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~ k ~ s ~ ~ w c ~ ~ - H o n ~ d n c l ~ l ? ~ . s  tzeuczss is a small gekkonid l i~ard native to the Middle East and h i d  
tfl'tt is kr~o\\.n to ex1 tihit sexual clir~torphis~ n in head size. Several potential explanations exist f i ) ~  
the cvolr~tioil arlcl ir~airltcrtxncc of sexual dirnorphisrn in li/arcis. LVt teateti 2 of thrsc competing 
trypot hc.ses c.orlt.cr rtillg <lie[ par titiorii~lg artd tiiffc-rential grcnvth. We folind no tiifft:rtbnct.s i l l  av- 
erage meal s i ~ e  (volume) or in rtny single dimension of prey S ~ L P  fi)r sinlilarly sirecl males ancl 
fcnla1c.s. Allor~lt~tric patttbrrls of illcreascs in head s i ~ e  also wcrc. rt~c.asui.ecl in 1~1aIes and fi.male\. 
?Ye foulld tliat rnalcs exhibited a r~lixture o f  isor~lctric and positively allo~netrit patterns of ileacl 
si~c. inc.reasc, \+,ttt'~<'i~\ fc~irlalcs rx1til)itcd isornt'tric. altcl ~icgativcsly allorrtctric patterns. 'I'lttr\, we 
conclrided that sexual dimorphism in head s i ~ e  is not the result oi diet partitioning hut instead 
t)i differential growth pat terns following sexual mat~lrity in males and females. 

I<~sr~at~x-X-Xf*tt~i(Lc~(~l~~\ tzl?-(-inrt cs urla pcquella lagartija nativa del kleciio Orit-ntc y Asia clue 
cbxhibc tiirriorfisrrto st.xual t.rl cl trzlnafio de la calje~rz. Val-iax posiblrs explicaciones cxistcrl para 
lrt evoluci6n y el mantenirniento cle dirnorfismo sexual en lagartijas. Probanos clos cle estas hi- 
136tesis cur~trarias I-eft-I-entcs a fri~grncntaci6n de clicqa y crecinliento difcrencirtdo. No encontrarnos 
~linguita difcrcltcia c.11 el tarnalio rrtectio del alirnc~nto (vo1urnc.n) o en ninguna Gnica clirnensi6n 
(lei taxrt;rl?o tic I't prcsa palit rrtaitios y t.rerr1bl.a~ tic. titrnafios selri<:jar~tcs. Patrorlcs alornetricos de 
autnento cfel tarnrtfio cle la cabem f ~ ~ e r o n  medidos en inat hos y hembras. Encontr-amos que 10s 
machc~s exhibieron una metcla d r  patrones isom6tricos y positivamente alom~tricos de ;irlmento 
del tarnallo clc la c;iht./a, xtiicntras cluc las hernhras vxhibic-ron patroncs isontCtricus y negativa- 
rrtc.ntc alorrtCttic os. C:ollcluirrios clllc el dilnorfisirio sexl~,il cbn t.1 tarnailo tic la cai)e/a rlo eb el 
rc.\ultatio tlc 1'1 fragrnc.rttat i0n tic la clieta sino tick p;itrorlcs tlifert~nc~iales tie (.I t.c.irr~it.rlto clespu6s 
de la madurer. sexrial cIe machos y l-trmhras. 

Male ljiased sexual clinlorpi.iisrn in liead s i x  
is comrrlon arrlong lizards arid is tl-rought to 
evolve through 3, not rrlrltually exclusive, selec- 
tion pressures (Vcrwaijcn et al., 2002). hlale 
biased sexut-tl tlixx~orphisrrt coiild at-ise via difl 
fcrential mating success bet\vccn largc and 
small incIi\iduals. Tn this classic explanation ot 
scstlal dimorphism, large ~rialcs gain greater 
acccss to females hy irnpro\led success in ag- 
gressive con tests with slrlaller inales (Trivers, 
19'76; Ancferson and Vitt, 1990). ,Another hy- 
pothesis poter~~ially explainixig rriale biased 
sexrtal dimorphism is the dietary divergence 
hypothesis (Schocncr, l!)ti7; Stamps, 1977; 
Preest, 1994; Verwaijeri et al., 2002), in which 

large rnales are able to consume larger and 
harder prcy items relative to females, thus re- 
ducing intersexual cornpetition. Finally in liz- 
ards, it has been proposed that large males, 
rnales wit11 larger head size, or large rriales in 
both at tributes have greater mating succcss 
than s~rlall rnales because they have more pow- 
erful copulatory biting behaviors and, thus, are 
bct~i-r able to cnsure f'el-tili~ation (Herr-el c*t al., 
1 996) . 

