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Synopsis A s species mo ve into n ew environm ents thro ugh fo un der events, th eir ph en otypes may div er g e from nativ e pop- 
u lat ions. Ident ifying the drivers un der lying such va riation, a n d th e constraints on the adaptive potent ia l of this variation, is 
essent ia l f or understa n ding h ow or ganism s respon d to n ew o r rap id ly chang ing hab i tats. Such ph en otypic div er g ence may be 
espe cia l ly evident in po p u lat ions int roduce d to new env ironments v i a hum an-a ssi ste d t ranspo rt o r po p u lat ions in dramat ica l ly 
a ltere d environments such as cit ies. Sexua l l y dimorp hic sp ecies b eg the addi tio nal questio ns o f h ow th ese n ew environm ents 
may influence sexes differently and how dimorphism may s hape th e ran g e of potent ia l r esponses. The r epeate d t ranslocat ion, 
establis hm ent, an d spread of wa l l lizards ( Po d ar cis spp.) from na tive Europ ean p o p u lat ions to new locat io ns in No rt h Amer ica 
provide an excellent natural experiment to explore how ph en otypes may differ after establis hm ent in a new envir onment. Her e, 
we quantify b o dy shap e an d th e mu lt i variate morp ho log ica l phenotype (inco rpo rating limb dimen sion s and head length) of 
co mmo n wa l l lizar ds ( P. mu ral is ) a nd Italia n wa l l lizar ds ( P. sicul us ) in r eplicated Nort h Amer ican int roduct ions. In both species, 
males a re la r g er and hav e lar g er head len gth an d limb dim en sion s tha n f ema les across a l l sample d g roups. Sexua l dimorphism 

in the mu lt i variate morp ho log ica l phenotype was of similar magnitude when com paring na tive and in tro duced p o p ulations 
for b oth sp ecies, th ough th e t raj e c tory ang les in mu lt ivariate t rait sp ace differe d in P. si culus . Wh en com paring in troduced 
lizar ds fr o m co n tem pora ry a nd historica l l y co l le cte d museum spe cimen s, w e ident ifie d differences of simi lar mag ni tude bu t in 
differen t tra jectories betw een sex es in P. si culus , an d differen ces in both magnitude and dire ct io n o f sexual dimo rphism in P. 
mu ral is . Th ese idiosyn crat ic p atterns in ph en otypic t raj e cto ries p rovide insight t o the pot ent ia l array o f p rocesses g eneratin g 
ph en ot ypic vari ation w ithin species at the int er se ct io n o f invasio n b iology a nd urba n evol u tio n. 
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ntroduction 

 fun dam enta l quest io n in b iology is h ow th e ph en o-
ype of an organism relates to its environm ent ( Lan de
n d Arn old 1983 ). Corre l ations bet we en t rait va lues
nd axes of environment al var iation sug gest adap-
iv e ev ol u tio n ( Endler 1986 ; Schl u ter 2000 ; Merilä and
endry 2014 ). Biolog ica l invasio ns p resent o p portuni-
 dvance A ccess publication May 27, 2025 
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ies for or ganism s to respond to a dramat ica l ly new en-
iro nment o n a s h ort tim e scale ( Herre l et al . 2008 ; St ern
n d Lee 2020 ; Sh erpa et al. 2023 ; Saboli ́c et al. 2024 ).
ore over, human act iv it y, especi ally transpo rtatio n
 etwor ks, may facilit ate t he int roduct ion of spe cies to
ew locatio ns ou tside their o rig ina l ran g e ( Hufbauer et
 l. 2012 ). Urb an environments may represent a unique
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s ta ge for such int roduct ions, g iven that h om ogenization
of urban environments may facilitate the repeated es-
tablis hm en t of urban-ada pted or ganism s into new cities
( McKinney 2006 ; Groffman et al. 2014 ). As s uch, s pecies
wi th a p roclivi ty fo r esta blishin g in both urban environ-
m ents an d environm ents beyon d th eir orig ina l ran g e of-
fer useful systems to as ses s the mech ani sms of pheno-
typ ic respo nses, covariatio n amo ng trai ts invo l ved in a
response , and patt erns of t rait t raj e ctories across both
sp ace and t ime ( Borden and Flo ry 2021 ). Fo r exam-
ple , urban-associat ed c han g es in ha b i tat structure can
exert dire ct iona l sele ct io n o n mo rp ho log ica l t raits im-
porta nt f or locom otion ( Win ch e l l et a l. 2020 ), p rod uc-
ing c lear patt erns o f mo rp ho log ica l t ra it va r iation bot h
wit hin ( D onihue 2016 ; Win ch e ll et al. 2018 ; Putman
et al . 2019 ; Winc hell et al. 2023a ) and across species
( Falvey et al. 2020 ). 

R eplic a ted in trod uctio ns o f eco logicall y similar
sp ecies can b e lev erag ed a s u seful unin ten tion al n atural
experiments for stud ying p henotypic evo lut ion. Spe cies
t hat can est ablish in my ri ad env ironments may pos ses s
inh erent flexi b ili ty (o r g eneraliza b ili ty), and by study-
in g these species, w e ca n ga in insigh t in t o whic h species
may succe e d or fai l as th eir environm en ts ra pidly shift.
Ma ny liza rds a re prolific urba n dwellers a nd a re some
of th e m ost wide ly int roduce d vert ebrat es glob a l ly v i a
trade a nd huma n-a ided tra nspo rtatio n to majo r ci ties
( Rödder et al. 2008 ; C apinha et al . 2017 ; Frenc h et al .
2018 ). Wa l l lizards in the genus Po d arcis have estab-
lis h ed in a wide ran g e of urban and human-a ltere d
hab i t ats ( D onihue 2016 ; Beninde et al. 2018 ; Gherghel
and Tedrow 2019 ; Vaughn et al. 2021 ; Haro et al. 2023 ).
Con sistin g of a pproxima tely 27 species, this clade
of lacertid s i s fo und across so ut her n Euro pe, so uth
into Africa, and east into Asi a, w ith species exhib i ting
co mplex distribu tio ns that resul t fro m individ ual move-
m ent, lan d scape ch an g es ov er g e olog ica l t imes ( Yang
et a l. 2022 ), hybridizat ion ( Beninde et al. 2018 ; Yang et
al. 2021 ), a nd huma n-me diate d t ransport ( Michaelides
et al . 2013 ; Sant os et al . 2019 ; Kowalik et al . 2024 ).
Many wa l l lizard spe cies have occu p ied a l andsc ape
th at h a s be en t ra nsf ormed by huma ns f or mi l lennia,
from ancient stone wa l ls and bui ldin gs to lar g e modern
urban cent er s ( Podnar et a l. 2005 ; Sa lvi et a l. 2013 ; Yang
et al. 2022 ). This affinity for human-a ltere d l andsc apes
h a s li kely faci litate d t he est ablishment of new po p u-
latio ns ou tside the o rig ina l ran g e , inc l uding no rt her n
and e aster n Europe (e .g., Sc hult e et al . 2012 ; While
et al. 2015 ; Kolenda et al . 2020 ; O s kyr ko et al. 2020 ;
Kowa li k et al. 2024 ) and in North America ( Deichsel
et al. 2010 ; Mendyk and Adragna 2014 ; Hollin gsw orth
an d Th o mso n 2016 ; Engelsto ft et al. 2020 ; Davis et al.
2021 ; Fr iest ad et al. 2023 ). These repeated introduc-
tio ns, so m etim es with kn own source popu lat ions and
prop agu le size , offer ric h o p portunities for replicate
studies o f trai t shifts between source an d establis h ed
po p u lat ions. 
Im portan tly, respons es to ne w or chan gin g envi-

