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The cvolut i t tnarv t ransi t ion betwccn ovipar i ty  and v iv ipar i ty  in squarratc rept i lcs presunrably occurs
via a gradual  i t tcreasc in the duru( ion of  cgg rctcnt ion.  thc product ion ol '  th inner cg-eshel ls .  and
increi tses in the vasct t l t r i ty  o l  r t t i t (ernal  lnt l  errbryonic t issucs.  Thc 'case'  of  th is t ransi l ion ntay t l i l ' ler '
a l l lo l lg t l ix l l .  F(n.cxi l lnplc.  in tht ' tcnus St  t lo lxtnts.  thc r l r r / r rdr  spccies group cont l r ins both ovipalous
and viviparotts spccics. itnd fcnralc 5'r'a/oTrrrrus :tulari,s citn extcnd egg rctenli()n fircultativcly in
rcsponsc to t l ' tc  lbscncc o1'a sui tablc s i tc  l i r r  ov iposi l ion wi t l . rout  i rnpair ing embryolr ic  devclopment.  In
contr i ts t ,  thc unt lu lu lus specics group contains only oviparous spccics,  and.  whi le fcrnale Stc l r ryont . t
I'r/,q(rlll,r can cxtcnd egg rotcntion, doing so rcturds crtrbryorric clcvclopment. I testcd scveral
l . typothescs that  r iould cxpla in thc gfcatcr  abi l i ty  o l  . \ . , r<rr l r r r l , r  than  ̂ t .  l , r r , r j ( / lur  to cx lend cgg
rctcnt ion.  In th is studv.  lcrr ra lc S. , r<<r1zrr l . r  rc tu incd cggs l i r r  l t )  t l  rv i thout  a l ' lcct ing thc nlor ta l i ty  ( ) l
c t t tbrvos.  (ot l t l  dcvcktptr tcnt i l l  t in lc ,  or  t l ry  t l rss o l  hatchl i r rus.  In contrasl .  wlr r -n lcntalc S.  r . l ,qr i r r r r
rcta incd csss l i r r  l t l  d,  cnrbryos hrd vcry h igh nror ta l i lv  r rnt l  cggs t rxrk s igni l ic i rn l ly  longcr lo hatch
than contro l  (non rcta incd) cggs.  a l though thc dry nrass ol  hatchl ings was not  at lccte( | .  Thc ahi l i ty  o l '
S.  sculur is  lcntalcs lo fc ta in cggs wi th l i t t lc  ncgat ivc c l lcct  on cnrbryonic dcvclopnrcnt  was associatccl
wi(h rc lat ivc ly latgc chor ioal lantois,  rc lat ivc ly th in cggshcl ls .  and lc lat ivc ly srnal l  c lutch r lasscs.
' l 'hcsc 

ohscrvu( i r ) l ts  sr . lggcst  that  phylogcnct ic  d i l ' lcrenccs in thc abi l i ty  to cxtcn( l  c t ! :  rc tcnt ion ntay
luci l i tatc or  conslra i l t  thc cvolut ion ol  i iv ipar i ty  in sontc l inc l r - lcs.

Introduction

Most squamate repti lcs (l izards and snakes) are oviparous, that is, f 'ernales produce eggs. and as
much as three quarters of'embryonic dcvelopment takcs placc afier oviposition (DcMarco, 1993). In
contrast. a substantial minority of squamates. nbout one-fit ih. are viviparous. that is. t 'emales produce
lirl ly-devcloped younc. The evolutionary transition fionr oviparity to vivipurity presumably occurs via
increases in the period ofegg retention, production ofthinnereggshells, increases in the vascularity of
maternal and embryonic tissues (placentation). and rnodil ications of the hormonal system that support
extended egg retent ion (Packard,  Tracy & Roth,  1977;  Shine,  1985;Shine & Cui l le t te.  19t38;  Gui l le t te.
r 993 ).

Oviposition by oviparous squamates typically occurs at embryonic stages 29--j I IBlackburn ( 1995),
stagirrg according to Dufaure & Hubert (1961); hatching or birth is at stage 401. However. many
oviparous squamates exhibit some degree of facultative egg retention; that is. if conditions fbr nesting
are not appropriate, egg retention may be prolonged beyond the time when oviposition normally takes
place (Stamps. 1976; Ctrellar, 1984). Presumably, some of the variation in the abil ity tu retain eggs is
genetic. and provides thc raw material f irr evolution through natural selection of longer periods of
egg retent ion and,  u l t imate ly .  v iv ipar i ty  (Shine & Cui l le t te.  1988).  Thus.  invest igat ion in to the
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consequences oftacultatively extended egg retention on embryonic developnrent should provide novel
insights into the transition between oviparity and viviparity.

The evolution of viviparity in squamates is associated with cold-climates (Shine, 1985). The rnost
compelling support f irr this conclusion is provided by the geographic distributions of closely lelated
taxa, one of which is oviparous and the other viviparous; in most cases, thc viviparous taxon is fbr.rnd at
a higher elcvation or latitude than the oviparous taxon (Shine & Bull, 1979: Shine. 1985). Parullel
support is provided by the positive association bctween the lengtlr of egg rctention and elevation fbr
lacertid l izards (Brafra, Bea & Arayago, l99l).

Independcnt of clirrtate, however, observations on thc reproductive biology of Scehtponrs l izards
indicate that selection l i lr extended egg retention and tlrc evolution of viviparity rnight be more
elficacious in some lincages than others. For cxample, the.tcoluris specic's group contains both
oviparous and viviparous species, and viviparity has had at lcast two independcnt origins within the
group (Guil lene et ul., 1980: Mink & Sites, 1996). St'elop()rus u(ncLt.\ and Scclt4xtrus biutnthulis rre
closely rclated sister species of central Mexiccl; S. aeneus is oviparous and is f i lund at mocleratc
elevations while S. bit:antlnlis is viviparous and is fbund at high elevations (Guil lette. 1982). The
ckrse rclationship of thesc species, and their non-ovcrlapping elevational distributions. suggest that
this origin of viviparity is comparativcly reccnt. Morcover, I 'cmales of t lre ovipanrus SccloTrorrrs
sculuri,s t iorn high elcvation populations nclrmally oviposit when cnrbryos are at stages 3-5 37. while
fernalcs fronr low elevation populations oviposit at stugcs 3l 32 (Mathics & Andrews. 1995).
Howcver, lacultative cgg retention by l-e males lh>rn the low elevation populution does not negatively
aftect cmbryonic development, at least up to stagcs 3U 39 (Mathics & Andrews, 1996). Thcse
observatiuns on reprocluctivc nrode and intraspccific variation in the tength and consequenccs of eg-cr
fetention tlrus suggest that the transition to viviparity tn thc sculuri.r 'species group is 'casy'.

In contrast, all mernbers inlhe unduloll^r spccies grr)up lre oviparous. cven though the range ol'thc
species group includes montane habitats (Guil lette cl rr1.. 1980). ancl thc abil ity of f 'enralcs to extcnd
cgg retcntion beyond stagcs 30 3 | is l imitcd. Female ,SceltrytrLr.s tuttlulutu.r lay thcir eggs at
approxirnatcly stagc 30, whcther or not suitable oviposition sitcs are available (Crenshaw. l9-5-5;
Scxton & Marion, 1974; Mathies & Andrews, unpubl. i lata). Fcnrale S. r 'rr,qrrtl.r 'can exlcnd esg
relention lacultatively, but enrbryonic dcvcloprncnt is letarded (Andrews & Rose. 1994). Thcsc
observations suggest that selcction l irr cxtended cgg retcntion in this taxon would not be: as el'f icacious
as it would bc in the .rcrrlrrri.r group.

