruntbalion a.nd mcu,n

Icm|erulltp during incuba,lioru.-Variable am()unts

of  devekrpment ( )ccur-  bef i r re oviposi t ion amorrg

s( luai l ratcs (Shinc,  l9t33b;  Blackburn,  1995),

which rneans that incubation period per se cloes

not necessirrily index the rate of developmer-rt.

T<r zrvoid this problern, we used the length of

the incubation periocl from stage 30 f<rr all conr-

paris()ns beczruse slage 30 is the modal stage ()f

ovip<>siti<>n firr scluarnatcs in gencral (Black-

brrrn, 1995), ancl f<rr SceloPonts in partictrlar.
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The mean stage at oviposition ranged from 29-
30 for S. undulntus hyacinthinus (Sexton and
Marion, 1974), S. occidentalis, S. ckrhi, S. undu-
la,tus hyadn.thinug and S. undulatus consobrinus
(our obs.); the lengths of the incubation peri-
ods fbr these species were not adjusted for stage
at oviposition. We assurned from Overall (1994)
that ovip<rsition by Scelopnrus merriami Stejneger
occurred at stage 30. In contrast, S. aenzus, S.
scalaris, and S. uirgat?r.r exhibit delayed <-rviposi-
ti<ln, and oviposition occurred over a range of
developmental stages as well. Theref<rre, for
these three species, wc used regressions of in-
< 'ubat ion  pcr iod  ( )n  s tage a t  ( )v ipos i t ion  lo  es t i -
rn:rte the lengths of the incubation periods frorn
stage 30 r'ather thal fl-om the actual time of ovi-
posit i<>n.

For a given mean incubation temperature, we
considered that the effbct ofa fluctuatingversus
a c()nstant temperature regime was devekrp-
mental ly equivalent (see also Results). The rea-
s<>n is that, when temperatures fluctuate m()re
or less symrnetrically about their mean value,
the enhancernent of gr()wth at ternperatures
above the nrean is balanced by the relatively low
developrnental rates below the mean, and this
is true as long as temperature does not fluctuate
below the temperature tl-rreshold for embryrni<:
devel<lpment and the relat ionship befiveen de-
ve k>pmental rate and temperature is linear
(Shine and Harlow, 1996). When temperature
cl<>es fluctuate below the thresholcl firr embry-
onic developrnent, the enhancement of growth
at high temperaturcs is n()t  c()unterbalanced by
correspondingly l<>w growth at krw tempera-
tures; thus, development is faster than wruld be
expected fi<>rn t.he mean temperatur-e. Because
incrrbatioD ternperatures f'ell bel<>w threshr>ld
temperatures in the ti-29 regime (mean : 16.5
O), we c<>rrected this mean temperature by sub-
stituting the threshold temperatures f<rr S. ae-
rzaus and S. .scalaris (17 O ancl 14 O, respectively;
Andrcws et al. ,  1997) f<>r each hour that eggs
were incr.rbated below their threshold tempera-
ture ancl calculated adjusted means of 20.3 and
19.0 (1, respectively. These adjusted means re-
flect the effective incubation temperatures, that
is, temperatures below the thresh<>ld are devel-
opmentally equivalent.

Ana\ses.-All statistical analyses lyere conducted
with SAS sof'tware (vers. 5 ed., StatisticalAnalysis
Systems, Inc., Oary, N(1, 1985, unpubl.). Analy-
ses were based on mean values f<rr each clutch
irr each tempcrature regirne.

Because the relationships within Sceloporus are
well  defined (Weins antl  Reeder. 1997). we eval-
uated the association between incubation peri-

od and climate within a phylogenetic frame-
work. Named subspecies of S. undularus rvere
considered species in these analyses on the basis
of Weins and Reeder's (1997) phylogeny; S. u.
hyacinthinus and S. u. consobrinus are subse-
quently referred to as S. hyacinthinus and S. con-
sobrinus.

