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EFFECT OF INCUBATION TEMPERATURE ON MORPHOLOGY,
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ABSTRA(tT: Incrrbatiorr ten)perature aflects a wicle riurge o{'phenotrpic tririts ol hatchling rt';r
tiles. The rnain objective of this research was to deterrrrine i{' strc}i pherrtrtvpic tr:rits persist lorrg
enorrglr in the field to hnvc iur ef'I'ect on fitness. Eggs of Sceloponts unrluLatus lizar<ls were incrrb:rtecl
at six temperatrrre regirnes. five constant lncl one flrrctrrating, with rrte'iurs ranging frorn 2:l-il3 (1.

II:rtchlings \\'ere rn€)uslrr{'(l rrnd their srrlrserlrrent rnorpholog.r,. grou'th, arr<l srrrwir.:rl were rnortitorc<l
f r l r  7-9 rnonths,  one t ( )  two rr r< lnths befrr rc inr l i r idrra ls reuche<l  ixhr l t  s ize.  Phenotrpic ' t r i r i ts  o l ' l izar<ls
that hatr.herl at the fielrl site rvcrc rrserl firr cornpar:rtive pul?()ses. Moryrhologicrrl traits persistt'tl lirr
7 9 rrro. ]n contrast, grorvtlr rates tli<l rrot rliffer arnorrg irrcrrlration tenrpr'rirtrlre treatnrt'rtts aftcr
inrlivirlrrals wert rek:ast'rl in the fielrl. ()verall. 29 e7%,) o{' 107 in<livirilrals thiit were releast'<l
srrruivecl to thc sprilrg folkrwing hatching, an<l inrlir.irhrals {ronr cggs irrc'rrbatt'rl at tlrt' krwt'st terrr-
per:rtrrrc hacl higher srrnival tlran in<liwi<hr:rls frorn all other gr()llps. Tlrr. pherrotlpes of lizar<ls
i r rcubate<[  i r t  in terrnccl iate tenlDer:r t l r r ( 's  t r .ndt 'd to be nrost  s i rn i l i r r  to th<lse of ' f ie l< l  hatc 'he<l  l izar<ls.
We rc jectet l  t rvo pre<l ic t ions i r [ rout  p l ren() t \? i (  resp(u]s( 's  to incrr l r i r t iorr  tcn] l ) r ' rat l l re.  The f i rs t  1>rt '
r l ic t iorr  rvas th i r t  extr t ' r r r t ' incrr l rat ion tenncratrr res u<rrr l t l  l r t ' lssot ' i i r te<l  u ' i t l r  t l re rn<lst  r l t ' r iar t t  p l te-

l r o t ; 1 r , s .  ( ) l r se rue r l  p l r t . r r o t y l r i <  r ( ' s l ) ( ) nse ;  l ( )  t ( ' n rp ( , r i r l r l r t .wc re  e i t l r c r  l i r r e i t r , , r .  o t t l t  , r r r r ' , ' r t r , ' t t t t '
terr i ieratr r re prorhr<^t t l  a r l r ry i iur t  p i ienot l l : rc .  T l re secorr<l  prer l i t : t iorr  was th:r t  l r i r t t l , l i r rgs i r rcrr l r r t t ' t l
a t  warn) ternper:r t l l res a l r< l  that  l i : r t<: l r t ' t l  e i r r ly  i r r  t l r t 'scasorr  rvorr l< l  havt 'h ig l r t : r  srrn ' ival  in { t ' r rcra l
a l r< l  h ig l r r  ovt 'nv i r r ter  srrn ' iv l l  i r r  part icrr l i t r  than hi i tc ' l r l ings incrr l ratcr l  at  crro l  terrrpt ' ratr r r t 's  i t r r< l  t l rat
hat<:htx l  l i r t t ' r  in  t l re st ' : rson.  Tl r t '  r ( , \ ,erse wirs t r r r t '1  o l rst  rue<l  srrn iv i t l  [ ,as 11rei t tcst  f i r r  I rat t ' l r l i r rqs l i r r r r
t l re t r ro l t -st  i r rcul rat iorr  t r ( ' i r tnrer t  t l rat  l r l t r ' l r t ' r l  l i rs t .

i i1 l  u, ! r r ( I \ :  ScL: l t l t t t r t t .s :  l t t t r r l rat iorr  Tt , r t tpt 'nt t r r r t ' ;  ( lnru4lr ;  Srrru iv i t l

Tt tg  ru t l tMAt ,  ( i ( )N t ) t ' f t ( )NS  r rnc le r
which reptilian eggs are incrrbate<l affect
many phenot)?ic traits of hatchlings in-
clucling bocly size an(l shape, sex, l()co-
motory performance, !{rowth, thermal
preference, and ability to escape predat()rs
(e.g., Burger 1991; Shine and Harlorv,
1996; Elphick ancl Shine, l99ti; Rhen and
Lang, 1999; Qualls an<l Andrews, 1999).
For those reptiles with ternperature-de-
pendent  sex determinat ion,  incubat ion
temperature fires an individual's sex for its
l ifetime (Janzen and Paukstis, 1991). In
qeneral, however, the ecological relevance
of pheno$.pes lhat are indu('e(l by irrt rr-
bation temperature is virtually unkn()wn.
Serveral di{ficulties are associated with the
proiection of phenotypic traits exhibite(l
by hatchlings in the laboratory to those in-
clividuals later in life and under natrrral
conditions. First, hatchling phenotypes

r  l )RI , ts t , rNT Ar)r)RFtss:  Nat ioni i l  \ \ / i l ( l l i fe  I lesear< l r
( l en te r ,  4 lO l  Lapo r t e  Ave . .  Fo r t  ( l o l l i n s ,  ( l ( )  80521 -
2 r5 ,1 .  USA .