Thc ob.jectives o1'this research were to investigate sonrc of thc proximatc explanations ttrr the
dif 't 'ering abil it ics of S. sczrlrrris antl S. virgutus to retain eggs and support the devclopment of enrbryos
in utcro. Obsc-rvations by Andrews & Rosc (1994) suggested that low water uptake by eggs rnight l imit
developrnent ol 'S. r ' ir jrrlr.r.r 'enrbryos in tt lero. I therelbrc tested the hypothcses that S. ,r ' tzrlarr.r f 'enrales
havc smaller clutch volumes than S. virgatus l 'emales, thus leaving more room fbr eggs to expand
in ulero as a result ot'water uptakc, and that S..scularis eggs take up more water than 5. r, lrgzltrr.r eggs
wltile in ulero.

I also testcd two hypothescs that don't distinguish betwccn water uptake and gas exchange as lactors
that could l irnit embryonic development in utero. One hypothesis was that thc eggshells of 5'. sczrlaris
ilre thinncr than those of S. r ' i .qatr,r: thin eggshells would facil i tate both water irptake i lnd gas
exchange. The other hypothesis was that the extraembryonic membranes associated with gas exchange
<tf S. scalaris cmbrycls have relatively larger surface areas than those of S. virgattts embryos. The
rationale fi lr the latter hypothesis is as fbllows. The chorioallantois, which is fornred early in
development by the fusion ofthe external surface ofthe allantois and the inner surface olthe chorion.
is highly vascularized and is apposed to the inner surface of the shell. This composite membrane
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presumably f'acilitates the exchange of gases between foetal and maternal tissues (Yaron, 1985;
Blackburn, 1993), and the allantois itself is an important reservoir of water for the embryo (Hoyt,
1979; Simkiss, 1980). Because previous observations indicated that the development of S..scaluris
embryos is not retarded by extended egg retention, I predicted that their chorioallantois would have a
greater surfhce area than those of S. virgatus at comparable stages of development.

To test these hypotheses, I manipulated the length of r:gg retention and compared the development
and water uptake of embryos from control clutches (that were oviposited at the samc time that
ttviposition occurred in the field) with the development and water uptake of embryos fiom
experimental clutches (that werc retained within females fbr l8-19 d beyond the time of normal
oviposition). In addition, some experimental clutches were reduccd in size by surgically removing one
oviduct and the eggs that it contained. This latter treatment allowcd me to determine the effi:ct of
reduced clutch volume (and hence, more space fbr egg expansion) on embryonic development and
water uptake.

Materials and methods

Colleclion and muinterrctrce tl' T4ruvitl .femules

Eightecn gr.r'vid Sccloporu.s st'uluris and 24 gravid Scalolxtru.s virgutus wcre collected in latc Junc 1994 at the
Appleton-Whittcl l  Ranch Sanctuary (1460 m) and in thc Chir icahua Mountains (16(n l8(n m), Anzona.
rcspcctively, and shippcd within a f 'ew days to Blacksburg, VA. Ferlalcs wcrc placed into 3 control lcd l ight
and tempcraturc chanrbers (Percival modcl no. I-308L with Bl option). Fenrales wcrc houscd in srlal l  groups in
plastic tubs and l 'ed crickcts and witx rnoth larvac on 6 days pcr weck. Vegetation and rocks within the cages wcrc
sprayed with walcr twice a day to providc drinking watcr. Thc sand substratunr ol ' the cagcs was kcpt dry to inhibit
oviposit ion, and thcrcby inducc cxperimental t 'emalcs to rctain their eggs unti l  thc sclccted sarnple datc (scc thc
ncxt scction). To minimizc any chanrbcr or posit ion cf l 'ects, tubs with I 'ernales wcrc rotatcd among chambers and
among shclvcs in the charnbcrs cvcry 5 days in a f ixcd pattcrn so cach tub spcnt equal t inrc in al l  possiblc krcations
within and among chanrbers.

l'hermul und light ragirnes

Env inrnmenta l  chanrbcrswcrcprogrammedk) f luc tua tcbc twccn l9and33 'C( rncan:21  "C)  onad ie l  cyc lc
that rcprcscntcd body temperaturcs ()1'gravid I 'emales (see f ig. la in Andrews & Rose, 1994). ' fhis tcntperature
regime was bascd on l ield observations ol ' thc body ternperaturcs of ' I ' rcc-ranging gravid t 'cmalcs (Andrcws &
Rose, 199' l ;  Mathics & Andrews, 1995). For S. virgutus, mean body tcmpcratures ol 'gravid i 'crnalcs and r.ncan
lcmpcratures of 'eggs in ncsts arc 2.5'C (Andrews & Rosc, 1994). For S.,sui lur is, mcan body temperaturcs of '
gravid f 'errralcs should average sl ightly highcr than thosc ol S. virgutus; mcan body ternperaturcs during activiry
arc the same (34'C) fbr both spccies, but night-timc tcmpcratures were highcr at thc 5'. :;tttluri,s than at thc
S. virgutu,r si tc (Mathics & Andrews, 199-5; Rosc, unpubl. data). Thus, t 'cmalcs with eggs ir t  utero (and cggs al ' tcr
oviposit ion or removal t iom f 'cmalcs, see below) were incubatcd i l t  te mperatures that wcrc similar to temperatures
cxhibited in the f ield.

The l ight cycle (L:D l4: l0) in al l  chambcrs was the sarne as that in Arizona in rnid-July.

Erperimentul munipulutiotts: ttntrol versu,s e4terimentul egg,t

The expcrimental manipulat ions involvcd the length of t i rne that cggs were incubated in utero and whether
f 'emalcs with eggs in utero carr ied hal l 'or entire clutches. Within both species, f 'emalcs oviposited their entire
clutch at the norrnal t i rre (control),  had hal l  of their clutch rcmoved (at the normal t imc of 'oviposit ion;, ancr
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rctained the rest of the clutch for l t t-19 d, or retained the entire clutch fol l8 l9 d. Oviposit ion by both species
occurs with the onset of the summer rnonsoon rains (Andrews & Rose. 19941 Mathies & Andrews. 1995 ). In 1992
and l t )93 .ov ipos i t ionoccur red in the t i rs tweek inJu ly .Accord ing ly .ov ip t rs i t ion for th iss tudywas indr , rcedon5-6
and 7-8 July, respectively. for S. ,scalaris and S. ulrgalrs. Within each trcatment group, cggs (one or more per clutch)
wererandorn lychoscntobcsarnp lcdat  lo f the- l t imes:  nonna l  ov ipos i t ion(T imc l ) .  l l i  l 9d la te r (T ime2) ,andat
hatching. Thc data collected at each sanrpling date included the wet and dry rnasses ofeggs and r-mbryos. stages of
embryos, and wet and dry masses of hatchlings. Thc specitic sarnpling protocols tbr embryos arc presented in the
next sectiou and protocols fbr each of thc -l treatmcnts tbllorv.