r onments ar e not uniform within a species. For ex-
amp le, sexual dimorp hi sm m ay be the cau se o r co n-
s equence of s ele ct io n fo r different types o f perfo r-
mance between the sexes. The fitness consequences
o f mo rp ho log ica l variat ion are wel l-establis h ed un-
der th e ecom orph olog ica l p aradig m and its exten-
sions ( Arn old 1983 ; Gar lan d an d Losos 1994 ), and
such m orph ology-per for man ce re lations hips can dif-
fer between sexes (e .g., S imon et al. 2022 ). For exam-
ple, ma le wa l l lizards genera l ly hav e lar g er h eads an d
accompany ing j aw muscul atur e compar ed to females
( Ljub isavl j evi ́c et a l. 2010 ; Ka liontzo po ulo u et al. 2012 ;
Doni hue et a l . 2016 ), whic h is im portan t for in t rasexua l
co mpeti tio n and m ate acqui si tio n ( Braña 1996 ; Scharf
and Meiri 2013 ). Females t ypic ally exhib i t lar g er rela-
t ive t run k sizes t o accommodat e embry o dev e lopm ent
( Braña 1996 ; K alio ntzo po ulo u et al. 2008 ). While such
c ases offer rel ati vel y intuiti ve exp lanatio ns o f trai t dif-
feren ces, m orph olog ica l t ra its may differ between the
sexes desp i te perfo rmance ou tco mes b eing imp ortant
fo r fitness in both sexes ( K alio ntzo po ulo u et al. 2012 ).
F or exam ple, fem ales and m ales can achieve similar lo-
co moto r perfo rmance—impo rta nt f o r p redato r avo id-
a nce a nd f o o d acquisi tio n—thr ough differ ent m orph o-
log ica l p at hways ( Van D amme et al . 2008 ; S imon et al .
2022 ; Head et al. 2024 ). Notab l y, the patterns of sexual
dimorphism in Podarcis differ a mong species and con-
texts. F or exam ple, in some po p u lat ions of the common
wa l l lizard ( P. muralis ), females are lar g er in b o dy size
( Žagar et al. 2012 ), in others males are lar g er ( Sacchi
et al. 2023 ), and in ot hers t here is no difference be-
tween the sexes ( Gu l lo et al. 2024 ; Head et al. 2024 ). Fur-
ther, f emales a nd m ales m ay exhib i t different mo rpho-
log ica l t rend s a ssoci ated w i th gradients o f enviro nmen-
t al var iation ( Per ry et al. 2024 ). Var iation in t hese pat-
terns acros s s pace s ugges ts that m orph olog ica l labi lity,
includin g betw een sex es, may co ntribu t e t o the s ucces s
of Po d arcis spp. in n ove l hab i tats. As such, co mpariso ns
of ph en otypic t raj e ctories betwe en fema le and ma le an-
im al s can inform sex-spe cific pre dict ion s a bout the un-
derlying pathways that p rod uce potent ia l adapt i ve p he-
not ypic vari ation. 
In this study, we examin e th e mu lt i variate morp ho-

log ica l t raj e cto ries o f g rowing and exp anding int ro-
duced po p ulatio ns o f two species of wall lizards in
Nort h Amer ica, t he co mmo n wa l l lizar d ( P. mu ral is )
an d th e Ita lian wa l l lizar d ( P. sicul us ). We as ses s how
these t raj e ctories betwe en fema les and ma les differ to
un derstan d h ow sexual dim orphism s hap es resp onses
to n ew environm ents. We m easure m orph olog ica l t raits
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nd as ses s sexu al dimorphism in t wo co mpariso ns: first,
n lizards from con tem porary North American (intro-
uced) and European (native) po p ulatio ns, and seco nd,
n lizards from con tem porary in t roduce d po p u lat ions
i th histo rica l l y co l le cte d spe cim ens from th ese sam e
o p u lat io ns (app roximate ly 20 gen erations in P. mu ral is
n d 5 gen erations in P. siculus ). In each species, we test
or shifts in both absol u te b o dy size and in relative limb
n d h ead size, m orph olog ica l t rai ts impo rta nt f o r hab i-
a t naviga tio n (e.g., sp rinting, climb in g, clin gin g). Fur-
her, we test for shifts in the magnitude and dire ct ion
 f sexual dimo rphism in mul tiva riate tra it space a mong
hese g roups. C han g es in both a bsol u te b o dy size or the
u lt i variate p h en otyp e might b e exp e cte d in the int ro-
 uced enviro nment fo r s e veral reas o ns, incl uding rap id
ele ct io n o n trai ts advant ageous in t he urban environ-
ents (as demonst rate d in other t raits, e.g., Isa ksson
015 ; Whi le et a l. 2015 ), deve lopm enta l disrupt ion due
 o the c ha l len g es of livin g in cities (e.g., Lazi ́c et al. 2015 ,
017 ), chan g es in fo o d avai labi lity or diet ( Giery et al.
025 ), or the result of n on-ran dom in div idu als form-
ng the init ia l prop agu le . Suc h t ests of p ara l lelism in
exua l l y dimorp hic t rait t raj e ctories provide a founda-
io n fo r un derstan ding h ow evol u tio nary p rocesses may
h ape fem ales and m ales different ly, le ading to intraspe-
ific variation in m orph ology as po p u lat ion s mov e into
 ew environm ents. 