Alternative ~nodels of the evolution oC sexual 
diirlorpliisrn suggest that it can arise as a con- 
sequence of non-adaptive processes (Anderson 
and Vitt, 1990; Karubian and Swaddle, 2000; 
Cox et al., 2003). For example, size dimor- 
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p'riisrn will develop regardless of selection on that female heads get proportionately snlaller 
size if diffi-rential growth rates resulting ii-om fbr their size as they grow anif not that males - 
physiological, behavioral, and ecological differ- are under positive selection for greater hcaci 
cnces cxisr betcveen the sexes (rlndcrsoil anct s ix .  
Iyitt, 1990; Cordes et al., 1995; Sugg ct al., 1995; The objectives of' the current study were the 
Cox et al., 2003). The concept is t h a ~  fexnales fc~llowing: first, we exanlined the relatiotisliip 
devote energy to~rard reproduction immedi- bctwcet~ prey size and sex to test the hypothesis 
ately upon reachirlg sexual maturity w1-lereas that sexual dinlorphisrn is correlated wit11 dif- 
males contin~lc to tfevotc encrgy to~varci ti-rcnces in prey size (i.e., the dietary diver- 
growtli. geme hypothesis); second, allometi-ic trajec- 

The hlediterrancan gecko (t-lt.?nidac~y/us Lz~r- tories in hcad dimensions (length, width, 
cicus) was introduced into the United States ap- depth) were estirnatecl to quantiQ how pat- 
proxirnar.ely 90 years ago and is now wiclc- terns of growth were responsible fbr- the male- 
spread throughout thc Southeast (Stegnegei-, biased sexual dimorphism in head size (i.e., 
1!122). YIifany aspects of the biology of this spe- tiiff'erer~tial growth hypothesis). Examination 
c i a  hal~e been investigated in the United of thcsc hypotheses is not only irnportant for 
States (e.g., Rose anct f2ar.bout; 1968; Selcer, (.>us underst~ri ding of the causal rnechartisrns 
1 086; 'i'roir t ancl Sch~sancl; 1 994). I t is pre- behind tho goneration and main1 enaiice of the 
suined tliat its biology (e,g., cliet, :issociation sexual ctiinorphisrn, hut also for f~ltui-e corn- 
with rocky and arr ifirial striict xircs) is gt-ricrally parativc morphological and ecological work on 
the sarnc as in its native range; ho\vevc~-, little this species in its native habitat. 
ccological cclata exist on this species in irs nar- 
ural habitax to test this presun~ptio~l. 1Cegarc-i- 
less, 11-r. tur~icub exhibits inale-biased sexual di- 
rriorphis~n in hcad size, but not snou t-vent 
length (SVL) (Saenz and Conner, 1996). Saenz 
(1 996) f'c~ur-icl that female H. turcicc~s consume 
more ground dwelling prey, while rriales prey 
1ip011 a greater proportion of flying prey, sng- 
gesting dietary partitioning betkt-een the sescs. 
Hotvcver, thc absolute cliff krcnce in head sizc 
benveen rnales anti females Tras sinall (Saenz 
ailcl Connei-, 1996). Thus, the biological signif- 
icance of the dimorphism seerns questionalAc. 
If a 1->iological explar~a tims for the dirnorpllisirl 
is not apparent, then it seems likely that it 
rnight llave cfeveloped as t l ~e  result of a non- 
aclaptivc process, such as diflkrcntial growth. 