Gravid lernalcs of each species werc randomly assigned to I  of the 3 trcatments (Fig. l) .
l )  Fernalcs in the' control treatment laid al l  of their eggs at approxiuratelv the sante t irne that eggs were

ovip<rsitcd in thc held (Time I).  Oviposit ion by 6 S..rrzr/rrr ls and 7 S. virgatus was induced with an injcct ion of
0. lcc oxytocin. The f 'ew fernalcs that did not lay thcir eggs in re\ponse to oxytocin werc ki l led and thcir egrs
surgical ly lernovccl l iom the oviducts. Eggs f iom each o1' lhesc clutchcs were randomly assigned to I  of 3 groups:
eggs be sanrpled at Tirne I,  Tirnc 2, or at hatching.

2) Fcnrales (6.!.  ,r trr lrrr i .r  and l0 S. virgutrr,r) in one experirncnl l l  trcatlnent (retaincd-half clutch) had thc-ir
clulches rcduced by approxirnatcly onc-half ' ,  hy surgical ly rcmoving the entire left  ovicluct (rnethods givcn by
Mlthics. 199.1). at thc sanrc t inlc that control eggs were ovipositcd. Hall  ol ' thc cggs fronr the lcl i  oviduct u,crc
sarnplcd and the rcrnaining hal l 'wcre al lowcd to hatch. Fcnrales, with thcir remaining cggs, wcre rcturned to the
cnvironrnental chanrbcrs urrt i lTirne 2. when they wcre ki l lcd. At this t i rnc. half  ol the cggs l ' rorn the r ight oviduct
wcrc sarrplcd and thc rcrnaining hal l ' rverc al lowed to hatch.

3)Fernalcs (6 S.,stuluris and 7.1. r irgdlus) in lhe othcrexpcrirnental lreltrnent (rclained-cntire clutch)rctaincd
tlrcir cnl irc- clutclrcs unti l  Tirnc 2. when the lenrales wcrc ki l lcd and thcir entirc clutches rernoved. Approximately
one-hal l 'of thc eggs l iorn cach clutch wcrc sarnplcd at t imc 2 and the rcmaining eggs were al lowed to hatch.

Control and cxpcrirncrrtal eggs (hi l  wcrc not sarnplcd wcrc rtr lrked individual ly. wcighed, and placetl  l rndunrly
in plast ic slroc boxcs (2 boxcs pcr spccies) hal l ' l i l lcd with vcrrnicul i te. Dist i l led waler wds addcd periodical ly to
rna in ta in lhcra t ioo l ' the  rn lsso l ' c l i s l i l l cc l  watc r to lhe  rn lsso f  t l r vvcr rn icu l i t ca t0 .T to  1 .0 (approx i rna te lv  210to
-2(X) kPa. Tracy, Packard & Prckard, 1978: Packard ct ul. ,  1987). This watcr polential was within the rangc o1'
tha( rncasurecl at ncsts ol 'S. r ' i r ,qalrr.r  in thc l icld (-3(X) to > l(X) kPu. Rosc. unpubl- data). Boxcs with cggs wclc
placcd in lhc cnvironrncntal chirt .nbers alorrgsidc thc tubs with gravid lcrnales and rotatcd as t irr  the tubs that
containccl lcrnalcs. As l  conscc;uerrcc, al l  ernbryos wcrc cxposcd to csscntial ly thc sarnc therrnal regirnc.

Sarrr l-r lc sizcs l i rr  cxpcrirncnlul groups 2 antl  3 wclc rcduccrl  hccuusc I S. ,rrzr l tai .r  and 3 .S. t ' i r ,qtrtu.t  t l icd short ly

Time 2 (18-19 d)

----.>occ

Frt ; .  l .  Scherrrat ic  d iagr lm 0l  thr-  lhrcc l rL 'a lnrcnts.  ( i ravid lemalcs i r re rcprcsentcd by larg!-  ovnls and eggs rre reprcsented by
srnall ovlls. Ilggs are shown as liee il thcy werc ovipositcd or rcrnovecl ficlm l'errales at Time I or u'ithin tcmales if they wcre
retainc'tl ll l/(,r1) to Tinle 2. Thc arrow indicatcs eggs thlt werc uviposite'd at Tinrc l. hut sumplcd rt Tinrc 2. Tinrc is in days fionr
the datc o l  oviposi t ion.

Time 1 (0 d)

/--Y"--Y,+\

/-.--\vz,i---Y--\
\_-.^-_---^-__--l

1. Control

2. Experimental:
Retained-half clutch

3. Experimental:
Retained-entire clutch

CCC
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atier surgery and because 2 S. scukrris and 2 S. virg,utus females laid their entire clutches prior to Timc 2 (Table IV
provides final sample sizes for all groups). Experimental f'emales whose clutches were reduced surgically, and
survivcd surgery. remained healthy during the expcrimental period, and experimental f'err-rales that laid their
clutches carly and were thercfbre not killed at Tirnc 2 remained healthy fbr at least several months alier the
experimental pcriod.

Sampling pnilocols

All  eggs were weighed at oviposit ion or when removed from f 'emales. At lcast one embryo pcr clutch per
santple period was stagcd according kr photographs in Dutaure & Hubcrt ( I 96 I ). Half stagcs were assigned if the
enrbryo was intermediate in characteristics betwecn the Dufaure & Hubcrt stages. When eggs wcrc santpled, wet
and dry masses of the shel l ,  cmbryo and extraembryonic contents (extracmbryonic membranes, thc yolk and
remaining f luid components) of cach egg were deterrnincd. Components werc dricd to el constant mass ibr 24 . lU h
at -50 60'C. Wct and dry masses werc dctcrnrined to the ncarcst 0.01 mg with an analyt ical bulance. Onc or
two cggs liont each control clutch were preservcd in lirrrnalin at Timcs I and 2 as were I or 2 cggs l'rorn each
rctained-entire clutch at Time 2.

Eggs prescrvcd in f irrmalin wcrc carclul ly dissected and thc area of the chorioal lantois was either measurcd or
cst imated. When thc arca wrs small  (<307o of thc inner surface arca ol ' the etgshell) ,  thc ntaxinturn and minrmunr
diamctcrs of ' the chorioal lantois were measurcd using a dissecting microscope with an ocular nricrometer.
Similarly, whcn thc area was largc (>70% of the inner surlacc area of the eggshcl l) ,  the ntaxir lurn and r.ninrmunr
dianteters of thc scction of ' the egg whcrc the chorioal lankris was not present wcrc nrcasured. Because thcsc arcas
wcrc rclat ively f lat,  surlacc arcas were detcrrnincd l iorn the f irrrnula l i rr  an el l insc. Becausc ol ' thc curvature ot thc
shell ,  howcvcr, chorioal lantois arcas ol ' interrrediatc sizc wcrc cst irnated to thc ncarcst 5%, o1'the surl lcc arca ol '
thc cgg, and egg surlacc arcas were estimated l ' rom egg nrass using thc l i rrrrula, Arca:4.83-5 Masso('( ' r
(Paganell i ,  Olszowka & Ar, 1974) whcrc arca is in cm'and nrass is in grarns. Thc sizc ol ' thc chorioal lantsrs w1s
cxprcsscd as absOlutc arca and as a pcrccntagc ol ' the surl ircc arca ol ' thc cgg. Eggshcl l  dcnsity (as an indcx ol '
conductivi ty to gas and watcr) ol 'control eggs at thc t imc ol 'nornral oviposit ion was calculatcd as thc dry r.nass ol '
thc cggshcl l  dividcd by i ts surlacc arer as calculatcd above.