ethods 
pecies accounts: natural history and 

ntroduction history 

o d ar cis mur alis an d P. si culus are act ive diurna l lizards
ad ul t maximum size 75 and 90 mm, respe ct i vel y) that
re o ften co nsp icuous o n a variety of anthropogenic
tructures in tow ns, v ill ages, and cities ( Brown et al.
995 ; Sp eybro e ck et a l. 2016 ; Gh ergh e l an d Tedrow
019 ; Davis et a l. 2021 ; Me ek et al. 2024 ). Furt her more,
 oth sp ecies hav e w ell-esta blished po p ulations o utside
heir native range , inc l uding fo r P. mu ral is in the UK
 Whi le et a l. 2015 ), Germany ( Beninde et al. 2018 ),
astern Europe ( Os kyr ko et al. 2020 ), and North Amer-
ca ( Deichsel and Gist 2001 ; Engelstoft et al. 2020 ; Davis
t al. 2021 ) a nd f or P. siculus in t he Iber i an Peninsul a
 Ri beiro an d Sá-Sousa 2018 ), UK ( S ilva-Roc ha et al .
014 ), Eastern Europe ( Silva-Rocha et al. 2014 ; Os kyr ko
t al. 2022 ), and North America ( Mendyk and Adragna
014 ; Haro et al. 2023 ). Po p ulatio ns o f P. mu ral is in
 hio, USA, are th e resul t o f a single introd uctio n o f
0 indiv idu als f rom nor t her n It aly in t he e arly 1950s,
s described by the person responsible ( He de en 1984 ;
avis et al. 2021 ) and co rrobo rated wi th geno mic anal-
ses ( Bode 2025 ). Po d arcis si cul us wer e intr oduced to
an Pe dro, Ca lifornia, USA, as the resul t o f a single in-
 roduct ion of s e ven adult indiv idu a ls (thre e ma les, four
emales) fro m Tao r mina, Sicily, It aly, in 1994, which h a s
e en confirme d by the p erson resp on sible ( Deich sel et
l. 2010 ) and is su ppo rted by genetic an alysi s ( Os kyr ko
t al. 2022 ). 

izard collection 

or both species, we sampled indiv idu als from three dif-
erent co mb inatio ns o f locatio n an d tim epoints, which
e refer to as sample grou ps: co ntempo rary individ u-
ls from po p ulations in the native (European) ran g e,
on tem porary indiv idu als from po p u lat ions in the in-
 roduce d (North American) ran g e , and hist orica l l y co l-
e cte d museum specimens from int roduce d po p ula-
io ns. Incl uded in our P. mu ral is dataset are m orph o-
og ica l measures from three previously pu blis h ed stud-
es ( Vaughn et al. 2021 , 2023 ; Head et al. 2024 ) as well
s new samples from both native and int roduce d pop-
 lat io ns. Co ntempo rary po p u lat ion s w ere sampled be-
ween 2020 and 2023. Historical specimens were from
he col le ct io n o f th e Cin cinn ati Mu seum Center, mostly
ol le cte d in the 1980s (date ran g e 1981–2012; see de-
ails in Vaughn et al. 2021 ; Head et al. 2024 ). All work in
rance was co nd ucted under permi t fro m the Dire ct ion
ég iona le de l’environn em ent, de l’aménagem ent et du
ogement (DREAL) Midi-Pyrénées and Pyrénées Atlan-
ique (Arrêté INTERD ÉPARTEMENTAL n 

◦ D REAL -
C C-2023-s-11), under c ur rent et hical co mmi ttee ap-
roval (APAFIS DAP #35,080), and in accordance with
ire ct ive 2010/63/EU on prote ct ion of anima ls use d for

 cientific purpos es. In O hio, wor k was con ducted un der
hio Divisio n o f Natural Resources permi t (SC220002)
nd approved by Ohio Wesleyan University IACUC
protocols 02–2024-03_1 and 02–2024-04). 
All m orph olog ica l data for P. sicul us wer e col le cte d

or this study and have not been pu blis h ed e ls e where.
istorical (2013 and 2014) and con tem porary (2022)
ata for P. siculus from San Pedro were measured from
reserve d spe cimens deposite d in the Natura l History
useum of Los An g e les County. Wor k with live anim al s

n California was con ducted un der permission from
he University of Calif ornia, Berk eley IACUC (P rotocol
UP-2021-08-14567) an d th e Califor nia D epartment of
is h an d Wi ld life (SC-4307). Al l work in Ita ly was con-
 ucted wi t h per missio n fro m t he It a lian Minist ry of the
nvir onment (Pr otocol N.0032985/2022–2024). 
All con tem pora ry a nim al s were ca ugh t by hand or
ith a lo op e d filamen t a ttac hed t o an extendable fish-
ng pole. See Table 1 for sample sizes and Table S1 for
o mplete details o f sam pling loca tio ns fo r b oth sp ecies.
n ly adu lt anima ls (snout-v ent len gth [SVL] > 50 mm)
re included in analyses. We differen tia ted sex based
n overa l l b o dy shap e, rela tive head sha pe, presence

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf060#supplementary-data
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Table 1 Sample sizes and snout-vent length (SVL) for adult female and male wall lizards ( Podarcis muralis and P. siculus ) from contemporary 
native (European), contemporary introduced (North American), and historical introduced (North American) specimens. 

Species Continent Time Location N female 

Female SVL 
(mm) 

mean ± SD N male 

Male SVL 
(mm) 

mean ± SD 

P. muralis North America 
(Introduced) 

Contemporary Cincinnati and Columbus, Ohio, 
USA 

65 61.94 ± 5.36 107 63.87 ± 5.28 

Historical Museum specimens from 

Cincinnati, Ohio, USA 

19 58.87 ± 4.64 18 60.36 ± 4.47 

Europe (Native) Contemporary Ariège and Hautes-Pyrénées, 
France 

30 59.57 ± 4.57 38 63.01 ± 3.76 

P. siculus North America 
(Introduced) 

Contemporary San P edr o, California, USA 24 65.91 ± 6.12 24 70.03 ± 8.13 

Historical Museum specimens from San 
P edr o, California, USA 

25 64.94 ± 6.12 25 71.75 ± 6.54 

Europe (Native) Contemporary Taormina, Sicily, Italy 32 62.05 ± 4.01 30 71.60 ± 5.43 

Please see Table S1 for additional sampling details. 
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o f eggs, p revalence o f femo ral po res, o r eversio n o f
h emipen es. For som e specim ens, sex was confirm ed
through examination of the gon ad s. 

Morphology measurements 

We col le cte d n ew m orph olog ica l data in both species
following the methodology o f p revious studies ( Vaughn
et al. 2021 , 2023 ; Head et al. 2024 ) using dig ita l ca lipers
(m ode l CD-6, Mi tu toyo, Japan) wi th p recisio n to the
ne arest 0.01 mm. D et ails of the s e ven b o dy dimen sion s
measur ed ar e pr esented in Fig. 1 . We measur ed each
b o dy dimension t w ice; if the coefficient of variation
was > 10%, we r e-measur ed. Av erag es of the two mea-
sur es wer e used for subse quent ana lys es. We us e d on ly
m easurem ents from t he r ight side for b o dy parts that are
fo und on bo t h t he lef t and r ight sides of t he b o dy. We of-
t en encount ered indiv idu al s mi ssing toes; in these ca ses,
we used the measurements from the left toe ( N = 25 P.
mu ral is indiv idu als). 

Statistical analyses 

A ll d ata processing a nd a nalyses were co nd ucted using
R versio n 4.4.2 ( R Co re Team 2024 ). We made a l l data
figures wit h t he package g gplot2 ( Wickham 2016 ). We
ana lyze d each spe cies in sep ara te but iden t ica l ana lyses
as described below. Stat ist ica l sig nificance was as ses sed
at an alpha level of 0.05 for a l l tests. 