,Allomctry is the changc of shape of a mor- 
phological striicttlr-e (or structi~res) with size 
(Emerson and Bl-arrii-,le, 1993). fiecause the 
heacl is a 3 dixr.rer~sictnal, colxiplex structure, 
changes in its shape during growth inigllt have 
iruportant ect>logical arid filrlctiorial iir~plica- 
lions fix thc organism. l)crcrmining a1lomct.1-ic 
trajectories, or scaling relatioriships, for head 
sizc in [I. Lzcrcricus will establish how head siye 
dilnorphisrn cornes about during g~-oxvtll. As an 
example, rnales rnight exhibit isomctxic seal- 
ing, a 1 :1 relationship (slope = 1.0) bctiVeen 
head size and body size during gro~vth, and fe- 
males rnight show negative allometry, a slope 
of less than 1. Such a pattern tsould suggest 

~ I E I H C ) I ) S - - ~ \ ~ I ~ ~ ~  H. turcii-u.~ tvere collected on the 
campus of Step'tlcn F. Austin State University Nac- 
ogdoctles, Texas (94"38'50J\', 31 "37' ION) h~'tivce11 
19 April atlcl 15 October 1990. .Adults of this species 
are clefined as those individuals greater than 44 n~rn 
S \ Z  (Selcer, 1986). Indivicl~~als that had not yet 
r cached sexual maturity (i.c., those <44 rrllrl S\"f ,) 

werc riot included in the sainplc becartse we cvcre 
iinablc t o  relia1)ly dt:tertninc sex after prt-scarvatiori. 
Thus, the hypotheses tested concerned post-matll- 
rational I-csgonses in diet and growtl~. All 90 adults 
were fixed in 10% forrn,zlin aild stored in 70% eth- 
anol. Srio~xt-ve~lt lerigth, llcati lerlgth (prcrnaxillary 
to the quadrate; HL), maximum head width (MV), 
arlcl rilrixinluln head cleptll (HD) were ~neasured to 
the nearest 0.1 rrlrn for $40 individuals (45 male, 45 
fv~naie) . Stornachs were 1-ernot.cci from prt.servcd in- 
ciiviciuals, arid all prey items were inciivici~fiilly rnea- 
sured (length, ~\icith, and depth). For these same 
irldi\i<iuals, the average voiulne of all prey items in 
tlle stoinach (i.v., r~leal si/e; rnin? was cornputed. 
'I'llis avvragr starved as a gc~ncl-al chstimate of prey 
s i~e .  However, it is possible that a particular corn- 
ponent of prey s i ~ e  (length, width, or ciepth) is liin- 
iti~lg rather tl~an prey volunlc.. 'f'hus, a svparatc alial- 
pis was perfol-rncd to test if ttic sescs t1ifkretl i l l  ariy 
niaxirrlal dinit~nsion (prc) Icng~ti, widtfi, depth) of 
the largest prey item in the stomach. 

'To actclress the dietar)- clivergence hy~otfwsis, we 
cxarnined the relationsliip benwen meal s i ~ c  artcl 
prey \ire between males and fetnales. Despitta halirig 
shorter SVLs, male li~ards have larger heads (Saerlr 
and Conner, 1996). Thus, a nlultiple analysi3 of co- 
\-ariancc (bI,.UL'COVTA) w s  performed on rneal size 
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TLu.3rAk- 1-Mean (? SD) of' morphometric clata ancl the results of RkL/\ regressions for He?nidnctylw lurcicus 
from Nacogdoches, Texas. Snout-vent length wiu the independent variable, and H I . ,  I-illT, arid HI) were 
dcper~dcrit variables. The null hypotliesis of isornetry was rqjected if tlle cortfidence interv;~1s did not en- 
colripass 1.0. 

1';ij-an~c t er Mcaii i. SD Slope CI Allometry 
-- 

Hrrtd clepth (HD) 

.LlrrIt.s 6.30 +- 0.93 1.465 1.194- 1 .73.? 0.429 Positive 
Females 5.80 2 1.12 1.085 0.926-1 245 0.689 Isometric 

Head length (HL) 

Ma1t.s 12.25 rt 1.29 0.9432 0.773-1.1 13 0.4.5.5 1so1nr:tric 
Felnales 11.52 t 1.72 0.8489 0.738-0.960 0.754 Negative 

Head xviclth (HW) 

M a1t.s 9.91 2 1.02 0.9929 0.825-1.161 0.520 Isotnetric 
Fen~ales (3.17 t 1.38 0.8-220 0.749-0.935 0.824 h'egat ive 

by using head length, width, ancl depth as covariates. 
'l'liese srtlric analyscs 14-ere repeated using the rnaxi- 
ma1 cli~nensiori of tlie largest prt-y itern in the stom- 
ach as the clcpc~ritierlt variabtt. rattier than rrleal si~i-. 