Comparative analyses were based on the re-
siduals of the multiple regression of the length
of incubati<-rn (incubation period) as a function
of mean incubation temperature and hat.clrling
live rn:rss. For analyses that utilized CAIC and
Mc(llade software, residuals were averaged t()
give a mean residual incubaticrtr period for each
of the l0 species in our dataset. To avoid neg-
ative values in these analyses, the positive value
of the Lrwest negative mean residual (a positive
constant) was added to each <lf the mean resid-
uals; rcsidual incubation periocls ranged from
0.0 (shortest) t() 3.3 ( longest).  We tested the
prediction that the residual incubation period
is directly related t() nest temperature using the
method of indepe ndent c()ntrasts (OAIC; Ptrrvis
and Rambaut, i995). Mean air temperatrrre
(from Blanchard, 1985) during the incubation
period at appr()priate geographic locati<>ns was
used as an index of nest temperature in this
analysis. Representative sites firr each species
were selected ()n the basis ol their proxirnity t<r
the collecting l<>calities. We assumed that mean
air temperature ()r ge()graphic l<>cation pr<lvide
crude, btrt  useful,  incl ices of the temperattt tes
t.hat embryos experience in ncsts. This assrrmp-
tion must be roughly c()rrect given the br<>ad
range of latitude (19-46) and elevation (24-

2800 m) considered in this study, genelal cli-
mat. ic variat i(>n r>n such a scale (( lrowe, l97l),
and the general parallel behveen soil and air
temper:rture (Russel l ,  1973; Parton, 1984). In-
f<rrmation ()n nest temperatures, albeit  l imited,
supp()rts this assumpti<>n. F<>t example, mean
nest ternperature of S. aeneus at27OO m is 17 (l

and the mean nest temperature of S. uirgatus at
1800 m is 25 C (Andrews and Rose, 1994, RMA,
unpubl. data). For S. aenats and S. uirgalus,
mean nest temper-atures are I and 4 O higher,
respectively, than rnean air temperature during
incubation (RMA, unpubl. data).

Ancestral values lbr incubation period rvere
deterrnined frorn the mean residual valtres firr
each species using the rooted minimized sum
of squared changes (Huey and Bennett, 1987)
option in the continuous character tracing sec-
tion of the MacClade 3.02 phylogenetic pro-
gram (W. P. Maddison and D. R. Maddison, Sin-
ouer Assoc., Sunderland, MA, 1992, unpubl.).
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Rusur- r s

The dataset included observations rnacle at.
clifferent temperatures, both fluctuating and
c()nstant, and on species that differed in body
size. Therefore, befirle testing the physiological
adaptation hlpothesis, potential biases resulting
fi<>m these s()ul'ccs <>f variation in incubation
period were evalrrated zrncl c<>rrectecl when ap-
propriatc. We first clelerrnincd the relationship
between the inctrbati<>n periocl (IP) and mean
incubat ion ternperature ( l  C) and lhe mean
l ivc mass of  hatchl ings (HM, mg) by t rse ol  a
stcpwise rnultiple legrcssiorr analysis that incor-
p()rated al l  5 l  obscrvat ions (Table l ) .  To cor-
rcct fi)r the exponcutial relationship bctrveen
the lcngth of incrrbirtion zrncl temperal.rtre , val-
ues firr incrrbatiorr periocl rvcrc natur2tl l()fa-
t ransl i l rmed pr ior  to analysis.  Incrrbat ion tem-
peratr l rc  cntere( l  thc rnoclc l  on the f i rs l  s tcp

anr l  cxpla ined 8l% of  thc var- iat ion in thc
lcngth of  incrrbat ion.  Hatchl i r - rg rnass explained
a l i t r thcr  l2V<, of  thc var iat ion in thc '  length of
i t t < ' r r l x t l i o r r . ' l ' l r c  r t ' s r r l l a r r l  n ' g r t . s s i o r r  t . q r u r l i o r r

was  Ln lP  :  6 . 01  +  0 . (XX)76HM 0 .092 ' I ' ;  ( 1 " , *
:  330 ,  1 ' <  0 . (X )1 ,  1#  :  0 . 93 ) .  The  s tanda rd i ze r l
t c s i < l r r a l s  l i o t n  t l r i s  t ' < l u l r l i o r r  : u 1 '  l e t n p ( ' t a t u t ( .
and hat t :h l ing s izc inc lepenr lcnl  r r rczrsurcs <>f  the
lenglh of  int : r r l t : r t ion,  i rnr l  lhcse lcs iduals were
trsc<l  f i r r  a l l  f i r r thcr  anzr lvses.