may be so transient that they have negli-
gible eff'ects on fitness. Secon<I. incrrl'ra*ion
temperature has arn important inclirect ef-
fect on hatchling phenofire thrrt is inde-
pen(lent of temperature per ,se. Because
eggs incubated at warrn ternperatures
hatch befbre eggs incrrbate<l at c(x)l tern-
peratures, the environrnents that hatch-
lings enc<-runter rnay differ considerably

:r;:rltt 
as a {irnction of w}rL.n hatching oc-

T<r irrvestigate the ec()l()gica.l relevance
of incubation tenrperature on hatchlings of
a squamate reptile. we incutrated the eggs
of the lizard Scelopons undltlafus under
six temperature regimes and recordecl the
size, strbserluent gro\!th, and sun/ival ()f
the hatchlings. Indivi<luals u'ere Inailr-
tarinecl in the laboratory frrr about tw<r
weeks and then releasecl at a field site
where they were rnonitored through the
following spring. We also recor(led the
size, grouth, ancl survival of individrrals
that hitched naturarllv at the field site ancl
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compared these individuals, which pre-
sumably exhlbited "norrnal" phenotlpes,
with the phenotlpes of inclividuals hatched
in the laboratory.

lVe tested two predic:tions. The first
concerns optimal ternperirtures for devel-
opment. Embryonic clevelopment of rep-
tiles is successful onlv over a limited range
of ternpelatures (Shine, 1983; Packard ancl
Packard, f988). Therefore, we predicted
that extrerne incubation ternperatures
would be associated with the most deviant
phenotlpes. We reasonecl that either very
high or very low incubation temperatures
rvould be stressful and thus clisrupt ern-
bryonic development. We selectecl a series
clf incubation temperatures basecl on pre-
virrus studies on Scelopr.rnrs (Sexton and
Marion, 1974; Overall, f994); we assumed
that the incubation temperatures associat-
ed with high rnortality in these studies
would nlso lle stresslirl to surviving embry-
O S .

The seconcl prediction concerns the ef-
fect clf hatching order on sunrival. Because
of the-ir "head itart". individuals that hatch
early because of incubation at high tern-
perature nray have a conrpetitive :rdvan-
tage with regarcls to access to {ircd and
other resorrrces (Fox, l97fl; Ferqus<ln et
al., 19fi2; Ferguson and Fox, f984). As the
Itrrgest hatchlings, this treatment group
may als<l llenefit lrorn enhancecl locomcl-
tory perfirrmance relative to later hatch-
lings (Sinervo an<l Huey, f990). Large
hatchlings rnay zrlso l'rave a sun'ival aclvan-
tage during hil>ernati<ln because they are
relatively large and have had more time to
build up energy stores (Shine, 1983). We
therefore predicted that hatchlings incu-
batecl at rvanl tenrperatures rvould have
hlgher survival in general and higher crver-
winter surwiv:rl in particular than hi*ch-
lings incubated at cool ternperirtures.

MeTunr, r r .s  ANr)  IVInrr  l ( ) r )s

Coll,ectir>tt unrl Hu,sbandry of Crooid
Fenuiles

Gravid fernale Scelponts unclulntu,s (n =
14) were collected between 28 Mav ancl
25 June 1998, at two sites located betweerr
700 and 780 rn elevation near Blacksburg.

Virginia. Females were housed individu-
ally in plastic tubs (46 x 24 x 20 cm) until
oviposition. Each tub contained a sub-
strate of moist soil. with flat slabs of wood
for cover and basking sites. Light from
windows provided a natural photoperiod.
Tubs were illuminated by fluorescent Vita-
lites (0700-f800 h) and a 100 watt spot
lisht at one end of the tub (0900-1800 h).
The spot llght established a temperature
gradient for basking. Fernales were fed
(crickets ancl wax worm larwae dusted with
a 50:50 rnixture of Perrrinal vitamin-min-
eral supplernent and calcium carbonate)
and given water dailv. Tubs were checked
at leist three times each day for eggs. Af-
ter owiposition, fernales were released at
the site of capture.

Oviposition occurrecl betrveen 31 Mav
and 29 June. One egg from each clutch
was sarnplecl to cletermine the develop-
mental stage ol' the embryo (stagecl ac-
cord ing to Drr larr re and iJubert  1961).
Some eggs rvere assigned to treatments in
which eggs were sampled during devel-
opment; the results of these observations
will be reported elsewhere (Andrews, in
prepuration). The remirirring eggs were as-
signed to six incubatior.r ternperature treat-
rnents such thirt irll clutches hacl at least
orle egg assignecl to each treatment.

hrcubotion Tieatnrcnts

Controllecl temperature charnbers were
used to produce the six experimental tern-
perature treatments. Eggs in five treat-
rnents were incubatecl at a constant tern-
peratrrre of 23, 25. zfl, 30, or 33 C. The
r-arnge of constant temperatures was picked
to fall u.ithin the range <-rf ternperature that
supports developlnent. Sceloponts undu-
kttus embryos do not develop at temper-
atures of 17 C or Iorver (Andrews et trl.,
f997). Development occurs at tempera-
tures as high as ll5 C, although hatching
success is relatively lorv (Sexton and Mar-
ion, 1974). Eggs in the sirth treatment
were incubated at a fluctuating tempera-
ture regime: 8 hours at 23 C, 4 h when
the tenrperature ramped linearly to 33 C,
8, hours at 33, and 4 hours rvhen the tem-
perature rarnpecl linearly back to 23 C
(overall mean of 28 C, desiqnated as 28F
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C). This latter treatment was used to de-
termine if constant and fluctuating incu-
bation tempcratures are developrnentally
eouivalent.^Eggs 

were placed individually in 65 rnl
glass jars containing moistened vermiculite
which were sealed with plastic kitchen
wrap and secured with rubber bands. The
initial ratio of distilled water to dry ver-
miculite in the jars was 0.7:1.0, with a wa-
ter potential of -200kPa (determined by
thermocouple psychrometry). Because of
the long incubation period of eggs at the
two lower temperatures, vermiculite was
replaced at n"ronthly intervals to compen-
sate for slight losses of water through
evaporation 

-frorn 
the jars. Eggs in all treJt-

ments took up comparable amounts of wa-
ter, tripling or quadrupling their initial
mass by the time of hatching.