Hatchl ings wcrc wcighed to thc nci lrcst 0. I  mg within a l 'cw hours ol 'hatching, and thcn ki l led by l icczing. Thc
carcasscs wcrc dricd and wcighed again. Thc incubation pcriod was rccordcd as thc t irnc clapsctl  bctwccn Tirnc l .
thc prcsumcd date ol 'oviposit ion in the f icld, and thc datc when cggs hatchcd.

Rclat ivc clutch ntass was dctcrmined as thc r.nass ol ' thc clutch rclat ivc to thc mass of thc post,gravid l 'crralc at
T i r n e  l . T h c w c t a n d d r y n r a s s e s o f  c a c h c l u t c h w e r e d e t e r m i n c d b y m u l t i p l y i n g t h c n r c a n w c t a n d d r y e g g m a s s c s ,
rcspccl ively, of eggs sarrplcd l ' rom that clutch at Time | ,  by the numbcr ol 'cggs in the clutch. For l 'cnrales whosc
clutch was halved in sizc, thc nuntber ol 'eggs in thc clutch was thc sum ol ' thc crgs rernoved at Timc I and at
Tirnc 2. Rclat ive clutch mass was not deternrincd l i rr  l 'cnralcs l iorr thc rctaincd-cntire clr.r tch trcatntcnt bccausc
their eggs wcrc not salnpled at Tirnc l .

Stut ist i t 'ul  unulyses

To reduce pscudorepl icat ion, analyscs involving eggs, embryos and hatchl ings wcrc bascd on clutch means f irr
cach treatment and sample date. For cxamplc, i l '2 embryos wcrc stagcd at Time 2l iom a clutch in the retained-
cntire treatment, then thc stage f irr  that clutch and t inte was the nrcan f irr  those 2 individuals. Only conrparisons of
mortal i ty during incubation were based on obscrvations of individual cggs.

Al l  paramctric analyses were conducted using SAS softwarc (SAS Insti tute Inc., l9lJ5). Means are givcn
( + S.E. ).  Analysis of covariance (ANCOVA) was perl irrrned only when slopcs were judged homogcncous (P > 0.2
in al l  cases). Stage of embryonic dcvelopment was uscd as the covariate fbr intcrspecif ic comparisons o1'
chorioal lantois area. I  considercd that stage could be uscd as a quanti tat ive variablc because i t  is l inearly rclatcd tcr
the age and mass of 'embryos over thc ranges ol 'stages obscrvcd in this study (Andrcws & Rose, 1994; Mathics &
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Andrervs, 1996), and the relationship between chorioallantois area and stage w_as linear. Non-pararnetric analyses
fbl lowcd Siegel (1956). Fisher exact probabil i ty tests were used insteud of 1- tests vvhen the smallest expected
frcouencv in a cel l  was fbur or less.

Results

Egg mortulity, intubation period and muss of'hatchling.s

Mortality of eggs of Sceloporus.st'oluris and Sceloporus virgatus that were incubated tiom the time
of normal oviposition. t lrat is, eggs fiorn control plus retained-half clutcl.res incubated f}om Time l,
was low, avcraging 19 and97o, respectively. and did not diff-er between species 1ar - {t.7. P >> 0.05.
Table I ) .

In contrast to the similar rnortality of eggs incubated fiom the time of normal oviposition. eggs of
the two species dil ' l 'ered in thcir respolrsc to rctention. The mortality of cggs of S.stakrris that wcre
incubated afier retention in uter() was similar to that of cggs that were laid at the tirne of normal
oviposition, and thc overall mortality o1'cggs in all treatments was l3olo (Table l). The mortality of eggs
frnm cnntr<ll clutches and of eggs in entirc clutches retained to Tinrc 2 did not dil ' l-cr (1' : 1.1 , P >
0. I0). Morcover, mortality of eggs in retained-half clutchcs that werc incubated fiom Time I and eggs
l'rom the sarne fi 'nralcs that werc retained to Time 2 and then incr"rbated also did not dif l 'cr (P > 0.05.
Fishcr exact tcst). In contrast, eggs from control clutches of S. virgutu.r had considcrably lowcr
rnrr l ta l i ty  (  l0%,)  than eggs l - rorn rc ta ined-ent i re c lutches (81{ /o)  (y '  :  l t l .  l ,  P < 0. (X) l ) .  S imi lar ly ,  eggs
in rctaincd-hnlf clulches that wore incubatcd l iom Time l had lower rnortality (f l%) than cggs l 'rrm the
sarnc I 'emalcs that wcre retained to Time 2 nnd then incubated (9Vk) (P < 0.01, Fisher cxact test).
Thus, hatching success of S. .v'rrlan.r'eggs was not afl 'ectcd by egg retention bcyond the tirne of normal
ovip<rsit ion, whilc the hatching success <tl-5. virgatu.r eggs that welc retained was considerably
decrcascd.
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The length of the incubation period for S. scalari.s was not afl'ected by egg retention beyond the
time of ncrrmal oviposition, while the incubation period fbr S. virgatu.s was increased (Table I). For
S. st'ulori,s. the incubation period lbr control eggs did not difl-er-liom that of eggs that were retained to
Time 2 and then incubatcd (39 versus 4 l  d,  respect ive ly ,  F l .12 :2.8,  P:0.  123,  ANOVA).  Eggs f iom
retained-half clutches incubated fiom Time I were not included in this or the fbllowing comparisons of
hatchling mass to maintain independence (eggs frorn the same females are in both groups of the
retained-half clutch treatment). In contrast, for S. virgatus, the incubation period fbr control eggs was
significantly shorter than fbr eggs that were retained to Time 2 and then incubated (43 vs. 52 days,
respect ivc ' ly ,  Fr . r .  :  25.1,  P < 0.001,  ANOVA).

For S. scrtlrtris. the dry mass of hatchlings from control cggs was similar to the dry rnass of
hatchlings from egus that were retained to Time 2 and thcn incubated (38 versus 43 rng, respectively,
Fr.r: : -5.8, P : 0.033, ANOVA) (Tablc I). Sirnilarly, for S. virgatus, the dry mass of hatchlings tiom
control eggs did not differ front the dry mass of hatchlings fiom eggs that wc're retaine'd to Time 2 and
then incubated (6 l l  vs.6-5 mg.  respcct ive ly ,  (Fr . ro:0.4,  P:0. -553.  ANOVA).Egg retcnt ion thus d id
not affbct the size ol'hatchlings fbr either species.

Tintc I : Fcnutlc,s untl cltrtclrc.s

Sceloporus sculuris l'ernales were smaller than S. virgutu.t l'emales with rnean gravid/post-gravid
rnasscs <rf 5.6/3.3 vcrsus 9.2/5.7 g. respcctively (Table l l). St'elttporus,st'uLuris also had srnallerclutch
l l lusses (Table l l ) .  i tnd lowcr re lat ivc c lutc l r  rnasses as wel l .  I  cvaluatcd re lat ivc c lutch rnasses wi th
ANCOVA's where- wct or dry clutch nrasses wcre thc dependcnt variables, spccics was the class
variablc, and mass ol'thc post-gravid f 'emalc was thc covariate. Relative to thcir body size, S.,yt'ularis
had fower wct  and dry c lutch n lnsses than S.  v i r l lu tLts  (wet  mass:  F l .2g:  l -1 .0,  P:0. (X)2;  dry nrass:
F r . : o :213 .1 ,  P  <  0 . (X ) l ) .  A t  t he  g rand  cova r i a t c  r ' ncan  (pos t -g rav id  mass  o l ' l ' cn ra les :4 . -5  g ) ,  t hc
ad.lusted wct clutch rnasses wcre 2.2 and J.6 g and thc ad.justcd dry clutch masscs were 0.7 and 1.2 g,
rcspcctivcly. Relativc clutch masses (wct clutch rnass/post-gravid f 'ernalc nrass) based on rcsr"rlts ol 'thc
ANCOVA wcre 0.-5 iLncl 0.fi. rcsl.rcctivcly. Both S. sculuris and S. r ' irgrrl l ,r 'procluccd tn averasc o1'l0
oggs per clutch. Thus, S. scolrtris had snrallcr relativc clutch rnasses than ,t. virgutus, although thc
nunrbcr of eggs per clutch was thc samc.