Univariate analyses: body size 

To test for the presence of sexual dimorphism in to-
tal b o dy size, w e con st ructe d a lin ear m ode l with SVL
as th e depen dent va riable a nd sa mple grou p (facto r
wit h t hree level s: n a tive con tem porary, in t roduce d con-
tempora ry, a nd int roduce d historica l), sex (factor with
tw o lev el s: fem ale and m ale), an d th eir interaction as
p redicto rs. We v isu a l ly inspe cte d residua l histog rams
fo r no rmali ty and as ses se d the sig nificance o f p redic-
t or s using F -tests w ith t ype III sums of squares. To
test f or differences a mong sa mple groups in P. mu-
ral is, wher e the interactive effect was significant ( Table
2 ), we est imate d marg ina l means using the emmeans
package ( Lenth 2016 , 2023 ) and used linear contrasts,
corre ct ing for mu lt iple comp ar isons wit h t he Šidák
m eth od. 

Multivariate analyses: body dimensions 

S imilar t o our t ests of sexual dimorphism in b o dy size,
we t est ed fo r dimo rphism an d s hif ts in t he mu lt ivariate
b o dy shap e ph en otype of lizards com paring na tive con-
tem porary, in t roduce d con tem pora ry, a nd int roduce d
historica l g roups. We first sca le d each of the s e ven b o dy
dimen sion s (see Fig. 1 ) to overall b o dy size by creat-
ing a log 10 –log 10 r egr essio n o f e ach me asure on SVL
and ut i lizing the residua l va l ue fo r downst ream ana lyses
( K alio ntzo po ulo u et al . 2007 ; Muño z and Losos 2018 ).
We then simu ltane ously describe d p atterns of within-
indiv idu al correl ation of traits (v i a princip a l compo-
nent [PC] an alysi s) and t est ed hypoth eses of differen ces
amo ng grou ps using a nonpa ra met ric mu lt iva riate a nal-
ysis of va ria nce (NP-MANOVA) wi th resid ual rando m-
ization in a per mut atio n p roced ure (RRPP) in the RRPP
p ackage ( Col lyer et a l. 2015 ; Col lyer and Adams 2018 ).
As in the univa riate a nalyses, m ode ls in cluded th e fixed
effects of sa mple group, sex, an d th eir in teraction. F or
a l l m ode ls, we implem ent ed 999 it eratio ns o f the resid-
ua l randomizat ion proce dure with the lm.rrpp function
and as ses sed differences a mo ng grou ps using F -tests
w ith t ype III sums of squ ares w it h t h e anov a fun ction.
From the models, we est imate d least-squares means and

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf060#supplementary-data
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Fig. 1 (A) Lines showing head length and snout-vent length (SVL). (B) Right anterior fourth digit, right anterior zeugopodium, and right 
anterior stylopodium. (C) Right posterior fourth digit, right posterior zeugopodium, and right posterior stylopodium. 

Table 2 Results of linear model testing the effect of sample group (native contemporary, introduced contemporary, introduced historical) 
and sex on body size in adult wall lizards ( Podarcis muralis and P. siculus ). 

Sample group 
(Refer ence: Nativ e 
contemporary) 

Sex 
(Reference: 
Female) 

Sample group × Sex 
(Refer ence: Female nativ e 
contemporary) 

P. muralis Estimate ± SE Introduced contemporary: 
2.36 ± 1.09 
Introduced historical: 
−0.71 ± 1.45 

Male: 3.43 ± 1.21 Male native contemporary: 
−1.50 ± 1.44 
Male introduced historical: 
−1.94 ± 2.03 

F (df n , df d ) 
P -value 

8.87 (2, 271) 
0.0002 

13.68 (1, 271) 
0.0003 

0.67 (2, 271) 
0.51 

P. siculus Estimate ± SE Introduced contemporary: 
3.86 ± 1.64 
Introduced historical: 
2.90 ± 1.62 

Male: 9.56 ± 1.54 Male native contemporary: 
−5.44 ± 2.33 
Male introduced historical: 
−2.74 ± 2.31 

F (df n , df d ) 
P -value 

1.19 (2, 154) 
0.31 

54.29 (1, 154) 
< 0.0001 

2.74 (2, 154) 
0.068 

Significant effects ( P < 0.05) are indicated by P -values in bold. Please see text for statistical details. 
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5% confidence intervals for pre dicte d va lues for each
ra it f or each group (using the predict function) and ex-
 racte d the fitted values (m ode l pre dict ions b ase d on
n put da ta) in PC space for each indiv idu al. We fur-
 her per for med phenotypic chan g e v e ctor ana lyses (us-
ng the traject o ry.analys is functio n) wi thin each species
y comp aring t raj e ctory mag nitude and dire ct ion in
u lt i variate p h en otyp e b etw een sex es in tw o compar-
so ns: (1) co n tem porary na tive and con tem porary in-
 roduce d po p u lat ions and (2) con tem pora ry a nd histor-
ca l spe cimens within int roduce d po p u lat ion s ( Adam s
nd Co ll yer 2007 , 2009 ; Bo lnic k et al . 2018 ; Co ll yer and
da ms 2018 ). Dependent va riables in the mu lt ivari-
te analyses (i.e., size-sca le d m orph olog ica l measure-
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Table 3 Proportion of variance explained and variable loadings of 
fitted principal component (PC) values for first two axes of 
variation describing the morphology of adult female and male wall 
lizards ( Podarcis muralis and P. siculus ) from contemporary native 
populations, contemporary introduced populations, and historically 
collected specimens from introduced populations. 

Podarcis muralis Podarcis siculus 

PC1 PC2 PC1 PC2 

Proportion of variation 87.2% 6.9% 70.2% 26.5% 

Head length 0.50 −0.23 0.27 −0.64 

Anterior stylopodium 0.34 −0.65 0.37 −0.04 

Anterior zeugopodium 0.35 0.43 0.21 −0.48 

Anterior toe 0.31 −0.02 0.24 −0.21 

Posterior stylopodium 0.37 −0.16 0.48 0.46 

Posterior zeugopodium 0.43 0.56 0.50 0.31 

Posterior toe 0.29 0.02 0.45 −0.07 

Pr edicted values w er e generated using a non-parametric multivariate 
analysis of variance (NP-MANOVA) with randomized residuals in a per- 
mutation procedure. See main text for statistical details. 
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m ents) were stan dardized to mean of 0 and standard
dev i atio n o f 1 befo re an alysi s. 