Incubatiott Period, and, Moryhology

The chambers were checked at least
twice daily for hatchlinqs. We recorded the
clate of hatching, s"r, -utr (g), snout-vent
length (SVL. mrn), and tail length (TL,
**) 

"f 
each hatchling. ancl gavi each a

unique toe clip for identification. Mass and
SVL were also recorcled on the clay they
were releasecl.

Husb andnl of H atchlings

After hatching, inclivicluals were placed
under condi t ions s imi lar  to  those de-
scribed above for gravid f'ernales. Ten
hatchlings were assigned to each cage
based on the order in which they hatched.
Hatchlinqs were fed (crickets, wax moth
larvae, atrd fl,ru. beetle larvae dustecl with
the vitamin-rnineral mix) and provicled
with water three times a day. Hatchlings
were maintained under these conditions
until they were about 2 weeks old (mean
14.5 days, range 9-21 days), and were then
released.

Release and Recapture of Juaeniles in the
Field

One of the sites where fernales were
captured was also used as the release site
for juveniles. The site was a forest clearing
about 1500 rn2 in area. The clearing, ini-
t ially used as a log-deck. included a num-

ber of large piles of woody debris, stumps,
and scattered srnall shrubs. It was bound-
ed on two sides by a gravel r<lad and on
the other sides by forest.

Juveniles (n : 107) were released at the
same debris pile at one-two week intervals.
Release dates for the 33, 30, 28 and 28F,
25, and 23 C treatments were 27 Jily-2l
Atrgust, 27 July-2t) August, 6 August-4
September (both 28 and 2fJF), 26 August-
27 Septernber, and 14 Septernber-9 Oc-
tober, respectively. The entire clearing and
the periphery of the surrounding forest
and road were searched weeklv for iuve-
niles from 3 Augtrst unti l I No"embei. Ju-
veniles were c:rptured throughout the
clearinq ancl at the forest eclge but were
not seen in the forest proper rrrrt i l  late Oc'-
tober. Recaptured juveniles rvere identi-
fied, weighed, ancl measured (SVL) ancl
then released where they were captured.

Juveniles that hr,rcl hatched on the site
were a lso capture(1,  rneasurecl ,  toe-
clipped, and releasecl. These inrlividuals (n
: 24) served as natural controls for the
laboratory hatched individuals. To estimate
overwinter survival and also to assess the
extent of dispersal, the study area, sur-
rounding f<rrest, ancl roacl eclges were
seirrched 4 times between l0 April and 2
May 1999. Inclivicluals were weiqhecl, mea-
sured (SVL ancl TL), ancl releasecl.

Because Scelopont.s females often ag-
gregate their nests in areas of high inso-
lation (Blair, 1960; Rose, 1993: Andrews,
unpublishecl data), the clensity of jrrveniles
cluring our observations was probably not
abnormzrlly high. Moreover, juveniles were
released at different times and about one-
half of the iuveniles were not seen again
,rfter release (see results).

Mean monthlv  temperatures c lur ing
field obserwatit-rns were 22.3, 21.8, 2O.0,
and 12.6 C frrr July, August, September,
and October, respectively. Rainfall during
these months was 56, 116, 23, and 70 mm
(climatic data from the Blacksburg Airport
located ll km frorn the fielcl site at an el-
evation of 700 rn).

Data Manipulation and Arnlysis

Preliminary analyses indicated that l)
the sex of hatchlings was not related tcr
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their morphologr or to their subsequent
growth and survival and 2) the probability
of recapture was not related to the mor-
pholog,' or growth of juveniles in the lab-
oratory. These variables were therefore not
considered in further analyses.

The effect of incubation treatment and
clutch on morphological attributes was as-
sessed with two-way ANOVAs and AN-
COVAs. The effects of these two class var-
iables on tail length at hatching were
evaluated usinq thelesiduals of the overall
regression of tail length on SVL. These ef-
fects on body condition (mass relative to
SVL) at hatching, at release, and the last
time individuals were captured in the field
were evaluated using the resicluals of the
overall regression of Mass033 on SVL. Mass
was raised to the 0.33 power to adjust for
the non-linear relationship between lnass
and length (Andrews, 1982).

Growth in the laboratory was evaluated
as relative or specific growth rates (An-
drews, 1982) to avoid confounding growth
with body size per se. Growth in the lab-
oratory was assessed as the difference be-
tween an inclividual s natural log trans-
formed SVL (or mass) at the iime of
release and at hatching. Growth in the
fieltl was evaluated as the difference be-
tween the natural log transformed SVL (or
mass) of each lizarcl at its last cilpture and
at the time that it was released. The inter-
vals of time were used as covariates in two-
factor ANCOVNs rvith treatment and
clutch as class variables.

Surviv:rl was based on the number of iu-
veniles krrown to he alive 3 and 6 weeks
after their release in 1998 and on 2 Ma;,
1999. Because the first iuveniles were re-
leased 7 rveeks hefore the last, srrrvival to
2 Mav 1999 was adiusted to a common 8
mo interval. Survival over 8 mo was cal-
culated as [S,,r't"i" where S,, was the pro-
portion of individuals that survived over
the period between the mean date of re-
Iease for each treatment group arrd 2 May
and T,, was the length of the period in
months between the rnean date of release
and 2 May.