Tirnc I : Egg,s trtrl cmbr.t'o.s

At Tirne l, eggs and embryos obtaincd fiorn control and retaincd-hall 'clutches should have had
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similar attributes, and this was true in general (Table III). However, fbr both species, water content of
eggs was greater for the control than the retained-half clutch treatmerrt, ancl this difference wiis
statistically significant for S. ulrgalus. A possible explanation is that control eggs took up water
between the time that f-emales were injected with oxytocin and oviposition. Eggs from clutches that
were surgically reduced in size wor,rld not have lrad this opportr"rnity to take up additional water. The
higher masses of eggs in control group than experimental retained-half clutch treatment reflect the
relatively high watercontents clf control eggs, that is, the dil lerence in egg mass of the two treatments
is very similar to the clif ' ference in water contents. In addition, fol S. virgcla.1, the clry mass of emblyos
fiom control clutches was greater than that of enrbryos fiom retained-half clutches, and this diff 'erence
approached statistical significance.

Differences between the control and the retuined-half clutch treatments at Tinre I (init ial valucs)
could confbund comparisons between these treatrnents at Time 2. Moreover, if comparisons betwecn
these two treatments are confilLrnded by their init ial values at Time l, then compitrisons at Time 2
between these two treatments and the retained-entire clutch treatnent a|e also problematical (at Time
l, rctained-cntire clutches wcre inside f 'ernales and not sampled). To assess this potential problem. I
condr"rcted a l irrther set of analyses.

To dcterrnine if the relatively low watcr contcnts ol 'cggs tlom the retained-half clutchcs of ,S.
scaluris and S. r,lr,gatl.r at Timc I afl'ected the results of comparisons at Time 2, I perfirrmed
ANCOVAs with the witter content of cggs at Tinre 2 as the depcndent variable. water contcnt at Tirnc I
as tlre covariate. and treatmcnt (control versus letained-half clutch) as the class variable. ForS. ,r 'r 'ahrri,r '
and S. r,rrgatu.r, the water contents of eggs at Tinte 2 were related, albeit weakly, to water contents at
T i m e  l ( F r . x : 7 . 4 , P : 0 . 0 2 6 a n d F , . , , : 6 . 6 r . P : 0 . 0 3 0 , r e s p e c t i v e l y ) . b u t t r e a t m e n t d i f t ' e r e n c e s w e r e
h i g h l y s i g n i f i c a n t ( F 1 . 5 : 4 7 . 8 . P < 0 . ( X ) l  a n d F l . e : 1 8 . 0 . P : 0 . ( X ) 2 , r e s p c c t i v e l y ) . T h u s , c g g r e t e n t i g n
affbctcd the water contcnt o1'eggs at Tirne 2 independerrtly of thcir water content at Tirne l.

To dctermirtc if thc rclatively low ernbryo nlasses ol' retainecl-half clutch eggs of .5'. r ' lr ' .grr1u.r at
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Time I affected the results o1'comparisons at Time 2, I performed an ANCOVA with the dry mass of
embryos at Time 2 as the dependent variable. their dry nlass at Time I as the covariate, and treatment
(control versus retained-half clutch) as the class variable. Embryo dry mass at Time 2 was not related
to embryo dry nrass at  T ime |  (Fr .q -  0,  P:0.999),  but  t reatments d i f fbred s igni f icant ly  (Fr .q:6.2,
P : 0.034). Thus, egg retention affbcted the mass of embryos at Time 2 independently of their mass ilt
T ime L

Titrte 2: Eflect ti'trealnlent ()n eg,gs ancl entbrwts

In general, egg retention beyond the date of normal oviposition afl-ected eggs and embryos <lf both S.
sc 'u lur is  andS. r ' l r ,qzr l r r .s .and. fbra l l  compar isonsinwhichsigni f icar l t t reatmentef t 'ectsweredetected.
these elfbcts wele the result of differences between the control and the two cxpelimental treatrnents, in
no case did the two experimental treatmcnts diffbr significantly (P > 0.05. Ryan Einot-Gabriel-
Welsh multiple range tests, Table lV). Control eggs were hcavier and contairrcd more water than
expcrirnentally retaincd eggs. Control cmbryos had grcatcr clry nrasscs than experintental cmbrycls and
had greater water contents. Thc developnrental stage ol'enrbt'yos did not vary anrong treatnrents tirr S.
.st rrlrtt ' i , t. but did l i)r .S. l 'rr.q(//rr.s.

For both species, eggs l iorn thc experimental rctained-hall 'clutches appearcd to be heavier and
contairr more water than eggs fiorn the experinrental retained-cntire clutches. although these
clif l 'crences were not statistically signiticant as judgcd by a posteliori compulisons. To determine i l '
these comparisons were conftlunded by variabil ity ol 'crowding (nurnber ol cggs) in the abdominal
cavity of f 'emalcs and variabil ity in thc size of eggs as indexed by thcir dry mass exclusive of the shell,
I calculated resicluals firr the tir l lowing twu relationships firr each specics scparately. First. I ohtained
the residual virlues firr thc rrrgrcssion ol' thc dly weight ol ' thc clutch (to corrcct for variablc water'
conlent) contained by expcrilncntal f 'emalcs at Time 2 and thcir post-gravid mass. Second, I obtaincd
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the residual values fbr the regression of mean water content (extraembryonic plus ernbryonic) of eggs
as a function of theil mcan dry mass (extraembryonic plus ernbryonic). These two sets of residuals
should exhibit a negative relationship if the watel content ol 'eges is related to the degree of crowding
in the ov iduct .

For both species, thc water content of eggs (corlected fbr their dry mass) was negatively rc'lated to the
dry rnass of the clutch (corrccted fbr l-emale body size) ( Fig. 2 ). Fclr S. .rrrlrrn^r, water content of eggs was
not significantly related to the dry mass of the clutch (Fr.o : 0.9, P :0.37), and treatment was not
signilrcant (Fr.r, : 0.5, P : 0.5 lU, ANCOVA, water content was the dependent variable. thc dry rnass of
the clutch was the covariatc, and treatment was thc class variablc). However, lirr S. r,irgarr.r, water
content ol 'eggs was significantly relatcd to the dry rnass of the clutch (Fr.q: 5.6, P : 0.042), and
treatment  was not  s igni f icant  (Fr .e:  0.4,  P:0.559,  ANCOVA, as t i r r  S.  .srzr lar is) .