Wr '  f i r s t  r l < ' l c r r r r i r r ed  wh r . t h t . r '  t l t ( .  t ) ? ( .  o l  t e r r r -

J)eral r l rc  rc:g i lnc a l ler : ted the int : r r l tat ion per io<l .
Tl rc residrra ls of  obscrv:r t i<>ns ma<l<:  zr l  f luc luzl l -
ing tcrnpcr-atrrres rlirl not difli:r fiorn thosr:
lna<k:  a l .  c()nslz ln1 tc lnpcl 'atures (1,r . r , ,  :  0.  I  l ,  . l '
:  11.74,  ( )ne-way AN()VA).  

' I 'hcrcf i r rc,  
wc di r l

n() t  inchl( l ( :  th is var iablc in f i r r ther analyses.  Wc
also t :hccked l i r r  a pot t : r r t ia l  b ias duc to d i fTcr-
cr) l ia l  rcsJ)()nscs t ( )  var iz t t ion in incubal ion lcrn-
pcratrlrc within sper:ics by regressing rcsidual

val t t ( :s  orr  i r r t : r rbat iorr  lempcr 'z t turcr .  For the spc-
cics with srrffi<:icnt observirtions (5. a.en,ats, S. hy-
ur:inlhinus, S. xrukris,:rnd ^S. uirq'rztrzs), tht:sc r-c-
gressions wcrc n() t  s igni f icanl  ( , / '  > 0.4 in a l l
cases) .

'lhe 
physiol<>gical arlapt.ation hypothesis was

first tested at:nrss thc entire phykrgcny. If short
inr : r rbat ior-r  per iods c()mpensatc l i r r  low nest
temperatrr res,  thcn evolut ionary dccreases in
thc lcngth of  incrrbat ion ( increases in develrp-
ment.zrl ratc) shoulcl be correlated with decre:rs-
cs in nest  temperaturc.  

' Ihe 
nine indepcndent

c()ntrasts for incubation period, however, werc
n()t rc:lated to t.he it'rdcpendent c()nlrasts fbr
mean air  (nest . )  temperature dur ing incubat ion
(Pearson correlat ion coef f ic ient  :  0.19,  I '  :

0 .62 ) .
T<r dctcrrn ine whether inctrbat ion per iod ex-

3 p 3 _
F S

3F$$sEu t , i
F i i * 8 3 3 e $ 5
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2 .O 3 .1  1 .7  1 .0  1 .7  2 .6  3 .3  2 .7  2 .5  0 .0

l ' iu .  2.  Star t r l : r l r l iz t . r l  r ' : r l r rcs o l  l t 's i r l r r : r l  in t r r l t : r t iorr
pt ' r - ioc l  of  t l r t '  l0  syr t ' r ' i t 's  i r r  th is s l r r r l r  l r r r t l  t l rc i r ' : rnt ' t 's
to ls r r r : rPpcr l  on l l r t ' i l  l t l r r logt ' rn.  S( ' ( '  l ( 'x t  I i r r '< l t ' t l i ls .
- l ' l t t '  

c l l t<krglar t r  is  b:rscr l  orr  t l r t '  r r ror t '  t 'x t t 'ns i t '  l t ln
Iogt ' r r ics o l  Rt ' t '< l t ' r 'urr<l  \ \ r t ' i t rs  ( l l ) l ) ( i )  : r r r r l  \ \ i ' i r rs  unr l
Rcc t l c r '  (  l l ) l ) 7 ) .

h ib i tc<l  systonr2r l ic  v: r r i : r t ion lv i l  h in or  ; r rnong l in-
eagcs,  wc rnappr:<l  rn<'an rcsi<l tur l  valut :s of  in-
crrb i r t . ion pt : r ior l  l i r r '1ht '  l0  spt ' t : ics i r r  thc <latasel
and lhc <: i r lcrr lat<:r l  valucs () f  lhc i r -  anr: t 's lo ls on