Results 
Univariate analyses: body size 

Body size varied among sample groups in P. mu-
ralis only; p ost-ho c compari son u sing linear con-
tras ts demons tra tes tha t con tem porary in t roduce d
(Nort h Amer ica n) specimens a re la r g er th an hi stori-
ca l l y co l le cte d spe cim ens (differen ce in least-squares
mean ± SE: 6.57 ± 1.81 mm, P = 0.001). Con tem po-
ra ry native (Europea n) liza rds did not differ in b o dy
size from either con tem porary or historica l l y co l le cte d
int roduce d lizards ( P > 0.07). Male wall lizards were
lar g er than females in both species ( Table 2 , Fig. 2 ).
Sample group (i .e ., a three-level fact o r o f native co ntem-
p orary, intro duced con tem pora ry, a nd int roduce d his-
torical) did not interact significantly with sex in either
spe cies, indicat ing that sexual dimorphism in b o dy size
wa s consi st ent in eac h group ( Table 2 ). 

Multivariate analyses: body dimensions 

In both mu lt iva riate a n alyses, the va st m ajo ri ty ( >
94%) o f variatio n in mo rp ho log ica l phenotypes among
groups is described by the first two p rinci p a l co mpo nent
ax es ( Ta ble 3 ). Th e first axis alon e descri bed th e major-
i ty o f variatio n fo r b oth sp e cies, with a l l relat ive b o dy
size m easurem ents lo ading posit i vel y. As suc h, this fir st
axis of variation describes a con tin uum of anim al s with
lar g er relativ e limb size and head length. The second
axis described less variation (up to 26.5%) and lo ade d
different ia l ly across c haract er s between the species. In
P. mu ral is , th e secon d axis of var iation descr ibes a con-
tinu um o f lizards wi th genera l ly sma l ler he ad lengt h
a nd a nterior stylop o dia, but lar g er anterior and poste-
rior zeugop o di a, to lizards w it h t he o p posi te co mb ina-
tio n o f trai ts. In P. si culus , th e secon d axis of variation
describes a con tin uum of lizards with s h orter h eads an d
sma l ler anterior zeugop o dia and to es, but lar g er poste-
rior stylop o dia and zeugop o dia, to lizards with the op-
posi te co mb inatio n o f trai ts ( Table 3 ). 
In P. mu ral is , males scor ed high er on PC1 in dicat-

in g lar g er b o dy dimen sion s in a l l t raits measure d ( Table
3 , Fig. 3 A, Fig. S1A ), though the magnitude of this dif-
f erence va r ied across s am ple groups (as indica ted by the
significan t in teractio n o f sample grou p and sex). Sex-
ual dimorphi sm wa s consi stent in m agnitude and di-
re ct ion when comparing con tem porary na tive and in-
t roduce d lizards, but differed in both magnitude and di-
re ct ion when com paring in trod uced co n tem pora ry a nd
hi storical lizard s ( Table 4 ). Addi tio nally, the mul tivari-
ate m orph olog ica l ph en otyp e differed b etwe en nat ive
and int roduce d s amples, such t ha t in t roduce d lizards
had higher scores on PC1, indicating lar g er relativ e limb
an d h e ad size, in bot h males a nd f emales ( Table 3 , Fig.
3 A, Fig. S1A ). When com paring con tem pora ry a nd his-
torical lizards fro m introd uced po p u lat ions, sexua l di-
morphism differed in both magnitude and direction,
whereby con tem porary m ales h ave higher PC2 scores
relative t o hist orica l ma les. Morp ho log ica l ph en otypes
of f emale liza r ds wer e simil ar bet ween con tem porary
and historica l int roduce d spe cimen s ( Ta ble 4 , Fig. 3 A,
Fig. S1A ). 
S imilar t o P. mu ral is , P. sicul us males had lar g er b o dy

dimen sion s in a l l t rai ts co mp are d to fema les ( Table
4 , Fig . 3 B, Fig . S1B ). The mu lt i variate morp ho logi-
cal ph en otype differed a m ong th e sample grou ps (co n-
tem porary na tive, con tem porary in t roduce d , hist ori-
ca l int roduce d; Tab le 4 ). Morp ho logy differed simi-
l arly bet we en fema le and male lizards in each sam-
ple group, as indicated by a significant effect of sex
b ut no t the interaction between sex and sample group
( Table 4 ). While the magnitude of sexual dimor-
phism in the morp ho log ica l phenotype did not dif-
fer across sample groups in P. si culus , th e dire ct ion
o f dimo rphism differe d betwe en con tem porary na tive
and con tem porary in t roduce d lizards ( Table 4 , Fig. 3 B,
Fig. S1B ). 

Discussion 

O ur study desig n a l lowe d us to co mpare absol u te b o dy
size and the mu lt i variate morp ho log ica l phenotype, as
wel l as sexua l dim orphism in th ese tra its, in two liza rd
species that have establis h ed po p ulations in urban envi-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf060#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf060#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf060#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf060#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf060#supplementary-data
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Fig. 2 Body size (snout-vent length) in adult female and male common wall lizards ( Podarcis muralis ; panel A) and Italian wall lizards ( Podarcis 
siculus ; panel B) from contemporary native populations, contemporary introduced populations, and historically collected specimens from 

introduced populations. Plots show raw data and Tukey box plots (including median, interquartile range, and 1.5 × interquartile range). 
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 onments ar o und the world. Bo th Podar cis mur alis and
. si culus , two close ly re late d lizard spe cies with simi lar
 ranscont inenta l int roduct ion his tories, demons t rate d
 ro n oun ced s hifts in m orph ology betwe en nat ive and
nt roduce d po p u lat ions ( Fig. 3 , Table 4 ). For P. mu ral is ,
his include d simi lar incr eases in r e lative h ead an d limb
izes f or f emales a n d males. For P. si culus , h ead an d limb
izes were different in int roduce d po p u lat io ns co m-
 are d to nat ive po p u lat ions an d th e t raj e cto ry o f sexual
imorphism between males and females was not p ara l-
el ( Table 4 ). Shifts in m orph olog ica l sp ace from nat ive
o int roduce d po p u lat io ns and fro m histo rical to co n-
em porary in t roduce d po p u lat ions across s h ort tempo-
a l sca les ( < 50 ye ars) sug gest t hat trai t flexib ili ty d ue to
l asticit y or response to sele ct ion may facilit ate t he suc-
es sful es tablis hm ent an d rapid po p u lat ion g rowth fol-
owing int roduct ion ( Isa ksson 2015 ; Whi le et a l. 2015 ;
acchi et al. 2023 ). How ev er, wi thin introd uced pop-
 lat ions, the spe cies differe d in p atterns of t rait shifts
et ween historic al and con tem pora ry liza rds. Po d arcis
u ral is incr eased b o dy size over time ( Fig. 2 , Table 1 ),
hi le ma le a nd f emale m orph olog ica l t raits div er g ed
n o p posing dire ct ions in mu lt ivariate sp ace ( Fig. 3 ,
able 4 ). Int roduce d po p u lat io ns o f P. siculus did not
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Fig. 3 Comparisons of body dimensions in adult female and male common wall lizards ( Podarcis muralis ; panel A) and Italian wall lizards 
( Podarcis siculus ; panel B) from contemporary native populations, contemporary introduced populations, and historically collected 
specimens from introduced populations. Plots show fitted principal component (PC) scores describing the morphological phenotype and 
trajectories showing differences between sexes in mean phenotype within each sample group. Values w er e generated using a 
non-parametric multivariate analysis of variance (NP-MANOVA) with randomized residuals in a permutation procedure. Note that species 
w er e analyzed separately, so PC axes r epr esent differ ent patterns of morphological variation. Please see Table 1 for sample sizes, Table 3 
for explanation of PC axes, and main text for statistical details. 
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exhib i t such shifts in overa l l b o dy size or the mu lt i-
variate m orph olog ica l ph en otype over tim e. Th ese pat-
ter ns sug gest different ia l imp act of th e foun der event
or th e su bsequent exposure to a n ove l urban environ-
ment between these two s pecies. As s uch, we are lim-
ited in drawing broad conclusions about the pathway
for species to successfu l l y estab lis h in n ove l urban en-
vironments. 
Across both spe cies, ma les w ere lar g er tha n f emales
in mean b o d y size ( Tab le 2 ), wit h t he magni tude o f
dimorphism differing among sample groups in P. mu-
ralis ( Table 2 , Fig. 2 ). In b oth sp e cies, sexua l dimor-
phism in the mu lt ivariate ph en otype was of similar
mag nitude (t raj e ctory length) in con tem porary na tive
(Europ ean) p opu lat io ns and co ntempo rary introd uced
(Nort h Amer ican) po p u lat ions. The dire ct ion (t raj e c-
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Table 4 Results of the nonparametric multivariate analysis of variance (NP-MANOVA) with residual randomization in a permutation 
procedure (RRPP). 