Tinte 2: lnterspct'i.fic tompuri.sorts ttl eggs und embryo,t

Thc el' lcct ol egg retcntion on developmernt and water uptake was less plonounced firr S. scrrlrlr i,r '
than S. r ' irgatl,r ' . First. clespite the Iact thlt S. .rcalrrri.r 'crnbryos wcre smallcr and less advanced in stage
than S. virgutus embryos at Tirnc I, cxperirnentally retained crnbryos of S. .rcalrrri,r 'were largcr and
rrrrrrc advarrccd in stlgc than expcrinrcntally rctaincd enrbryos <tl '5. virgutu.r'at Tinrc 2. Second, lt
Tirnc 2. the stages of cxperirnentally retained cnrbryos of S. .r 'r 'rr lzrrls clid not diffbr f ionr those ol'
contrrrls, whilc thc stagcs ol'cxpclimcntally rctaincd ernbryos <tl-5. r, irgutu.r wcre significantly less
atlvanced than thosc ol'controls. Thus. devclopnrcntal ratcs ol'S. ,srrrlrrl l .r '  ernbryos werc less retarded
(based on both changc in rnass and in dcvelt)pmcntal stagc) than S. virgutus ernbryos alicr thc sarnr-
lcngth o l 'e  x tcndcd c! .S re lcnt i ( )n.

For b<lth specics, control eggs trxrk up considcrlblc urnoulrts ol ' water between oviposition and
Tirrre 2; S. stuluris and S. r,rr,qall.r 'e-ggs quadrupled and doublecl their watcr contcnts. respcctivcly. In
contrast, cggs that werc retained ti l  Time 2 (Tablc- lV) took up considerably srnallcr anrounts ol 'watcr,
and the absil lutc alrx)unts takcn up lry thc tw<l specics wcre vcry sirnilar. l- 'or cxamplc, at Tirne l, cggs
l i on rS .  su r l u r i s  had  I20  +20 :  I 40 rngo l 'wa te r ' ( cx t rac rnb ry r tn i cp lusc rnb rvon i c ) ,wh i l ea tT ime2 .
cggs l 'rrrrn the rctaincd-hall 'and rctaincd-entire clutches had 134 + -59 : 193 nrg and 9t) + 5l :
l -5(r rng.  respcct ivc ly .  At  T i rne I .  cggs l ' rorn rc t t incc l -hal l 'c lu tchcs o l 'S.  t , i rg ,u lus had 162 + l t l  :

200mg ol'watcr. while at Tirnc 2. cggs l iorn the rctaincd-half and rctaincd-entire clutchcs had 203 *
-5-5:2-58 rng and 157 +.54:2 l l  rng,  rcspcct ivc ly .  Thus,  cgrrs l rorn reta ined-hal l 'c lu tches t rxrk up
aboul -50 mg ol'water and cggs l iorn retainetl-entirc clutchcs took rrp about l-5 rng.

The density ol 'eggshells <ll 'S. ,r 'rzr/nrr.r and S. r, irgall,r were 3.0 vcrsus 4.9 rng/cmt. rcspcctivcly
(Table I l l ,  Contro l  groups,  t r r  :  10.  I .  P < 0. (X)1,  1- test ) .  Assuming thal  thc st ructurc of  cggshcl ls  is
sirnilar bctwccn thc spccies. thc lcss dcnse shells of S. .scrr/rrrr,r 'cggs shoulcl exhibit highcr conductivit l,
to watcr and gascs thrn S. r ' lrgatir,r 'shells.

The choritnIIunltti.s

At thet imeol 'norrnal  ov iposi t ion(Ti rne l ) . the chor ioal lanto iscovcred20 60%,ol ' the innersur lace
area of thc control eggs in both specics (Fig.3). At Timc 2, lu-19 days later, embryos fionr control
cggs of  both specics wcre at  s tages 36-3f l  and thei r  chor ioal lanto is  ( r r :  I ,  S.  sculur i , r ;  r r  :4 .

S. virgatus) covercd the entire inner surfacc ol'the cgg (n<lt i l lustrated).
In contrast, cgg rc-tentir>n retarded the dcveloprnent ol ' the chorioallantois firr both species, but

espccially so firr S. t, irgutus (Fig. 3). At Tirne 2, the chorioallantois of all ernbryos l}om retainecl-cntirc
clutches werc smaller (Fig. 3a) than thosc of embryos l iom control clutches (coverage was l00o/o).
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However. the chorioallantois of S. scalaris embryos were less retarded in development, i.e. closer to

l0g7c coverage. than those of S. r ' irgatus embryos whetherexpressed as apercentage ofthe surface

area of the egg (Fig. 3a), or in terms of absolute size (Fig. 3b). The proportion of the surtace

area covered by the chorioallantois was significantly larger for S. scalari,r' than S. virguttrs embryos

S. scalaris0 .12
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Frr ; .  2 .  Thc  rc la t ionsh ip  be t rveen the  rcs ic lu r l  wr lo r  con teu t  o l 'eggs  (c ( ) r rec ted  l i r r  the i r  t l r y  r lass)  an t l  thc  |cs idu i t l  d tv  t t tass  r l l

t lrc cfutch (c()rrcctcd ttrr thc body sizc of thc lcrlale) l irr cggs lront clutches that had been retainecl ln utent lttr lu l9 d The

negut ive  re l i t t ionsh ip  hc( rveen thcsc  rcs i t lua ls  ind ic tL t t -s  tha t  thc  a l roun(  t t f  w t t tc r  in  ind iv idua l  cggs  is  a  func t i t tn  o l ' the  degrec  o l '

cr()wding i1 the ab6gltinal cavity. For neither .!. strrlaris r)or .\ ' . r lrxdllr were treatlnent effects signil icant. Lcitsl squrrcs

regrcssi6n l incs arc shown fbr thc poolcd trcatmcnts. Hall-t i l led squares roprcsent the experinlental clutches thirt had been

re t lucec l  in  s ize  by  surg ica l l y  ren lov ing  one ov iduc t  and t i l l ec l  squ l l rcs  rcprcsent  the  cxper i rnent t l  c l t t t chcs  th l t t  wcrc  cn t i rc .
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(Fr.:o: 42.3, P < 0.001, ANCOVA), with acljusted means of '72 
and,42a/o,respectively. The absolute

size of the chorioallantois was significantly greater for S. scalari^s than S. virgatus embryos as well
(Fr .zo:  9.2,  P:0.007,  ANCOVA),  wi th adjustec l  means of  1.38 and 1.04 c;2,  respect ive ly .  These
analyses were repeated using embryo clry mass as the covariate rather than stage, yielding identical
statistical conclusions.

0.8

33 34

Stage
Ftr ;  3 (41 Rclat ivc area (%) of  the chor ioal lankr is as a l lnct ion ol 'cmbryo stagc.  (b)  Area lcrnr)  of  the ch6r i6al lantois as a

tunctitrn ol'clnbryo stagc. Opcn itncl closed symbclls represent S. sttiluri.t ancl S. ulr,gata.r, respectivcly. antl circles represent
con t ro l eggs i l t ov i pc t s i t i on (T imc l )andsqua res rcp resen teggs f ron rcxpe r i r nen ta l l y re ra i ned -en t i r ec l u t chesa l i e r l l l  

l gdayso r
retent ion (Tin le 2) .  Control  cggs at  Timc 2 arc not  shown because their  chor ioal lantoic area was l (X)% in a l l  cases.  I . i t ted
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Discussion

Interspecifc difteren<'t's in the e./J'ect.s of e.rtended egg retenliotl

Previous observations indicatecl that development of ScrlrTorus sculuris embryos wils r.rot alfected
by up to 30 d of extended egg retention. while a similar length of retention retarded the development of
Sccloporus virgatus ernbryos (Andrews & Rose l99zl; Mathies & Andrews 1996). ln this study. the
prediction that embryonic developme nt of S. scaluris would be less affbcted by extended egg retention
than tlrat of S. r'lrgatu.r was confirmed. For exanrple, extended egg retention by S. sculttris did not delay
hatching or increase egg rnortality, while extended cgg retention by S. uirerrrrr.r delayed hatching by an
average of eight days and the nroltality of expelinrental eggs was considerably higher tharr that of
co r r t r o f  eggs .On t l r eo the rhand ,wheneggswere  i nu t cn t ,embryon i cdeve lop rnen to f  bo thspec ieswas
retalded, although less so fbr S. sc'clrrri,s than S. virgatu,s. For example, at Time 2. experimental
embryos of S. .scrr/nri.t were 640/o of the rnass of control embryos. although the two groups did not
difl-er in stage, while experirnental embryc'rs t-tl' S. virguttrs were 4OC/o of the ttrass of control erttbryos
and two slagcs earlier in developrnent.

