
o l á I o v á

 D e p art m e nt of Z o ol o g y, F a c ult y of S ci e n c e, C h arl es U ni v ersit y i n Pr a g u e, Vi ni  n á 7, 

 Pr a g u e Z o o, U Tr ojs k é h o z á m k u 3, C Z 3 1 7 1 0 0 Pr a h a 7, C z e c h R e p u bli c

 M err e m, 1 8 2 0 a n d his p a ni ol a n 
Willi a ms 1 9 6 0 ( e. g., h a as et al. 1 9 9 3, P o e 2 0 0 4, 

T o t his d at e, t h e f oll o wi n g o v e s p e ci es of t h e < c h a m a el e olis = gr o u p ar e r e c o g ni z e d:

D u m éril et Bi br o n, 1 8 3 7. T y p e l o c alit y: vi ci nit y of L a h a b a n a, L a 
h a b a n a pr o vi n c e ( cf. S c h etti n o 1 9 9 9).

( C o p e, 1 8 6 4). T y p e l o c alit y: vi ci nit y of G u a nt á n a m o cit y, G u a nt á n a m o (f or m er 

Crist ó b al, Pi n ar d el Rí o pr o vi n c e ( cf. G arri d o 1 9 8 2).



a n d T o p es d e C oll a nt es, Si err a d e Tri ni d a d ( Si err a d el Es c a m br a y or M a ci z o d e G u a m u h a y a, 

i n t his st u d y, w e d es cri b e a n e w s p e ci es fr o m S a nti a g o d e C u b a pr o vi n c e of E ast er n C u b a.

M a T E Ri a L a N D M E T h o D S

m a el e olis = s p e ci es gr o u p of w hi c h 7 7 w er e li v e a ni m als or pr es er v e d s p e ci m e ns pr o vi d e d b y E ur o p e a n p ri v at e br e e d ers 

N M P 6 V 3 4 5 0 4, N M P 6 V 3 4 5 2 0/ 1 3 1 1, N M P 6 V 7 1 8 7 2/ 1 3 3, N M P 6 V 7 1 8 7 3, N M P 6 V 7 3 1 4 8/ 1 3 4, N M P 6 d 2 7 9/ 0 3, N M P 6j 
2 5/ 1 9 9 2, N M P 6 p; 1 0 s p e c. of : N M P 6 V 3 4 5 1 7, N M P 6 V 7 1 8 7 0/ 1 3 8, N M P 6 V 7 1 8 7 1; 3 s p e c. of 

: N M P 6 V 3 4 5 0 5, N M P 6 V 3 4 5 1 8, N M P 6 d 8 1/ 0 6; a n d 1 s p e c. of 

s u b di git al l a m ell a e o n t h e l o n g est o n g er of a hi n d l e g, ( 6) f e m or al s c al es i n t h e li n e ori e nt e d fr o m  a k n e e t o t h e b as e of 

fr o m Vi ñ al es, Pi n ar d el Rí o pr o vi n c e; 3 5 f e m al es a n d 5 m al es fr o m B ar a c o a, G u a nt á n a m o pr o vi n c e. T h es e 

-t o- v e nt l e n gt h ( S V L: m e as ur e d fr o m t h e ti p of t h e s n o ut t o t h e v e nt); b o d y l e n g ht ( Li E: l o n git u d o i nt er e xtr e mit atis 3 t h e 

Fi g. 1. h ol ot y p e of 



h ei g ht ( B h: t h e gr e at est h ei g ht of t h e b o d y); j a w o ut-l e v er dist a n c e (J o L: t h e dist a n c e b et w e e n t h e j a w arti c ul ati o n a n d 
t h e ti p of t h e j a w); h e a d l e n gt h ( h L: m e as ur e d fr o m t h e e d g e of t h e h e a d c as q u e t o ti p of t h e s n o ut); h e a d wi dt h ( h W: 
m e as ur e d at t h e i nt ers e cti o n wit h t h e a n gl e of t h e j a ws); h e a d h ei g ht ( h h: m e as ur e d j ust p ost eri or t o t h e or bits); s n o ut- or bit 

dist a n c e b et w e e n t h e ti p of t h e s n o ut t o t h e e d g e of t h e l eft n ostril); s n o ut- m o ut h e n d ( S M E: t h e di st a n c e fr o m t h e ti p of 