Model results Difference in 
trajectory length 

Difference in 
trajectory angle 

Sample group Sex 
Sample group 

× Sex 

P. muralis F (df n , df d ) 
P -value 

14.1(2, 271) 
0.001 

37.3(1, 271) 
0.001 

5.3(2, 271) 
0.001 

Across space 
(Native—
Introduced) 

d = 0.01 
95% UCL: 0.64 
Z = −1.90 

P -value = 0.96 

Angle ( ◦) = 5.62 
95% UCL: 14.40 
Z = −1.26 

P -value = 0.89 
Across time 
(Historical—
Contemporary) 

d = 0.78 
95% UCL: 0.76 

Z = 1.62 
P -value = 0.045 

angle ( ◦) = 37.57 
95% UCL: 17.32 

Z = 5.33 
P -value = 0.001 

P. siculus F (df n , df d ) 
P -value 

16.4(2, 154) 
0.001 

31.3(1,154) 
0.001 

1.86(2, 154) 
0.08 

Across space 
(Native—
Introduced) 

d = 0.02 
95% UCL: 0.90 
Z = −1.91 

P -value = 0.97 

angle ( ◦) = 21.73 
95% UCL: 18.03 

Z = 2.40 
P -value = 0.007 

Across time 
(Historical—
Contemporary) 

d = 0.40 
95% UCL: 1.00 

Z = 0.21 
P -value = 0.43 

angle ( ◦) = 14.32 
95% UCL: 18.58 

Z = 0.81 
P -value = 0.208 

Shown are ANOVA statistics from non-parametric linear model testing for differences among sample groups (native contemporary, introduced 
contemporary, and introduced historical) on the multivariate morphological phenotype of adult female and male wall lizards ( Podarcis muralis and P. 
siculus ). Also shown are results of the trajectory analysis, which tests for differences in the magnitude of change in morphological phenotype between 
sexes and for differences in the angle of change in morphological phenotype between sexes. 95% UCL: 95% upper confidence limit. Significant effects 
( P < 0.05) are indicated by P -values in bold. Please see Table 1 for sample sizes and main text for statistical details. 
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ory angles) of sexual dimorphism comparing native
nd int roduce d po p u lat ions was p ara l lel in P. mu ral is ,
ut in sligh tly, but significan tly, differen t dire ct ions in
. siculus ( Table 4 , Fig. 3 ). In the int roduce d po p ula-
ion s ov er tim e, h ow ev er, the species exhib i ted differ-
n t pa tterns o f sexual dimo rphism. Male a nd f emale P.
i culus m orph ology s hifte d minima l ly fro m histo rical to
on tem p orary timep oints in the int roduce d po p u lat ion,
n d dim orphism did n ot chan g e ov er time in magni-
ude or dire ct ion ( Table 4 , Fig. 3 B). In contrast, in P. mu-
alis sexual dimorphism in the mu lt i variate p h en otype
hifted in both magnitude and direction in the intro-
uced po p ulation. Over the a pproxima t ely 40 year s be-
ween when our samples were col le cte d in these urban
nvironments in the int roduce d ran g e, female P. mu-
al is decr eas ed s co res o n PC2, in dicating in creases in
 ead an d anterior stylop o dium lengt h and decre ases in
ot h anter ior and poster ior zuegop o dia len gth s, while
on tem porary males in the int roduce d ran g e exhib-
ted the o p posite trends ( Table 3 ). Females and males
n int roduce d con tem p orary p o p u lat ions st i l l differ in
h eir m orph olog ica l ph en o type, b ut no t in the same way
s s e vera l de c ades prev ious ly. Th ese sex-specific s hifts
 ugges t that the environment may b e imp osing differen-
 ia l sele ct ive pres s ures on females and m ales ( Hud son et
 l. 2016 ; Morooka et a l. 2025 ). The ident ificat io n o f such
atterns o f mo rp ho log ica l variat ion an d dim orphism
rovides a n inf orme d b a si s t o t es t s p ecific hyp otheses
f the funct iona l im plica tions of this va riation a n d th e
 lt imate (sele ct ive) caus es of the obs erve d t raj e ctories.
 or exam ple, a detai le d study of sexua l differences in
t ructura l hab i tat use co mb ined wi t h me asures of per-
 orma nce different ia ls in different co ndi tio ns (s ubs trat e ,
istan ce, m ovem en t pa tterns) could reveal how the im-
o rtance o f mo rp ho log ica l c haract er s f or perf orma nce
iffers betw een sex es (e .g., Butler 2007 ; S imon et al .
022 ). 
Differences in overa l l b o dy size and asp ects of