In contrast to previous studies, however, cmbryonic clevelopmcnt of S. ,rt zrirrrl,r whilc ln utcrl) was
allcctcd by extended cgg retention, although the developrnent ol 'ernbryos fiom expcrimental eggs
caught up with the dcvckrprnent of embryos fiom contlol cggs by the tinre of hatching. Why was
embryonic developrncnt ol-S. ,rcrrlarl.r al ' l 'cctcd by extended cgg retention in this study but not in
thc prcvious study'? Thc two studies wcrc identical in clesign cxcept thut respcctivc incu[.ration
tellrperatLlrcs averaged 27'C in this study itntl 26oC in the study by Mathics & Andrews (1996). Thus.
the rclatively high incubation tenrperaturc, through its el ' l 'ects on the nretabolic dcrnands of the
embryos, may have aflected thc abil ity of f 'ernale S.,r 'rrrlari,r ' to extend c-gg rctcrrtion.

Ernbryonic deveklpnrent ol ' S. r,rr,galr.r is retardcd by cxtended egg rctcntion (Andrews & Rosc,
1994), and this was true of this study as wcll. As expectcd. thc mean higher tempcratures (27 vs. 25 "C)
used in this study rcsulted in lastcr dcvcloprnental rates than observed by Andrcws & Rose ( 1994). but,
as - judgecl  by thc low nror ta l i ty  o l 'contr< l l  eggs,  thc h ighcr  ternperaturcs / ) ( ' / ' , \ ( '  were not  in i r r t ica l  to
emblyonic developnrcnt. Only 9%,ol control cggs dicd during incubation in this stLrdy and only l2%, it ' t
the study o1 'Andrews & Rt>sc (1994).  Thus.  incubat ion tcrnperatures uscd i r r  th is  s tudy were wi th in thc
rangc of temperaturcs at which successlul dcvcloprnent ctl '  S. virgutus occurs.

TesIs ttI hv1xttha.tct

Why wcrc embryos o1' ,S. .rcaftlrls less all'ected by ,--gg retention than cggs of S. r,lr,gntrrs'l I tcstcd
scveral hypotheses on proximate bases l i lr differences betwccn the species. One hypothesis was that
S. st'uluris would have a krwer relative clutch rnass at the normal t irnc of oviposition than S. r, irg,atus,
and thus eggs o1' S. sutlaris would have more room lbr cxpansion as a result o1' water uptake. This
hypothesis was acceptecl as S. st'uluri.r hacl a relative clutch mass of 0.-5 while S. r, lr,gnru.r had a
relatively clutch rnass of 0.8. I also tested the hypothesis that eggs of .t. .rcrr/zlrl.s woulcl take up nrore
water irr uterothan eggs of S. virgutu.\. This hypothesis was not supported. Experimental eggs ol'both
species took up comparable amounts of water while ln utent. anrJ ernbryos ol'S. .sr:alrrris and S. r ' i  rgalu.r'
were similar in dry mass (7 and 6 mg, respectivcly) when eggs werc sampled at Time 2.

The quantity of water in eggs was negatively related to the crowding of eggs in the abdominal cuvity
for both species. These statistical relationships were weak. probably because of small sample srzes.

Qualls & Andrews (unpubl. clata) fbund a strons negative relationship between the quantit l '  <lf water irr
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eggs and the crowding of eggs in the abdominal cavity fbr normal cltttches of both species. Thus.
hydrostatic pressure Iimits water uptake by eggs of both species.

Andrews & Rose (.1994) suggested that water, rather than gas exchange, might l imit embryonic
growth inutero.However,despi tethehighelwatercontentsof  eggsf iomreta ined-hal f  c lutchesthan
eggs from retained-entire clutches. the stages and dry masses of embryos did not differ between the
two experimental treatments, nor did hatching success or hatchling dry mass. In a parallel study.
maternal provisioning of water or minerals for viviparous snake embryos by f-emales with normal
clutclres and with clutches that wcre surgically reduced in sizc did not differ (Sangha et al.. 1996).
Thus. in this study, relatively high water contents of eggs from small clutches werc either insuffie ient
to promote normal embryonic development, dcvelopnrent was not l inritcd by the availabil ity of water.
or the experiment was not continued long enough to detect negative eff 'ects ol-water availabil ity on
embryonic developmont.

The remaining hypotheses that I tested concerned morphological f 'eatures associatecl with btxh gas

exchange and water uptakc. The hrst of thcse f 'eatures was the cggshell. In general, the evolution of
extendcd egg rcfention ancl viviparity is associated with the production of relatively thin cggslrells
(Guil lettc & Jones. l9tl5; Heulin, 1990). With rcgurd to their reproductivc biology, both thc S. stuluris
and S. l, irgrrlus that I studied appcar to be typical oviparous l izards: mean sti lge at oviposition is 32. and
thc incubation period is 6 weeks or morc (Andrcws & Rose, 1994; Mathies & Andrews, 1995) this
study). But, despite these f 'eatules, eggs olS. sculttris had significantly t l.r inner (less densc) shells than
cggs of S. r ' irgri l ls. Thc lower density of S. .r 'rzrlrrri,s eggslrells could rel ' lect thinner or lcss porous
shells, either o1'which would lcad to highcr concluctance.

Thc seconcl nrorphological I 'eaturc I considered was thc chorioallantois. Because the chclrioallantois
is the putative surlirce of'gas exchange li lr the errbryo. I hypothesized that this structure should be
larger tol S. sttt luri.s than .1. virgutus. At thc time of nolmal oviposition, ernbryos ol'S. ,r ' t 'rr1ari.r 'had
absolutely and relativcly larger chorioallantois than embryos of S. r, irgrrfrr,r (Fig. 3). At l ' irnc 2, the
ch<rrioall irntois ot'S. sculuris embryos were sti l l  absolutcly and relatively larger than thosc of'
5'. yl{E'.rl l .f crnbryos at the samc stages of dcveklpnrcnt (Fig. 3).