Because few lizards were recaptured in
spring 1999, some treatments were com-
blned to ensure adequate sample sizes for

statistical arralyses. The particular combi-
nations were based on results of analyses
of the large data sets of 1998.

All statistical analyses were concluctecl
with SAS software (SAS Institute, Inc..
Vers. 6.12, f997). Analyses of data collect-
ed in the laboratory were based on mean
values for each clutch in each treatment.
Analyses of data collected in the field (sur-
vival, rnorphological attributes and growth)
were based on individual iuveniles because
the nurnber of juveniles *ur ro attenuated
after release. ANCOVAs were conducted
only if interaction terms were not signifi-
cant (P > 0.05). A posteriori comparisons
among means were made with Ryan-Eliot-
Gabriel-Welsch (REGWQ) multiple range
tests (ANOVAs) and probabilities from the
SAS Least Square Means Procedure (AN-
COVA's).

RESULTS

Overall, the effects of both incubation
temperature and clutch explained a signif-
icant amount of variation in the pheno-
types of the lizarcls in our experiments (Ta-
bles 1, 2). Because our major objective,
howeveq wtrs to assess the effects of in-
cubation ternperature on phenotypes, and
because we did not know the relationships
of field hatched juveniles, we do not con-
sider clutch (maternal) effects in any detail
(hut  see Discussior t ) .

lncubation Periods and Egg and
Hatchlhtg Surcioal in the Laborotory

Eggs in the 23, 25,28.28F, 30, and 33
C treatments hatched after mean incuba-
tion periods of 90, 72, 52, 52, 43, 39 d.
respectively, ancl ernbryos were irt stages
27-29 at the time of oviposition. Mortality
during incubation was lclw; of 119 eggs in-
cubated, only l0 clid not hatch (8.47o mor-
tality). Mortaliq, was distributed as 4,l, 1,
and I deaths in tl-re 23, 25,28, and 33 C
treatments, respectively. The number of
sunrivors (: number releasecl) is given in
Table 3. Mortality of hatchlings was neg-
ligible; only one died before release and
one escaped in the laboratory and rvas not
recovered.
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TABLE L-Statistical tests on the effects of incubation temperature and clutch on morphologv and growth of
Scektpont,s urulu.lahr juvenile-s in the laboratory SVL, Mtrss, and Tail Length ,*,.." in.,.r.,i"d at iratching.
Values trse<l in the Tail Length analvses u'ere the residuals of the regression of Tail t,ength on SVf,. Values
used in the corrdition analyses were the resirluals of the regressiorr of M:rss,,.. on SVL. Mofohological analyses

were two-wlv AN()\/A\ trrril gr<;uth analvses were two-firctor ANCO\As.

Strt ist ical  tesl

Variable Trertnreni (  l h r t c h
( ) r c r r l l  r n o d e l

SVL
NIass
Tail length
(,-ondition, nt hatching
(lonclitior, ut release
Clrowth, SVL

( l rowth.  r r rass

F . . , , - 3 . 3 . P - 0 . 0 1 2
F . , , , : 0 . 9 . P : 0 . . 1 8 5
F-.. . ,  :  17.9. 1'  < 0.001
F..., : i1.6, l' : 0.006
F..." -  6.-1. I '< 0.(Dl
F - . . , : , 1 . 9 , P < 0 . 0 0 1

.F..-,- - 6. l. /' < 0.(X)l

F , , , . , : 1 2 . 5 . P < 0 . 0 0 1
F , , . , ,  = 3 7 0 ' P < 0 . 0 0 1
F , , . , , : . 1 .  I , P < O . O 0 1
F ' , , r . , - 5 . . 1 , P < 0 . 0 0 1
F - , . , . " : i 3 . 0 . P : 0 . 0 0 2
F , , . , :  2 . 4 ,  l '  :  0 . 0 1 0

lL ' ' ' , ' , ' : ' 1  3 .  P  <  0 .001

F , " r " - 9 . 9 . P < 0 . O O 1
F, , - , . , :  2 i .0 ,  P  <  0 .001
F , " . " : 8 . 2 , P < 0 . 0 0 1
F , " " , , : 4 . 9 . P < 0 . 0 0 1
F , . . , * - 4 . 0 , P < 0 . 0 0 1
I - , . , . , - 6 . 7 , P < 0 . 0 0 1

( l ' , . .  =  76 .2 .  P  <  0001)
.Fr.,;- - 8.i1, l' < 0.00I

( i ' '  . ' : 6 5 . 6 , P < 0 . 0 0 1 )

Estimation of lnatbation Tentperattffe in
tlrc Fielrl

The nest temperature of f ield hatched
individuals can l)e estimatetl from their
mean length of incubation relative to the
mean lenqth of incubation for individuals
ilr the laForatory whose eggs were inc.u-
b:rted at known temDer:rtures. Given the
mean SVL of 27 mm and the mean date
of f irst capture (28 August) of f ielcl
hatched juveniles, a mean growth rate of
about 0.4 mm/d (firom that of laboratorv
hatchecl juveniles, see below), and irn ovei-
all mean SVL of hatchlings of 24 mm, the
mean date of'hatching irr the fielt l rvould
have been 8 Augrrst. The median date of
oviposition was 13 June, giving a mean in-
cubation period in the fiekl of 56 clays. In

the laboratory eggs incubated at 28 and
25 C hatched in 52 ar,'d 72 days, respec-
tively. Bv extrapolation. the mean temper-
ature of'nests in the field was27.4 C. This
value matches the mean temperature of 27
C (range : 15-35 C) observed for a S.
unclulaius nest that was monitored at one
of the collection sites fr<lm oviposition on
29 May 1998 until hatching 66 days later.
Three eggs from this nest hatched and
three eggs were destroyed by invertebrate
predators.