To characreri~e difTerentia1 growth patterns (al- 
lometry), data on lizarcl head s ix  were logarithmic 
tm ;rl isfbrmcd and sui?ji.ctccl to a reciuced rtujor axis 
(Iil/l\/Ih) r.egrc+ssiori (Sokal arid Kotllf, 199.5; Fairbairn, 
1997; KklA software, Kolior~;ik, 2002). Srloixt-vc-rit 
length was entered as the independent varirtble ancl 
i 11 ., IiJV, and f 11) ah the. depcriciclit vitl iables. 'i'hc 
null 11y1otIlesis 01' isor~lctry is a slope of' I .I); thus, if 
the confitlcrlce intervals for thc slept‘ of a givc'n in- 
dependent varial~le t>vrrlap 1.0, the null hypothesis 
of isomelry is accepted. If the null hypothesis of 
iaoinetry is rqjected, the slope is inspected to cieter- 
rrlinr positive ancf ricgativc allorrle11-y (slopt. > 1.0 = 

positive allorneti-y, slope < 1.0 = negative- alloinc.- 
try). A11 data were normally distributed following a 
logarithmic transformation. Statistical tests urc.l-e per- 
fi)rmed using .JMP softw'a-e (version 3.1, SAS Insti- 
tute, Inc., CBry, Nortl~ Carolina). 

1-t~sir1rrs-The average meal size (r 1 Sf!,') for 
fernales was 1.239 r 0.103 mrn3; fc,r males, it 
was 0.847 zt 0.0'785 rnrn? Tlie ILlrINC(N1 
model was significant (\lTilk's la?nbcla = 0.77, 
E+.,,,, = 6.4, P < 0.0001), and the rnodel effect 
of' sex also was significant = 0.24, 1' < 
0.0001 ), irldicatixlg that lieari h a p e  (I, X MT X 

D) was difircnt bet~+lecn rnales and Scrnales. 
Howcvcr, the covariate term of average meal 
s i ~ e  was not signilicant = 0.01, Y = 

0.7783), indicating that the significance of the 
whole ~xitjdel was the result of t11e iriodel effect 
of sex alone, riot tlifferenccs in 111c.d size. The 
R,ILINCO\'IZ 0x1 rrtaxirrlurri prey lerlgtll, wicftli, 

arr cf depth was not significant (Wilk's lunst)(lu = 
0.97, fi+,17P = 0.51, E l  < 0.725). Thus, male and 
fernale lizards of a given size did not eat prey 
that was significantly different in maximal 
longtli, width, or  depth. 

r l  mixture of positive, negative, and isornet- 
ric growth tr~jectories were observed in the 
specirriens studied (Table 1) .  Head depth in 
males showcd positive allomctl-y, .tshrreas Se- 
rriale H D  scalecl isoxne~ricly. In males, HI, m d  
H\ll scaled isornctl-icly, hut in females, both pa- 
rameters skio~sed negative allometry. 

Drscrrssrolv--The hypothesis that sexual di- 
morphism in head size in II, tu.rcinu has 
cvolvecl clue to selection on males to consume 
larger prey (dietary divergence) could not he 
supportecl given that the covariate term in the 
1nultiva1-iate rnodel (average meal size) was not 
significant. Thus, no relationship existed be- 
tween rneal size and sex or head size. Further- 
Ixlore, there was no difference among- an); sin- 
gle clirnension of prey size between thc rrlales 
anti ferrtales. Thus, niales and females clid not 
eat significantly larger or smaller meals than 
the opposite sex nor did they eat prey that dif- 
Ikr-cti in any particular rrlaxinlal dirncnsion of' 
le~lgtll, width, or depth. Instead, the ininor di- 
etary difCt:rences between males and females 
were likely due to habitat segregation, with 
males foraging in slightly different rnicrohabi- 
tats (higher perches) than females (lower 
perches) (Saenz, 1 996). 