zt  <: l i t< lo15r:r rn (F- ig.  2;  scc Matcr ia ls :urr l  Mcl l ro<ls
f i r r  r lc la i ls) .  Rcsirhral  in<:rrbat ion pt ' r ior ls  f i r r  thc
rrr<rsl lrasal laxa, {,1 ornelu:i, S. mnriurti, an(l tllc
.st :o, la is gr ' ( ) r lp w( ' r ' ( :  s i rn i I i r r  to thr : i r :ur<: t 's l ra l  r ,a l -
t tes.  Rt :s i r l r r : r l  incrrbal ion 1r t : r ' ior ls  l i>r '  S.  tk t rk i
an<l tht: rttulukthts spc<:ics grorrp rlcr:r'c:rsccl an<l
in<:r 'c : tscr l ,  respccl iv( ' l ) :  r ' r : l : r l ivc t r l  their  zrnccstr ' : r l
v i r l r rcs.  Tl rc ovcral l  pal l ( ' r ' r )  srrggcstc<l  thal  a
sh<>r l  int : r rbat io l r  pcr ior l  is  an :ur t :cs l ra l  charat ' -
ter  l i r r  t .ht :  sut , lar is  gt- ( )u l ) ,  ur t r l  a long i r r r : r rbat ion

Jrer i r r r l  is  a <lcr ivccl  <:haractr : r  f i r r  thc urulukt l l t .s
spe<: ies ! { r ( )up.  ( )vcral l ,  the rncan resic l t ra l  incrr-
l rat i<rrr  per ior l  o1 '  t l rc  sui lar is  grorrp (0.41) was
h ighc r  l han  t ha t  o f  l h t :  r r n< lu l n t r r s  g ro r rp
( -0 . t r l l ;  1 i . , ,  :  l 7 . l t ,  I ' 10 . (X )1 ,  onc - r v i r y  AN( ) -
VA).

Wc thcn test .e<l  whethcr the length ol  lhe in-
r : t r l ;at i<>rr  per ior l  exhib i tcc l  systemal ic var izr t i ( )n
withirr tlre sutLuri.s ancl thc undukttus groups ancl
in cach case expl i<: i t ly  lcsted the hlpothesis th:r t
the incubat ion per io<l  of  taxa f i<>m coldcr  c l i -
m:rtes is shortcr than taxa fiorn warmer loca-
t i<>ns.  We used elevat ion ancl  lat i tude zrs indices
of climatc because ol the fine sczrle of anirlyses.

The f i rs t  set  ( ) f  c()mpar isons involved the 15
<rbservations <>n the sutktris species ur<>up. We
preclictecl that the incrrbation periocls of S. aa-
ncus ^t 2U00 m and of the .\. sz.alan.r population
at 26(X) m (both fiom colder clirnates) woulcl
be shorter  than that  of  the lower e lcvat iorr
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I " ig .  i l .  S l : rn r l : r l r l i z t ' r l  r t ' s i< l r r : t l s  o l  i r t t t r l l t t io r t  1 r t ' r i -
r r r l  I i r l  s t ' l t ' t  l t ' r l  p, ,pul : t t io t ts  o l  spt ' t  i t 's  r t l  Srrh lnru. ; .
( ' \ )  ,Srn/zr i r  syr t ' r ' i t 's  grorrqr ,  ( l \ )  l i t r l t t l t t l i r . r  spcr i t 's
gtr r r r l r  ( t ' : ts t t ' r  r r  l i r r r ' : rgt ' ) .  ( ( , )  I l t tdulu l t t t  spt ' t i t 's  ut 'ot ryr
(rvt 's t t ' r ' r r  l i r r t ' l rgt ' ) .  At ' t r rws i r r< l i t :Lt t '  t l r t '  t t r t ' : t t t  lcs i r l r r : r l
l i r r  t l r t '  n ' l i ' r ' t ' r r ( ( '  t l lx( )n (  1.05,  -0.211.  0.1-r1) ,  arr<l  0. : ' r1)
lrtr S. urrtrtts, ,\. .vtluti.r 1,1., ,\. lt\utirtlltllrr.r. :trr<l S. zrir.
g r l r r r  [ , ] ' ] ,  r ' t ' sp t c t i i ' t ' l r ' ) .  [ . l i  u r r< l  I I l r  r c l i ' r ' l o  k r r v : u r< l
l r i u l r  t ' l c va l i o r r  po l r t t l l t l i o r t s ,  t t ' sp t ' c l i r t ' l r .