Effect,s of lnatbation Ternperatura on
Moryhology

Hatchlings from the two coldest treat-
ments had shorter tails than hatchlings
lrom the warmer treatnrents independent

T. ' \ l l l , l ' l  2 . -St l t js t ical  tests on t l re ef lects of  i r rurbat ion te l ) r l )er i t t l r re an<l  c l r r tc l r  on rnor l>hologl  iurr l  gnlut l r  o l '
St'chtyxtnts rnnluktfit.s jrrveniles iIr tlre fiel<l (fiel<l hatche<l jrrvt,niles were n()t inclrrrleil i,r ir'n,rlvsei'be.aps"
t l re i r  chr tch o{ 'or i { i r r  wi ts t tot  knowtt) .  Ar ta lyst 's  i i r r  1999 re( i rpt l r res were basc<l  orr  l i r r r r 'grorrps:  2 i }  ( j  r r i r l  25
( l  t reatrr rents crrr r rb iner l ,  2 lJ l ) ,2f lb-  (1,  r r r r , i  3t l  ( i  t le i r t rnerr ts corrrb iner l ,  rncl  l l l l ,  an<l  r l i i i  noi  inc l r rc le c l r r tch
cll'ects becarrse onlv 29 ol the original lO7 hatchlingrt:leaserl were recaptrrred. ()ther statistical conventions

i r s  r r r  Ta l r l e  l .

Strt ist ic i l l  t ( .s l

\ i r r ia lr l r ' I ' rea t r r (  
D i ( : 1 i l t ( . l l

()r t ral l  r rrx lel
((r) \ ' r r i { te)

( i< lncl i t iorr ,  l i ts t  captrr re '9f l
( l r t>wt l r ,  SVt,  gf l

(lrou.th, rnass 
'9li

Tail lengtlr, 
'99

s\/L, 
'99

NI ass, 9!)
Clonrlition, 

'99

/ i r , ,  -  i3 .3,  P = O.015
ts- , , ,  :  ( ) .7,  l )  -  0.621

F., ,  -  2.0,  l '  = 0.O9!J

F - ,  , , , : 2 . - 1 ,  P : 0 . O 2 O
F, , . , .  -  l . l ,  l '  -  0 . i l ( : i 9

F-,  , , ,  -  2.1 i .  P -  0.008

F ' , " , , : 2 . 5 .  P :  O . 0 1 1
F , . , . , r - 9 . O , P < 0 . 0 0 1

( F , , , : 8 9 . 7 , P < 0 . 0 0 1 )
I - , , , , , :  12 .2 ,  P  <  0 .001
( F - " " : 7 5 . i ,  P  <  0 . 0 0 1 )
F,,,  -  '1.9. l '  :  0.009
F, , ,  -  6 .7 -  P  -  0 .002
F - . . r r : 7 . 5 , P < 0 . 0 0 1
i ' . , , . : O . 7 , P : 0 . 5 3 7
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TAsl,p 3.-Sun'ival of indirirluals relensetl ir 1998 inrlexed bv the numbers of individuals that were knoun
to be present 21 and,12 clays after release, and the lbllou'ing'spring (! Mav 1999). Sun.ival to 2 Mrrv, 19.c)g
is first shoun as the urra<ljusted v:rlue :rnd then irs the valrre :rc\rrsted frrr the varving inten'irls betrveen release

antl 2 May for the tlifferent tre:rtrnent groups.
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Inc l rb r t io ) l
Trt. (C)

I ie l 'aseri
l r )

Sur l i !d l  t ( )  : l  ( l i t v
' ( n J

Srnivr l  to. l2 r lav
o/c hl

si l^ ival  to 2 NIar.  1999
cl, ( n)

2:)
25
Field hatched
28
28F
30

7 l  . -1  (  r0 )
35.3 (6)
37 .5  (9 )
28 .6  (4 )
14.4 (8)
5 .1 .5  (12)
s.t.5 (r2)

64. i1 (9)
2s..1 (5)
i13.3 (fl)
1.r.3 (2)
27.8 (s)
27.:l (6)
22.i (5)

6,1.13, 59.7 (9)
29..1, 26.O (5)
t6 .7 .  r6 .6  ( .1 )
14 .3 ,  15 .s  (2 )
22 .2 .23 .7  (1 \
9 . r ,  l o . 8  ( 2 )

r8 .2 .21 .2  (1 )

l 4
t 7
21
l 4
lf t
22
22

of SVL (Fig. 1A, Table l). In spring 1999,
iuveniles from the two coldest treatments
iZg and 25 C combined) still had shorter
tails than hatchlings from the warmer
treatments indepenclently of SVL (Fig. f B.
Tatrle 2). Field hatched juveniles had tail
lengths similar to those from the 23-25 C
inc'ubation treat ment.

Hatchlings frorn the cooler treatrnents
had shortei SVlf than those from the
warmer treatments (Fig. lC, Table 1).
Mass at hatching, h,,wever, did not differ
arnonq treatments; mean hatchling mass
was 0.55 -f 0.075 e (Tahle I ). Lahoraton
hatc'herl juveniles were slightly larger in
size when they were releasecl than field
hatched juveniles at their first capture (P's
< 0.05 for mass and SVL, REGWQ a pos-
teriori tests, ANOVAIs). Respective mean
SVLs and masses were 30 verslls 27 nm
ancl 0.95 versus tt.65 g. respectively. At the
time of their last capture in 1998, juveniles
from all laboratory treatment groups and
the field hatched juveniles had statistically
indistinguishable SVL'.s and masses, even
though 

-body 
sizes decreased in order in

which treatrnent groups were released
(warmest to coldest). In spring 1999, how-
ever, variation in the body sizes of juve-
niles was significant (Table 2), witli re-
spective SVLs and masses for the 23/25,
field hatched, 28/28F/30, and 33 C treat-
ments of :7, 42, 42, and 47 mrr arld 1.8,
2.8. 2.9, and 4.0 q. Only the differences
between the 33 C ind ali other treatrnents
(P < 0.05, a posteriori REGWQ tests)
were significant, however. probably be-
cause so few individuals were recaptured.