The allometric analysis suggested that sexual 
dirnorphisni in 1-11, and I-TI$' in El. iz~r(,r'cus was 



the result of ciifferential growtli. The isometric 
scaling patterns observed in rllales demonsrrat- 
ed that, followiilg sexual maturity, HL anti H\t7 
increased at the same rate as overall body s i~c .  
In contrast, fe'erriales showed negative allometry 
for both HI, and lT14T, indicating that growth 
slowed in these tiinlensions follo~lng sexual 
maturity. Thus, the differential growth l~?potll- 
esis fix head size dimorphisrn was supported 
by the fact tliat ferrule growtli in head size 
slows but is ilnchanged in mates. These growth 
patterns could be prrrely the result of physio- 
logical diSferences bet.tvccn nlalcs and femalcs, 
or tliey could be eltit. to selection on other 
cllal-actei-s (e.g., energy devoted to reproduc- 
tion rather than growtll in females). The data 
collected here cannot suppo~-t or ~'qjec t either 
possibility. 

The positive alloinetry irl HD dernonstl-ated 
rhat hcad size ir~crcased laster than body size 
iri malcs, whercas in fenlalcs, it ii~crcased at 
t11t- same rate (isometry). Thc benefit to irlales 
in haking proportionately deeper (or taller) 
heads could be related to biting perforrriance 
and, thus, niight bc uncler sorne selective pres- 
sure. A taller head could illcrease gape, which 
in till-11, inigllt Sacilirate a bcttcr ability for 
n1a1t.s to grasp fetnales rtilring coptilatory bites 
(Hcrrcl et al., IYS(5). Although not directly 
tcsted, ritualistic copulatory bites might play a 
central r(-,lc in xnalc. mating success, becarrsc 
they arc often of long tfixration and are pow- 
erf~ll  erioilgll to leave wountfs or scars on fe- 
rrlales (L. D. McBrayer, pers. observ.) . A seconcl 
conseclileiice of ail increase iri gape is that 
xnaxirnal prcy size: co~rld bc- incrcascd. Howev- 
el-, 1,ecause diets seemed to be quite similar in 
terms of' both irical s i ~ c  and prey sisrc-, bitc pcr- 
forrnance cfuring copulation might be more 
likely relatcti ro rhe positive allometry oS fill 
in malcs. 

Aside fi-orri gape, a taller liead also coilld al- 
low fbr increasccl bite force. 4 taller head 
would allow additional space for tlie j i i w  ad- 
duc t i~~g  musculature and for pinnarc mixscles. 
In turn, these irlodifications ~vould yield great- 
er bite force througl~ an increase in the phys- 
iological cross section of the iliuscle (Herrel et 
al., 2001). Performance stitdies, silch as bitc 
force (see ,knold, 1983; Mraiiiu~ight aiitl Ikilly, 
1!194), are needecl to understarid the fuiictic.~il- 
a1 (causal) relationship of head size, particu- 
larly HD, to mating success. Bite force and 

morphology have been  show^^ to be related to 
sextxal dirriorphism in 3 species of Iaccrtid liz- 
ards (Herrel et al., 1996; Verwaijeri et al., 
2002) ,  and recent stirdies suggest that bite 
force is related to both fighting capacity (Lail- 
vaux et al., 2004) a i d  fitness (Lappin and 1311- 
sak, 200.5) in some lizard species. 

Filially, we carmot rule out that the inale bi- 
ased sexual dimorphism in H. INTCLI"LLS was dllt- 
to sexual selection (e.g., female clioice) on 
body size or HD. M'l~ile rnales are significantly 
clirferent in bocly mass from females (Saenz 
and Conner, 1996), no behavioral data exist to 
suggest that fenlales preferentially mate wit11 
large, or large headed, snales. Fernale prefer- 
ence Tor large rriales has been show1 for lllaily 
species of lisrards (Anderson ancl Vitt, 1990; 
\'itt arid (:oopei-, lC)8.5), and wc suggest that 
future studies test this hypothesis directly in IT. 
turu-ictr.5. 111 addition, -cvth cannot rule out that 
patterns of sexual dimorphisrn, dict, or habitat 
segregation observed in this population in 
Nortli Arnerica exist throughout the native 
range of' IJ. I U Y L ~ G I L S .  Regardless, ft~ture stirdies 
should integrate allornetry with perfornlance 
(e.g,, bite foi-ce or winners of agi~c~stic encoun- 
tt.r 11ct~~cen males) allti individual Iitrless to 
better iiiiderstar~d how phenotypic vai-iarjon, 
such as sexual dirr~orphism, is maintaincci in 
lizard populations. 

J4'e thank P. Larson iijr fruitful discussions of al- 
lornetry and for comments on a draft of this manu- 
script. 
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