he mu lt i variate morp ho log ica l phenotype may differ
mong po p u lat ions within a species due to responses
o loc al env ironm ents (in cl uding plastici ty and adap-
a tion), differen t age class structures of po p ulatio ns, o r
t oc h a stic processes such as genetic dr if t ( Yuan et al.
023 ). G iv en the sma l l size of founding po p u lat io ns o f
o th P. mura lis in Ohio ( Davis et al. 2021 ) an d P. si cu-
us in California ( Deichsel et al. 2010 ; Os kyr ko et al.
022 ), it is likely that both evol u tio na ry a nd st oc h a s-
ic processes are im portan t in differen tia ting the phe-
 otypes of th ese lizar ds fr om t hose in t he native Eu-
opea n ra n g e. Sexual dimo rphism, o n t he ot her hand,
an be driven by int rasexua l compet it ion, sexua l sele c-
ion, a nd differential selection on per for ma nce tra its be-
w een the sex es. Im portan tly, thes e process es are not ex-
lusive and likely int eract t o shape morp ho log ica l t rait
 raj e ctories over sp ace and t ime , whic h c an expl ain vari-
tio n in dimo r phism f r om differ ent po p u lat ions, simi-
 ar to prev ious wor k in P. si cul us ( Murar o et al. 2022 ). In
ur study, males were la rger tha n f emales in both P. mu-
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ralis an d P. si culus , th ough sexual dim orphism in P. si cu-
lus is much more exag gerated t han in P. muralis (mean
SVL difference between sexes in native con tem porary
po p u lat io ns o f 9.55 vs. 3.44 mm). Fu ture wo rk could be
dire cte d toward testing the potent ia l sele ct ive pres s ures
driving b o dy size variation in both sexes; for example,
in females selection due to increased fecundity is corre-
l ated w ith l ar g er b o dy size ( K alio ntzo po ulo u et al. 2007 ;
Le Henanff et al. 2013 ; Ko uyo umdjian et al. 2019 ). The
high density of many wa l l lizard po p u lat ions, espe cia l ly
in urban enviro nments, p rovides much o p po rtuni ty fo r
sh ared h ab i ta t and social in teraction s betw een the sexes
( Stewar d 1965 ; Br own et a l. 1995 ; Me ek et a l. 2024 ).
Both f emale a nd male liza rds ne e d t o navigat e com-
plex st ructura l hab i tat, o ft en inc ludin g anthropog enic
st ructures ( Doni hue 2016 ; Gomes et a l. 2016 ; Head et a l.
2024 ). In b oth sp e cies, the mag ni tude o f sexual dimo r-
phism between con tem porary na tive and in t roduce d
lizard s wa s t he s ame lengt h ( Table 4 , Fig. 3 A, B), pro-
viding su ppo rt that n ove l se le ct io n p res s ures in a new
env ironment, in this c ase urba n, a ffect the sexes equally.
In P. mu ral is , males a nd f emales exhib i te d p ara l lel shifts
when comparing native and int roduce d con tem porary
po p u lat io ns, su ppo rting the co ncl usio n that shared en-
vironment al var iation dr iv es differences betw een pop-
u lat ions, wher eas differ ences between sexes in the rel-
a tive im po rtance o f perfo rman ce m easures (e.g., b i te
f orce a nd rep rod uct ive cap acity) drives sexua l dimor-
phism. How ev er, t he patter n of p ara l le lism in s hifts of
sexual dimorphi sm wa s not m a inta in ed wh en compar-
in g nativ e and int roduce d con tem p orary p o p u lat ions of
P. si culus , th ough th e magni tude o f differen ces in dim or-
phi sm wa s sm a l l ( Table 4 , Fig. S1A ). 

Previous studies in other lizard species have identi-
fie d p atterns in m orph olog ica l variat ion lin ke d to per-
f orma nce in urba n hab i ta ts. F or exam ple , west ern fence
liza rds ( Scelo po rus occident alis ) inhab i ting human-buil t
environm ents exhi bit consisten t pa tterns of re duce d
limb length associated with chan g es in st ructura l habi-
tat ( Spa rkma n et a l. 2018 ; Put man et a l. 2019 ). In
cont rast, urb an-dwel ling Puerto Rican crested anoles
( Anoli s cri statellu s ) exhib i t lo n g er limbs comp are d with
those inhab i ting fo res ts, which is advanta geou s for thi s
species to locomote in city habitats ( Win ch e l l et a l. 2016 ,
2018 ). Our previous work in int roduce d po p u lat ions of
P. mu ral is did not prov ide ev iden ce that s hifts in m or-
p ho logy were lin ke d to living in urban hab i tats; while
both f emale a nd male P. mu ral is b o dy dimen sion s dif-
fered over a time scale of a pproxima tely 40 ye ars, t he
s hifts were idiosyn cratic across b o dy pa rts a n d did n ot
im pact sprin t perf orma nce ( Vaughn et al. 2021 ; Head et
a l. 2024 ). O ur current ana lysis s h ows t hat t h ese s hifts in
m orph ology over time in introduced po p ulations are of
a much g reater mag nitude and in a different dire ct ion in
ma les comp are d to fema les in P. mu ral is . This s ugges ts
that limb dimen sion s may b e imp orta nt f or a different
asp ect of p er for mance in North American cities or that
this sp ecies exp erienced int er sexual nic he parti tio ning
at some time since the int roduct ion ( Morooka et al.
2025 ). One c lear patt ern that emer g ed from the an alysi s
of b o dy dimen sion s in P. siculus is t hat bot h f emales a nd
males from native po p ulation s hav e lon g er rear limbs
(pos terior s t ylopodi a and zeugopodia) comp are d to in-
t roduce d po p u lat ion s ( Ta ble 3 , Fig. S1 ). Lon g er hind
limbs are associated with a m ore sit-an d-wai t p redato r
s trategy, as o bserv ed in wall-dw ellin g po p ulatio ns o f the
Aegean wa l l lizar d ( P. erhard i i ; Donihue 2016 ). The clear
re duct ion in posterior limb length in both sexes sug-
gests a shift in foraging strategy in int roduce d po p ula-
t ions, potent ia l ly due to st ructura l hab i tat o r p rey avail-
ab ili ty differences. Our un derstan ding of the observed
patterns of trait shifts will benefit from future experi-
m ental wor k testing th e impact of th e observed m or-
p ho log ica l variat io n o n loco motio n a nd perf orma nce
traits in the context of habitat differences between native
(Europea n) a nd int roduce d (Nort h Amer ican) po p ula-
tions. 
G iv en that the int roduce d po p u lat io ns o f P. siculus

and P. mu ral is that we studied ar e the r esul t o f single
int roduct ions, the con tem pora ry liza rd s sh are co mmo n
recent ancest or s with hist orica l spe cim ens, th ough th e
con tem p orary sp ecim ens may n ot be th eir direct de-
scendan ts. Em ployin g g enet ic appro ac hes t o identify re-
latednes s acros s time would allow more dire ct quant ifi-
catio n o f h ow se le ct io n o r other p ro cesses may b e acting
on these aspects of m orph ology. Furth er, in both species
it would be most beneficial to measure traits on ani-
m al s collect ed c loser t o th e tim e o f introd uctio n (1951
for P. mu ral is , 1994 for P. sicul us ). If th e foun der pop-
u lat ion experience d st rong sele ct ion on m orph olog ica l
t raits, we might expe ct that m orph ology w ould hav e
shifte d rapid ly in t he first ye a rs f ol lowing int roduct ion.
Unfortunat ely, t o the best of our knowledge such mu-
seum specimens do not exist. We also note the caveat
t hat t he p rocess o f p res erving mus eum specimens can
lead to b o dy shap e disto rtio n (generally shrinkage),
though chan g e in c haract er size is expe cte d to be min-
imal ( < 1.5%; Maayan et al. 2022 ). G iv en that the clear
differences a mo ng grou ps do not mat c h t he expect ation
o f such trai t chan g es d ue to p reservatio n (an d th e o p po-
site dire ct ions of t ra it cha n g e in male and fema le int ro-
duced P. mu ral is ), we t hink t hat t he p reservatio n p ro-
cess may introduce n oise, but n ot systemic bias, into our
co mpariso ns o f living and histo rica l l y co l le cte d lizards.
The con tem porary na tive and in t roduce d P. siculus

po p u lat ion s surv ey ed her e ar e like ly close ly re lat ed , as
the po p u lat io n o n Tao rmin a, Sicily i s t he source of t he
San Pedro introd uctio n ( Deichsel et al . 2010 ; O s kyr ko