Body condition (essentially the ratio of

mass to SVL) was related to incubation
temperature at hatching and at release
(Fig. 2A,B, Table l), and when lizarcls
were last captured in the field ln l9g8
(Fie. 2C, Table 2). The observed decrease
in irody condition with increasing incuba-
tion temperature is in accord with tl-re non-
significant treatment effect for mass an<l
the increase in SVL with increasing incu-
bation temperatrrre. In contrast. bodv c'on-
dition did not vary among incubation treat-
ments in spring 1999 (Table 2). Field
hatchecl juveniles had a similar body corr-
dition as laboratory hatched juveniles at
this time (Fig. 2C).

Effict of lncriltatiott Tortyte raturc orl
Grootlt

Growth was related to incubation tenr-
perature in the laboratory but not after liz-
ards were released in the field. In the lab-
oratorv, juveniles from the cooler
treatments grew faster than juveniles lrorn
the warmest treatment in tenns of SVL
and mass (Fie. 3A,B, Table l). After re-
lease in the fi'elcl, growth was not related
to incubation ternperature (Table 2)^ Field
hatched juveniles grew significantly faster
than laboratory hatched juveniles from the
23/25 C ancl frorn the 33 C treatments (P
< 0.05), but not faster than juveniles frorn
the 28/28F C and 30 C treatments (P >
0.05, REGWQ a posteriori tests).

Effect of Inutbatiott Ten4teraturc on
Suraioril

Because the clearing was surrounded by
habitat judged unsuitable for juveniles, we
assume that the majority of disappearances
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INCUBATION TREATMENT (C)

Ftr;. l.-Flll 'ects oi' inclbation tre;rtrnent orr tail
irn<l snout-vent lerrgth of hatchling arrd jrrvenile Sr:c-
loponts unrhlutu.s. Statisti<:iil resrrlts are presente<l irr
T:rblcs I irncl 2. Means with the sarne letter do not
ditler (I' > 0.05). Rt'spective rnearrs lirr the 2E (l

trea.trnent an<l the 28F (,- trcatrnent are plotterl at
27.5 i rnt l  2$.5 (  j  lbr  t . l r r r i tv .  A.  Hesirhral  t i t i I  lerrgt l r  at
hatching. B. llesi<hral tail length in April ,r.ti May
1999 when jrrvertiles u'ere 6 9 mo oltl (23-25, 28-
28F, rurd 3O 33 treltrrients c<>nrbinetl). The rneln lirr
fit' ld hatchetl jrrverriles (F) is plotte<l at 27 (1. C. SVL
at lratchirrg.

INCUBATION TREATMENT (C)

Ftc;. 2.-Ef{ects of inclb:rtit)r tr€'iltrnelt <n boclv
< ' o r r t l i t i , r r r  r r l  l r r r l t l r l i nq  r r r r< l  i r r v r ' r r i l e  S ( r ' l t , I t n t . \  u t ; -
tlulutu.s. A. Resichral corrtlition (Mass"'r reliitive to
SVL) at hatching. B. llesi<lual conclition irt the tirne
o{' releirse (liz.rrrds rvere rlxnt 2 weeks okl). C. Re-
sirhral corrrlition at llst caoture in |998. The rnean frrr
field hatche<l .jrrveniles (F) is plotted at 27 (l fcrr corn-
parirtive pulloses brrt was rrot inchrderl in tlre statis-
tical analysis. ()ther conventions as in F'ig. l.

from the site represented deaths rather
than emigration. High mortaliq, of hatch-
ling Sceloporus is typical (Blair, 1960;

Jones and Ballinger, 1987; Niewiarowsh
and Roosenburg, 1993), and in our study,
we can rule out mortality as an artifact of
laboratory rearing; the survival of juveniles
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INCUBATION TEMPERATURE (C)

Ftt;. :1.-l'l{li 't 'ts r>l irrcrrl>ati<)rr treiltllrent orr grcu'th of .jrrvenile Sr:ehtpotts tnululrilus. A. Specific growth
r: t te in SVL (rr r rn)  i r r  tht ' l r r lxrr i r ton ' ( )vcr  i l  r l le i rn l5 <lays interval  betwt-en hatching:Ln<l  re l t 'ase.  B.  Spcci f ic
growt l t  r i r te in Mass (g)  i r r  th, ' l r r lxrr i r tory ( ) \ 'er  i r  nrei rn l5 t l lys i r r t ln; r l  l ret rveen' i r i r tc l r ing an<l  re lerxe.  C.
Spt'cific growtlr rate irr SVL (rrrrn) irr thc fiel<l ()ver a Ine:u) i)6 rlays irrten'al betwecrr relc:rse:rn<l last captrrre
i r r  1998. D.  SPct ' i f i< growt l r  r t r t<.  i r r  Miss (g)  in t l re f i t 'k l  over a rne:ul  i l6  < lavs inteml l retu.een r t ' le i rst , iur<l
l ; rs t  c t rptr r re i r r  l ! l9 t i .  ( ) t l rer  t :onverr t iot rs i ts  i l r  l r ig .  2.

that were hatchecl in the laboratory was
similar to that of iuveniles that hatched on
the study site. However, extensive searches
in Apnl an(l May 1999 outside of the area
searche(l in l99fJ included captures of four
nrarked inclividuals. They were from the
23, 23, 25, and 33 C temperature treat-
ments, rvith respective clistances of 175,
60, 80, and 60 rn from the release point.
These individuals were includecl in the es-
timates of survival presented below.