(  l460 rn)  an( l  lvarrncr  c l i rnate p()pula l i ( )n ( ) f  . t .

srnktris. The mean incrrbation peri()d of S. ne.-

,11,?l.r wlls shorler th:rn the mean incul)ation pe-

l i<rc l  <r f  l<rrv e leval ion S.  sur lur is  (Fig.  l lA) ,  but  the

t l i l lcrcnce tvas n() l  s igni f icant  ( l l . r ,  -  3.5,  , l '  :

0.0t17,  nv<>wa\r  ANOVA).  Simi lar l r ' ,  a l though the

incubat ion per iod of  the high-elevat ion popu-
lati<rn <>f S. scakrris was rclartively short, t.his ob-

serval.ion rvas onh' 1.0 standard dc:r'iation below

the mean incubation period fbr lorv-elevation S

su,ktis (,I'] : 0. 16, or"rc-tailed l-test, Rohlf and

Sokal ,  l9t t l ) .  We theref i r re concluded thathigh-

elevati<rn l.axa in the scalaris species gr()up d()

not  have sh()r tcr  incubat ion per iot ls  than the

krw-elevati<>n p()pulati()n of S. .rlakn'ls.

Another c()rnpar is()n involved Lhc castern l in-

cage <rf Lhe undulottts species gr()up li()m which

ortr l2 <lbservations in<:lrrdecl S. zuoodi fiorn a

warm clirnzrtc (l'lorida) and Virsinia and Mis-

s<rtrri p<rpulal.ions of S. hyacinthinus firrm colder

c l i rn i r tcs (Fig.  38).  Wk'  prccl ic ter l  that  the incu-

l rat i r rn pcr i<>r l  <>f  S.  tutx i l i  w()uld l )e L>nger than

that  ( ) f  thc i r  rnore l r t>r lher ly rc lat ives.  The in-

<-rrlrati<rrr pcriod <>l' .\. zutndi was 1.1 stanclard cle-

v ia l ions highcr than lhe mr:an inctrbat ion per i -

<rcl <rf S. hlarinthi'nus, lrrrt t.his difkrn'n<:c rvas n()t

s igni f i r :ant  (1 ' -  0. : i0,  onc-ta i ler l  1- test) .  Thc in-

crr l rat i<rrr  pcr ior l  <>f  S.  zuxxl i  wzrs thrrs not  longer

tharr  that  o l  c lost '  r t ' la t ivcs f i<>nr <-oolct  r : l i rnatcs.

A th i r< l  sel  o l  t '<>lr t1- l : t r isorrs involver l  lhc wcst-

crn linc:rge <>t lhc u,rululrtlrz.r species urottp firr

whir :h orrr  I  I  obsclvur l ior ts inr : l r r r le<l  HFI and I .E

Jr<r l r r r lat i<rns <>I  S.  r i rgalus : rnr l  poprr lat iot rs of '  ^ \ ' .

urultrlu,l.tr,.t trtrt.vilrhtu.t firrrn Ncw Nlexit'o :urrl
- [ 'cx i ts .  

Wt '  pr< '< l i< t< 'c l  that  the int ' r r l ra l ion per io<l

o l  thc HL, po1>rr la l i t>n (r :o l< lcr  c l i rnate)  o1 S.  u i r
p 'a l rzs worr l r l  l rc  short t : r  lhan lhat  r> l  thc w:rrrncr

c l i rnal<:  LFi  poprr l : r t i<>n (Fig.  3O).  l r r  : rdr l i t ion,

i rssrrrn ing that  t l re rnore sorr thcr ly  (TX) anr l

cvcn krwcr c lcvat iorr  (NM) poprr l l t ions o1 ^\ ' .

r t t t t v i t i t t u . t  r r o l t t t : t l l \ '  < ' xpc t  i cn r  c  w l t t  t t t t ' r  i t t t  t t -

I r i r t ion tc:nrp<'r ' . r t r r r ( 's  ( l r i r r r  the LL,  1xrprr lat iorr  of '