Thus,hothhypothescs, thatS' . . r ' r 'a l r r r i , randS. v i rKutu. t  woulddi l ' f 'c r in theth icknessol ' the i rcggshel ls
and the size o1'the cholioallantois, wcre acccpted. Both l 'catures would enhance gas exchange and
water uptakc'by eggs ol'J. .rrrrirrrl,s relative to thrlsc ol S. virguttrs. Howcver, gas exchange is I ' ttorc
l ikc ly  to be cr i t ica l ly  fac i l i ta tcd by re lat ivc ly  th in cggshel ls  and re lat ive ly  large chol ioal lanto is  than ts
watcr uptakc. First. gas cxchangc is l ikely to be l imitcd by thc thickncss of thc eggshell becattsc thc
difl 'usion ol'()2 and CO2 is rluch slower in watcr than in air (De.jours, 197-5). and the ditTusion
pathways thnrugh thc shcll are l i l led with watcr while the cgg is in the oviduct (Thompson. 198-5). In
contrast, water uptake of eggs is unlikely to be rclated to the thickness o1'the eggshcll par,re because of
thc rupid dilfusion ot water through the porous eggshclls of small l izards (Vleck, 199 l). Second, the
extensivc vascularization ol' the chorioallantois. and its physical proxirrrity to the mtlst higlrly
vascularizcd areas of the oviduct (Weekes. 193-5; Masson & Guil lette. 1987). presuntably serve ti l
t irci l i tate gas exchange firr the dcveloping embryo. In contrast. water is takcn up over thc entire surt'acc
ol ' the shcl l  ( f i r r  tur t lc  eggs,  at  lcast)  (Thompson,  198-5) ,  and thc movement o l 'watcr  among
conrpartmcnts within the eggs is along osrrtttt ic gladients (Htlyt, 1979).

Wuter uptuke attd gntu'th tl tlte t'lrorioalluntttis

The water reservoirs of the eggs of oviparous l izards tunction, in part, to buf-fer the embryo fiom
changes of water availabil ity in the enviroument, and eggs of small l izards take up large quantit ies ol
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water(Andrews&Sexton,  198 l ;V leck,  199 l ;Shadr ix  eta l . ,1994' ) .  Despi tesuggest ionsthat theyolk
sack and associated membranes are the site of water uptake by eggs (Weekes, 1935; Blackburn, 1993).
rny observations indicated that considerable water uptake occurred through the choriclallantois. The
chorioallantois of control eggs of S. sculuris and,5. r 'rrgalus coveled the entire inside of the shell
during half or more of the total incubation period. As water influx into eggs of both species continues
throughout the incubation period (Andrews & Rosc, 1994: Mathies & Andrews, 1996), much of the
influx of water into eggs occurrcd through the chorioallantois.

Control eggs took up large quantit ies of water. and the largest f luid compartment clf eggs was
the allantois, as judged by thc quantity of f luid immcdiutely under the chorioallantois and surroundinc
the embryo and the yolk. My observations support the conclusion of Packard & Packard ( l98U) that the
fluid compartment of squamate eggs that many authors (e.g. Badham, 191 l) assumed to bc albumen.
was actually allantoic fluid. More recently. clcrronstration that protcins in eggs of Anolis pulchellus are
not ol 'oviductal origin (Corclero-Lirpcz & Morales, 1995) suggcsts thi.rt sonre l izards. at lcast. do not
have a tlue albuntcn layer'.

My observations further suggcstcd that water uptake was a more inrportant proxinratc determinarrt
of the size ol'thc chorioallantois than the mctaholic requirenrenls of cmbryos. The allantois ol 'control
cggs expancled to accorrrnodate a large influx of'watcr, and expansion sinrultaneously increased thc
cxtcnt of the chorioallantoic nrembrane. ln contrast. cxperirnentally retaincd cggs ttxrk up relatively
l i t t le  watcr ,  and the extent  o l ' thc chol ioal lanto is  at  T i rnc 2 was less than that  o l 'cot r t ro l  eggs.  The
slowcr growth of the chorioallantois <lf the experimental than the contlol embryos was inexplicable in
terms of'embryonic rcquirements lbr watcr or f rlr gas exchange, givcn thtt e mbryos in btlth control and
rctained eggs would havc had the sanre recprircrncnts, at lcast init ially. Thc sizc of the chorioallantois
o l ' c xpc r i r ncn ta l  embryos thussccms tohavebeende te rm i r t cc l  bywa te r r rp take  pe rs ( . l t ' t h i s i sco r rec t .
then an aclclit ional bcnctit o1'water uptake l irr thc cggs o1'snrall squarlratcs is to increase thc surlace arca
o1' the chorioallantois, t lre r.nembrane rcsponsiblc fir l gas exchangc botwcen the enrbryo and thc
cxternal  sur lacc o l ' thc css.

I t tr p I i t' u t i r tt r,s .fi t r t I r c c t' r t I u I i t t t t t t I v i r.' i pu r i t t

One impl icat ion o l ' rny lcsul ts  is  that  se lect ion l i r r  cxtcnded egg retent ion and thc u l t imate evolut ion
ol'viviparity would be more cl ' l icacious in sorne groups than othcrs. Assurning that thc population ol'
S.  ̂ srzrlrrrrs that I studied is typical o1'the ancestral phcnotypc, pre-existing reproductivc traits of
th is  spccics w<lu ld f i rc i l i tu te invasion of 'h igh e levat ions whcrc cxtcnclec l  egg retent ior l .  i t  putut ivc
transitional stage in the evolution ol' viviparity, is adaptivc. Subscquent selcctit ln l irr f irrther'
reproductivc modifications could thcn rcadily occur'. This sccnario is supportecl by the widc
distribution at moderatc elcvations of oviparous spccics in the ,r 'r 'rr lrrrl.s species group and the more
restricted and high elevation distributions of the viviparous taxa (Sites er ul..1992\. Morcttvcr, t 'cmalcs
<tf Scaloporu.\ u(ncLts, anuther high elevatiort oviparous metnber ol 'the .rrzlzll is spccies {rt lup. can alscr
cxtend egg retention wcll bcyond the nornral stagcs at oviposition (at least to stagcs -l-5-36, Andrews.
unpubl. datir). On thc otlrer hand, if the S. .r 'czrlrrn.l that I studied are clcsccndants of high elevatiott
pirpulations. then thc abil ity of S. sculuris l iom rclatively low elevations to cxtend egg retention with
litt le efl 'ect on embryonic development may sirnply rcflect phylogenetic history rathcr than present-day
ecological circumstances.

In contrast, S. virgulu,s is in the Ltndululu.\ species gloup. All metnbers ol'this groul.r are oviparous.
although rcpresentatives afe found at high latitudes and in montanc habitats, suggesting the presence
of constraints to reoroductive modifications that would enable the successful extension of egg
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retention. Because embryonic development of S. virgatu.r is retarded by extended egg retention,
successtul invasion of high elevations is less l ikely to be snccessful, or would require gl 'eater
simultaneous reproductive modifications, than fbr similar shifts in the range of S. sr'alaris.

At this tinre, my suggestion that t lre evolution of viviparity is nrore efficacious in sonre squalnate
groups than others, is best interpreted as a working hypothesis. It is, however. supported by the non-
ranclontd is t r ibut ionof theor ig insof  v iv ipar i tyarnongsquamatetaxa(Shine,  1985).Al ig t>roustestof
this hypothesis, however, requires a broader comparative analysis (see Garland & Adolph, 1994),
contrasting the reproductive f 'eatures of squamate l ineages that include both oviparous and viviparous
species to that of l ineages that are wholly oviparous. The limiting tactor tbr such an analysis is not the
availabil ity of appropriate taxa (Shine. l9ti5). but thc da(a on the phylogenetic relationships and
reproductive f-eatures ofthese taxa. Such a data set would contribute considerably to thc understanding
of the physiological basis for the evolution of vivipurity.
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