The recapture rate of laboratory
hatched juveniles was similar to that of
fielcl hatched juveniles. Of the 107 labo-
ratory hatched juveni les re leased,  52
(4950), 32 (307o), and 26 (247o) were
known to be alive 3 irncl 6 weeks after re-
lease, and the followine spring, respective-
ly (Table 3). Of the 24 juveniles hatched
irr the field, these respective numbers
rvere 9 (38ok),8 (33Ea), anrl 4 (\7Vo). The
numbers of laboratorv and field hatched
juveniles that were survivors and non-sur-
vivors did not differ for anv of the time
per iods (X ' . t  < O.5.  P 's  > O.05.  df  :  l .2
X 2 chi-squared tests).

Survival of laboratory hatched iuveniles
(l id not t l i f ler amonq the slr im'ubation
treatmenls fclr the first 2I day alter release
(X' : 7.6, P > 0.05, df : 5). Survival did
dif{'er for the first 42 d after release and
overwinter (Xt : 10.0 and 17.3, respec-
tively, df : 4, P's < 0.05, with the 28, and
2fJF C treatments cornbined to rnaintain
minimurn expected frequencies). Juveniles
frorn the 23 C treatment had the highest
survival for all t ime periods (Table 3). Sur-
vival during r.vinter was high compared to
the period when lizards were active. All
juveniles from the 23, 25, and 28 C treat-
ments that survived 42 days after release,
survivetl overwinter, and survival of indi-
viduals from the remaining experiment:rl
groups was 637o. In general, recaptures
appearecl to be disproportionately repre-
sented arnong clutches. At the extremes,
for example, two clutches from which six
inclividuals each were released hacl no sur-
vivors in the spring, whereas, clutches
frorn which 6 and 7 inclividuals each were
released had 5 and 4 survivors.
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Cornporison Betoeetr, the 28 C Cottstant
and 28 C Fluctuating Treatments

The 28 C and ihe 28F C produced
hatchlings that were similar for all the phe-
no$pic attributes that rvere rneasured. Irr-
cubation periods f<rr the two treatments
were identical (52 days). Hatchlings frorn
the two treatments had similar SVi's, mas-
ses, and TLs (P's > 0.05, REGWQ rnulti-
ple range tests, Fig. lA,C, Table 1). They
did not differ in bocly condition at hatch-
ing nor at release (P's > 0.05, REGWQ
multiple range tests, Fig. 2A,B), nor the
spring after hatching (P > 0.05, REGWQ
multiple range test, Fig. 2C). They did not
differ in growth in the laboratory nor after
rele:rse in the field (P'.s > 0.05, probabili-
ties fror.n SAS Least Souares mearrs Pro-
cedures, Fig. 3). Finally,^they did not differ
in surwivtrl over 21 or 42 da1's, nor ()ver-
winter (2 x 212 tests, P's >>> 0.05, Table
\ ) / .

Dts<; t rss t< l t r t

The major objective of this research was
to determine if phenotr,'pic traits inclucerl
by incubation temperature persist as ju-
venile reptiles grow towarcls aclulthoocl un-
der natural conditions. We {bund that
some mor?hological features irn<l the sur-
vival of juvenile Scektportts rnthtlrtfu.s, but
not growth, were affected by incrrbation
temperature ftrr at least se.u'en to nine
months. Juveniles were within a m<lnth <lr
two of sexual rnaturity at this time; two
months later, we collected a qravitl female
frorn the 28F C treatnrent and a consicl-
erably larger female from the 30 C treat-
ment. Long-term persistence of plienotlp-
ic traits inclucecl hy incubati<ln
temperature is in ;rccorrl with labt>ratory
observations on the Australian skink Brzs-
s iona c l tq terrey i  (Elphick and Shine,
1998). In Elphick and Shine'.s study, dif-
ferences in several rnea^sures of locornotor
performance for lizards that hatchecl frorn
eggs incubated at a warln ancl at a colcl
temperature persisted for the entire 4.5
mo obsewation period. In contrast, initial
differences in SVL, mass, rnass relative to
SVL, and TL of the skinks had disap-
peared by the time that the lizards were

2-3 mo olcl. These trvo relatively long-tenn
studies indicate that temperature in-duced
phenotlpes can be persistent. ancl thus
could affect fitness (see below).

We expectecl that pheno$,pes of labo-
ratory hatched iuveniles from the inter-
mediate incubaiion ternperatures woulcl
Lre most sirnilar to those of field hatched
juveniles. In general, this expectation was
rnet; the phenotlpes of laboratory hatched
juveniles from the 28 C ancl 28F C treat-
ments were rnost similar to those of field
hatched iuveniles. This result is in accord
rvith our'estimate of 27 C as the approxi-
mate mean incubation temperature for
fielcl hatched iuveniles. The sirnilarity of
juvenile phencr-qpes frorn the 28 C anri the
28F C trerrtrnents suggests that cornpari-
son between laboratorv and fielcl hatchecl
juveniles is not conf,r,incle<l bv eff'ects of
constant verslrs fluctuating ternperature
regirnes. This particrrl:rr result. however,
rnay not be generralizable to other species
or traits. For ex:rrnple, while Shine anc:-
llarlow (1996) fbunrl that the SVL ancl
nrass <rf Ba,s.siana duTterretli skinks from
eggs irrcubated irt a constant tc.rnperature
and a {luctunting ternperature with the
sarne rnean did not dif'fer, individuals {rorn
the constant temperatrrre ran slower than
irrdivitluals frorn eggs incubated at the
Hr rc'tuirt ing temperatr rre.