S.  r i rgr t tus,  we pl t ' r l ic tct l  lhat  l l lc  int ' r r l>at ion pt : -

l ior ls  o l  tht :s t :  pol l r lat ions worr l r l  l r t '  lorrgt : r - than

lhal  ( )1 ' tht :  LE poprr lat ion o1'  .1.  zr j rgrz lz. r .  Thc

nrt : ; rn inc: t rb i r t . ion p<'r io<l  of  t l rc  HL, p()p l r la l i ( )n

of  S.  u i r {uhts was 0.41 st : rncl i r r - : r r l  < l t ' r , ia t iot rs bt : -

lorv thc rnean in< rrbat iorr  pcrr io<l  of  the l ,F l  pop-

r r l a t i o r r ,  a  nons ign i f i r : an t  t l i l l i : r ' t ' n ce  ( l '  -  0 . i i 4 ,

one-t : r i l t : r l  Ftcst) ,  un<l  lhe inr : r rb i r l ion 1>t : r io<ls o1'

l l tc  Ncw Mcxico an<l  Tcx:rs poprr lat ions o1 S.

ronsobrin,u.s lvcre n()l long<:r' tlr:rn tht: l,E poprr-

lat i<rrr  <r f  S.  u i rgatu: ;  (0.  l5 anr l  0.1J5 starr t larr l  < le-

v iat ions gr( ' r r l ( : r '  lh i r r r  t t rc  rnt :nn f i r r  t l r t '  LE pop-

rr lat i<rn <r f  S.  v l rgalr rs,  l '  :  0.44 an<l  0.2O, lesJ)cc-

t i v c l y ,  one - t : r i l c r l  f t c s t s ) .  l n c r rba l i on  p r : r i o< l

t l rerelore r locs n0l  sccrn t ( )  be re la l t ' r l  l r l  c : l i rnate

rv i th in t l re westerr)  l incage <>f the undrtkt l?r . \  spc-

c i es  gn r r r p .

The f inal  <:onrp: t r ison involved s ix observa-

t i<r t rs <rn incrr l rat ion per iot ls  <>f  S.  occidtn lnLi .s.  Be-

cul lse n()  ( )ne p()pulat ion h:rd cn()ugh <lbserva-

t ions lo scrvc as a sta l is l ical  bascl ine,  we usecl

the stzrnclirrdizecl residuzrls in :r steprvise rnrrltiple

lcgrcssi( )n in lvhich residtra l  incubat ion per iod

was the dcpcndel t  var iable ancl  e levat ion and

lat i tuc le were thc inc lepenclent  var ia l l lcs.  Eleva-
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tion entered the rnodel in the first. step but did
n() t  expla in a s igni f ic :ant  am()unt  of  var iat ion in

incubat ion per i r>d (F, . ,  :  0.0t t ,  P :  0.79),  ancl

the moclel that included latinrcle did not ex-

pla in adcl i t ional  var ia l ion ( l : . ,  :  0.04,  P :

0.96).  The incrrbat ion per i (x l  <>f  S.  occidental i .s

was lhcrcf i r re n() t  re la le( l  to c l i rnatc.  baser l  on

elevi r t ion ancl  Iat i tuc le.

D I s t ; t  r s s t<  lN

\Are prcdictecl  that  short  inctrb i r t . iorr  per i ( ) ( ls
shorr ld be associatcd wi th cold c l i rnalcs.  This hy-

polhesis was n() l  s l lpp()r te( l  l rv  a phylogcny-wir ler

compar ison of  i r r<:r rbat ion pcr i<><l  nncl  an indcx
ol  nesl  lcr l lper : l t r r rc.  Al thorrgl r  the .srrn lnr i .s  spc-

<: i t :s  gror tp l r i t r l  shot1t : r '  in t : r rbat ion per io<ls than

lhe untht,ktltr.r s1-rccies gr'()uJ), lh(' preseltl t-lc(F
gr ' : r1>hi t :  < l is t r i l r r r t iorr  of  thr :se tw()  far ' ( ) r rps s l rg-

gcsls that  var iat ion i r r  incrrbal ion per iod is  not

rclatc<l to t:linrate. Thc srakri:; sPer:ies €r'ouP is

f i r r rn<l  i r t  rn i r l -  to h igtr  t : levat iorrs f i 'orn ( ( ,ntrn l

Mcx i co  t o  l hc  so r r t hwr : s t e rn  LJn i l e t l  S l : r l c s .  a r t r l

lbc t t .ndulalu.s s l ret- ics grorrp is  lorrnr l  : r t  l ( )w- l ( )

h i gh  c l cva t i ons  l l o rn  no l t he r r r  Mc : x i co  t o  t h t :
r r o r t h r : r ' n  Un i t t ' < l  S ta t cs  (S i t c s  c t  a l . ,  1992 ) ;  t h t :
r lnt {cs of  l } rc two gr()uJ)s thrrs ovcr l : rp l l r 'oa<i l t , -