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf060#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf060#supplementary-data
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t al. 2022 ). As such, we can interpret differences be-
we en these g roups as shifts in t raits sin ce th eir di-
 er g en ce (foun der even t) a pproxima t ely 30 year s ago.
 ur abi lity to draw in terpreta tions of differences in the
on tem porary P. mur a lis po p u lat ions is less clear, how-
v er. The nativ e po p u lat ions studie d her e wer e ca ugh t in
out her n France. While t hese po p u lat ions a re squa rely
it hin t he native Europe a n ra n g e of t he species, t hey
 re lik ely from a different line age t han t hose from
 orth ern Italy that foun ded th e int roduce d po p u lat ion
 Sa lvi et a l. 2013 ; Whi le et a l. 2015 ). Wit hin t he na-
iv e ran g e, th ese lin eages differ in b o dy an d h ead size,
hich can influence our in terpreta tion of m orph ologi-
a l t raj e ctories: fema les from t he It alian P. mu ral is lin-
age ( sensu While et al. 2015 ; the source of North Amer-
ca n liza rds) a re sma l ler tha n f emales from the Western
urope lineage (which we m easured h ere), an d males
rom t he It alian line ag e hav e lar g er he ads t han males
rom the Western Europe lineage ( While et al. 2015 ).
otab l y, however, both males a nd f emales from intro-
 uced No rt h Amer ican po p u lat ions had sig nificantly
ar g er ov era l l b o dy size an d h ead size re lative to eith er
urope an line ag e. While w e are limited in our a b ili ty
o ma ke spe cific claim s a bout ph en otypic s hif ts wit hin
 giv en lineag e, our da ta presen t s ugges tive evidence
ha t in t roduce d lizard s h av e div er g e d sig nificantly from
 hose in t he native range in the time since introduc-
ion. Thi s finding i s consi stent wit h t he ide a t hat species
i th trai ts permi tting s ucces s in n ew—an d espe cia l ly
rban—environments may be capable of f urt her disper-
al and establis hm ent ( Borden an d Flo ry 2021 ). Fro m
 co nservatio n p ersp ective, this elicits th e con cern that
 pecies s uch as wa l l lizard s th at are now t hr iving in ur-
an environments may move into more natural hab i tats,
otent ia l ly present ing a t hre at t o ecosyst ems and com-
eting with native species ( Fr iest ad et al. 2023 ). 
At the int er se ct io n o f urban evol u tio n and invasio n

iology, wa l l lizards in North America offer a n ove l
nd useful system for exploring the e colog ica l impli-
atio ns o f sexual dimo rphism and how patterns of di-
orphi sm m ay shift across contexts. We view the cur-
ent study as a step toward a broader un derstan ding
f the drivers of ph en ot ypic vari ation acros s s pace and
 ime in urb a n environments a nd spe cifica l l y the ro le
 f sexual dimo rphism in p ro cesses imp ortant to es-
ablis hm ent in urban environments. This work can in-
or m f uture exper iments to as ses s t he f unct iona l im-
licatio ns o f such shifts. Fo r example, both P . mu-
alis an d P. si culus exhi b i t lar g er relativ e head len gth
n int roduce d po p u lat io ns co mp are d to nat ive po p u-
ations. As ses sments of diet and intensi ty o f intraspe-
ific co mpeti tio n ca n inf or m t h e un der lying m echa-
isms an d fun ct iona l im plica tio ns o f t his he ad enlar g e-
 ent ( Herre l et a l. 2008 ; Saboli ́c et a l. 2024 ). Such work
ou ld be g re at ly infor m ed by m easurem ents o f histo ri-
a l spe cimens col le cte d fro m the o rig ina l so urce po p u-
atio ns, so mething to which we are cur rent ly dire ct ing
ffo rts. Fu tur e r esear ch examining m orph olog ica l, di-
ta ry, a nd evol u tio nary shifts in int roduce d po p u lat ions
i l l b e dep endent up on available museum specimens,
nd we advise that r esear c her s pu t mo re effo rt into col-
e ct ing r epr esen ta tive sam ples of in t roduce d po p ula-
ions early and repeate d l y. New ad van cem ents in pre-
ict ive te chnolog ies (e.g., machine le ar ning, Lailvaux
t al. 2022 ) can be utilized to infer h ow s hifts in mor-
 ho logy over time would al ter perfo rman ce m easures.
ddi tio nally, the questio n o f th e re lative influen ces of
l asticit y, additiv e g enetic va riation, a n d deve lopm ent
 n mo rp ho log ica l t raits st i l l lin g ers. This could be ad-
ressed by qu antify in g ontog enetic trait trajectories in
izar ds fr om differ ent po p u lat ions and as ses sing pat-
ern s of ha bita t associa t ion and sexua l dimorphi sm a s
ndiv idu al s m ature (e.g., Ha ssel l et a l. 2012 ). Measure-
 ents across ear ly deve lopm ent are espe cia l ly infor-
ative in this c lade , whic h exhib i ts hab i ta t-associa ted
ariation in limb m orph ology that gen era l ly develops
ost-hat c hing ( Cor der o et al. 2020 ). Finally, close ex-
minatio n o f mo rp ho log ica l differences betwe en fema le
nd male indiv idu als, and how patterns in dimorphism
elat e t o differences in hab i tat, ca n inf orm our grow-
ng un derstan ding of sex as a mu lt i variate p h en otype
 McLaugh lin et a l . 2023 ; S mi ley et a l. 2024 ). Future
 ork w ould ben efit imm ense ly from qu antify ing my r-
ad traits associated with different rep rod ucti ve ro les to
rovide a mech ani stic ba si s for associated trait varia-
ion, t o bett er inform our under standing of how traits
han g e ov er t ime a lon g different ax es of th e ph en o-
 ype (e.g ., h orm onal, m orph olog ica l, behaviora l), and
o identify the funct iona l im plica tions for differences in
hese traits. We are dire ct in g future w ork toward disen-
an glin g th e n o n-excl usi ve ro les of p l asticit y, ad aptive
vol u tio n, dr if t, and exapt ation in facilit ating t he ongo-
ng spread of these s pecies acros s the globe ( Winchell et
l. 2022 ; 2023b ). 
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