We pre<lictecl that the pheno$,pic re-
sp()nse to incubati<ln ternperature would
be ctrn'ilinear, thirt is, the phenoh'nes <-rf
juveniles from the incrrbation ternperature
extremes woul<l cliffer frorn the pheno-
ttTres <>f jurzeniles incubaterl at interrnecli-
ate ternperatures. This expectati<ln was not
met. Rather, the phenotqric response to
temperature either appearecl linear or only
one extrerne inctrbation temperature pro-
duced a distinctive phenotl.pe. Relative tail
length at hatching arrd at seven to nine
months, and SVL at hatching increrasecl
and body condition clecreirsed rnclre or less
linearly with increasing ternperature. In
contrast, juveniles frotn the highest incu-
bation temperattrre were clistinguished by
relatively skrw growth in the laborzrtorv
and juveniles fiom the lorvest incubation
ternperature were distinguishecl by rela-
tively high sun i','al.
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The lack of expected cun'ilinear re-
sponse rnay be because eggs were not ex-
posed to sufficiently extreme tempera-
tures. If this is the case, higher or lower
int'ulration ternperatures rvoul<l presunl-
ably procluce more extrerne phenofiles,
and provide a better sense of hor.v climirtic
change or range ertension would affect fit-
ness of hatchlings. On the other hand, the
'nvarmest and ccjolest rnean temperatures
we picked for labortrtory incubati()n are
unlikely to be more extreme than the
rnean ternperatures that eggs <>f Scelopo-
nrc undulahr.s norrnally experience in the
field. The length of incubation in the field
suggests a lnean ne'st ternperattrre of about
27 C. Moreover, variation in mearr tem-
perature arn()r4l nests of snrall reptile spe-
cies tends to be low: S. aeneu.s (range :

16.2-16.9 C, ri : 6 nests, Andrews, 1999);
(|hrysenu1s picto (range : 23.4-26.0 C, n
: 12, C-lagle et al., 1993). If eggs of S. un-
rlukrttts are not norrnallv exposetl to rnean
temperatures as extren-ie as those used lirr
the l:rboratory tre:rtrnents, then even the
range of phenofiric variation that we in-
duc,ed would rxrt lre cornrnonly enc()un-
tered in the fiekl.

\Ve also predicted that early hatchlings
might have relatively high survival. This
provecl not to be the c:rse. The jtrveniles
from the 23 C incubation treatrnent thirt
rvere released last hacl substantially higher
sunival than juveniles fr<-rnr all the other
treatrnents clurinq the first 2l <lrrys ancl the
first 42 days aftei'release. The high surwiv-
a l  o l '  juveni les f r , , rn t l re  23 ( l  incrr l rat ion
treatrnent rnav thus tre relatetl to the e1'-
f-ects <rf incubltion ternperature Tter se, t<t
relatively favorable physical or biological
conditions late in the activity season, or
both. For exarnple, hatchlings were re-
leaserl Irom 27 fuly through g Octotrer, a
sufficient span of tirne to enconrpass ar cle-
crease in the intensitv of preclation.

Given that incubation temperature has
long-term e{Tects txr phenotlpes, rvhat are
potential consequences of such phenotlpic
r.'ariation on indir,'idual fitness? Our results
suggest that answering this question will
not be easv. One dlfficulW is that the var-
iation in phenorype associated with rnater-
nal effects is cornparable to the variation

associated r,r'ith incubation temperature
(this studv: Shine et al.. 1997: Packard.
1999). Obsen-ations on the long-term con-
seqrrenc('s of int'ubalion lemperature on
fitness must thus adclitionally consider the
direct effects of the maternal environment
(genotlpe, nutrition status of femerle) as
well as possible interactions between rna-
ternal effects ancl incubation temperature.

A more seri<-rus difficultv is that the as-
sociation between a phetro'type induced by
incubation temperature and fitness is not
necessarily direct or obvious (Travis et al.,
f999). For example, hatching early in the
season has rnany putative benefits (Elphick
ancl Shine. f998). In our sturlv. however.
lizards that hatched late in 1998, also hacl
the highest sun ival frorn hatching to the
f i r l l ow ing  sp r i ng  o f  a l l  t he  t r ea tmt .n t
groups tlespite their relatively small size
cornpared to earlier hatching individuirls.
Locomotor per{irrrnance provides another
example of the difficulty translating phe-
notlpic traits into rlleasures of fitness.
Running speecl is often related to inculra-
tion ternperature, but speecl rnay increase
(Elphick ancl Shine. l99ft) or clecrease
with incubation temperature (Van Damme
et al., i992; Qualls irncl Andrews, 1999).
M<rreover, speed per se has no necessary
relationship to fitness. Escape behavior is
complex, ancl the frerluent stops ancl starts
that redrrce overall speed, exhlblted by
lratclrling SceloTtottts (Qualls and Andrervs,
1999). coulcl be more effective fcrr the
avoidirnce of predators than continuous
high speed (Brodie, 1992; Schwarzkopf
and Shine, 1992).

T<r be ecologically meaningful, an as-
sessrnent of the phenotlpic consequences
of incubzrtion concliti<lns must be .rccorn-
panied by an assessment of how pheno-
tlpes are relatecl to fitness uncler natural
conditions. Such an assessrnent has its own
inherit problems. One of these is that
physical ancl demographic environments
vary from ye;rr to year (Dunharn, 198,0; Si-
nervo and'DeNaido, 19961 Sinerwo et al.,
1992) and the fitness or lack thereof of
particular phenotvpes in one year there-
fore may not reflect fitness the following
vear or years. In vieu' of these consider-
ations, the ecological and evolutionary rel-
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evance of the phenotypic variation associ-
ated with incubation conditions presents a
cornplex and challenging problem for fu-
ture research.
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