Thc  l r ypo thcs i s  t ha t  ( : r r r l r l vos  w i t h i n  l i n cag t : s

lvorr l r l  cxhib i t  physio logi<:al  ar lapt : r t ion t t> local

t : l i rnat i r :  r 'onr l i l i<>ns wl ls  t r ls()  n() l  suJ) l ) ( ) r lc(1.  I l t

nr>nt '  o l  s t :v<:n in l raspc(: i f i ( -  ( ( ) r l rJ) : r r isons w<:re
in<'r tb l t t ion l lcr io<ls l i r r  taxa f i r rnr  <:o l< l  r ' l i r r rat t ,s
s l ror t t : r '  l l r r rn ( l rost '  horrr  rv iunr c l i rn l r t t .s .  I ) t ' -

Mirr t 'o 's  ( l -9-()2)  t ' r rnr : l r rs ion l l r l l  shol l  incrr l>a-

t iorr  pcr ior ls  :ur :  : rssot : iu l t :< l  wi lh r :k :val ion (as an
indt 'x  o l  tcrnpt : r 'ut r r rc)  w:rs l r i rsc<1,  i r r  purt ,  on lhc:
o l rselvnl ion thal  t ' r r r l r ryos ol  t I rc  h igh-c: l t :v : t t iorr

popt t la l ion of  S.  .srzzlzt r is  ha<l  s l ro l t  in t r r l ra( iorr

per i r>r ls  i t r  corrryrar ison wi lh crrr l>ryos ot '  lowcr

clcvr t l io t t  rnernlrcrs <l l  lh t :  unrhtkt l .u.s sper: ics

gr ' ( )uJ) .  Howcvcr,  otr r '  observi t l i ( )ns s l lggcst  thal

h is analysis w:rs < 'onforrnr lc<l  l r r ,  phylogen( ' t i ( '  c f :
fc<ts;  int :u l lat ion p<'r ' i< l r ls  o l  the t 'n l i rc  sutktr is
spt ' t : ics Lr() l r l )  are shor- tcr '  than l l rose of  l l rc  rzn-

rluktltts spet:ics gr()lrp. In relatccl strrrlics, ,Srr,/rr-

fiort.r embryos lirrrn dillcrent t:lirn:rles did n()t

exhibit assor:i:rte<l virliati()n in rrrortality lirllorv-
ing col<l  exJ)()sr l re or  in thci r  l ( )w-te l t t l )crat tu ' ( '

th lesholds l i r r  r levekrpnlcnt  (Arrdrews ct  l l . ,

191)7),  f i r r ther ref i r t ing thc physio logical  ar lap-
Lati()n hyp()thesis firr Stektporus.

Dcspitc a lat:k of assor:i:rtion bctween incu-
tration pcriorl ancl clirnatc, the :rn:rlyses clirl re-

veal  var iat ion lhat  was ass()cr iate( l  wi th phVloge^
ny.  Relat ively short  incul ;at ion pcr ior ls  appear
to be :rn ancestral character in thc genus (l'ig.

2) .  Short  incrrbat ion per iods pers ist  in the l ru-
/rzris species group and in S. t:lurhi. In contr:rsl,

relatively long incubation periods ch:rracterize

the urulu la. tus spccies eroup rv i th thc except ion

of a p<rssible reversal of this trait by S. occiden-
lalls. Althoush the adaptive natrrre (if any) r>f

phylogenet.ic variation in incrrbation peri()d and

thus clevelopmental rate is far fiom obvious at

th is point ,  i t  is  c lear th:r t  compar i t t ive stur l ies of

t .hc r i r tes of  c[ rbr l r rn ic developrnent rnust  c] ( )n-
s ider phylogeny as an intportant  r :ontr ibrr t ins

var iable.
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