= Q T); o p e ni n g i n-l e v er ( o L: t h e dist a n c e fr o m t h e j a w arti c ul ati o n t o t h e b a c k of t h e r etr o arti c ul a r pr o c es; t his dist a n c e 
w as c al c ul at e d b y s u bstr a cti n g Q T fr o m l o w er j a w l e n gt h); i nt er n as al dist a n c e (i N: t h e dist a n c e b et w e e n t h e n ostrils); 

i nt er or bit al dist a n c e (i o: t h e s h ort est dist a n c e b et w e e n t h e or bits); e ar o p e ni n g ( E o: t h e m a xi m u m verti c al l e n gt h of a n 
e ar o p e ni n g); ti bi a ( T B: t h e l e n gt h of t h e l eft ti bi a); f e m ur ( F E M: t h e l e n g ht of t h e l eft f e m ur); h i n d m et at ars us ( h M: t h e 
l e n g ht of t h e l eft hi n d m et at ars us); hi n d o n g er ( h F: t h e l e n g ht of t h e l o n g est 3 t h e f o urt h- hi n d o ng er e x cl u di n g t h e cl a w); 
h u m er us ( h U: t h e l e n g ht of t h e l eft h u m er us); r a di us ( R a: t h e l e n g ht of t h e l eft r a di us); fr o nt m et a t ars us ( F M: t h e l e n g ht 

Li E 7 3. 1 m m; t ail l o n g er t h a n b o d y T L 1 7 2 m m; B h 4 0 . 7 m m; J o L 5 0. 0 m m; e xtr e m el y l o n g h e a d 
h L 6 2. 2 m m; h W 2 9. 4 m m; h h 2 3 m m; S o 2 6. 7 m m; S N 6. 8 m m; S M E 4 4. 8 m m; LJ L 5 3. 3 m m; 
S L 4 0. 8 m m; C L 9. 1 m m; o L 5. 5 m m; i N 6. 4 m m; o C 2 7. 4 m m; i o 1 8. 6 m m; E o 4. 3 m m; T B 
2 7. 5 m m; F E M 3 1. 8 m m; h M 1 5. 2 m m; h F 2 2. 8 m m; h U 2 8. 5 m m; R a 1 9. 7 m m; F M 6. 2 m m; 
B S 0. 9 m m (f or d e o niti o ns of m e as ur e m e nts a n d a b br e vi ati o ns s e e u n d er t h e M at eri al a n d M et h o ds 

T h e s p e ci o c e pit h et 

b y t h e orst a ut h or o n a br a n c h of tr e e a b o ut 6 m et ers a b o v e t h e gr o u n d l e v el d uri n g a d a y at t h e 



 s p. n o v. i n Si err a M a estr a Mts ( p h ot o b y V h o n 1 4 F e br u ar y 2 0 0 3).



s u pr al a bi al s c al es, L a m ell a e = n u m b er of s u b di git al l a m ell as o n t h e l o n g est (f o urt h) o n g er of a hi n d  l e g, F e m or al s c al es 

 s p. n o v. ( p h ot o b y V h at t h e t y p e l o c alit y o n 1 4 F e br u ar y 2 0 0 3).
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ar e t h e s p e ci o c si g n of 

r y, cf. h err el & h ol á I o v á 2 0 0 8) a n d t h eir d e ntiti o n i n cl u d es e nl ar g e d m ol arif or m t e et h ( Est es 

( 2 0 a n d 1 6, r es p e cti v el y; t e et h c o u nts: h ol á I o v á et al. u n p u bl. r es ults, s e e als o h ol á I o v á 2 0 0 9, 
Z a hr a d ní  e k 2 0 1 1). C o m p aris o ns of 



r e p ort e d ( G arri d o et al. 1 9 9 1,  Dí a z et al. 1 9 9 8), f or distri b uti o n p att er ns s e e S c h etti n o ( 1 9 9 9). E a ch 

p att er n pr o vi d es ef o ci e nt g e o gr a p hi c b arri ers a m o n g t h e p o p ul ati o ns/s p e ci es. T h e is ol ati o n of r e

We t h a n k JiYí M or a v e c, t h e c ur at or of t h e h er p et ol o gi c al c oll e cti o n of t h e N ati o n al N us e u m i n Pr a g u e , f or his ki n d h el p 
i n e x a mi ni n g t h e m us e u m m at eri als. We t h a n k i v a n hr d ý, P etr K o d y m a n d ot h er pri v at e br e e d ers a cr oss E ur o p e, w h o 
e n a bl e d us t o e x a mi n e li vi n g a n ol es of t h eir br e e ds. We ar e gr at ef ul t o L e n k a C h ylí k o v á f or x-r a y i m a gi n g, Sil vi e Lia k o v á 
f or li n g uisti c r e visi o n a n d D a vi d Kr ál f or t a x o n o mi c c o m m e nts a n d s u g g esti o ns o n e arli er v ersi o n of t h e m a n us cri pt.

R E F E R E N C E S

E c ol o gi c al m or p h ol o g y of C ari b b e a n a n ol es. 

 1 9 8 2: D es cri p ci ó n d e u n a n u e v a es p e ci e c u b a n a d e C h a m a el e olis ( L a c ertili a: i g u a ni d a e), c o n n ot as s obr e 

o l á I o v á  2 0 0 8: Cr a ni al m or p h ol o g y a n d bit e f or c e i n C h a m a ele olis li z ar ds 3 a d a pt ati o ns t o m oll us c o v or y ? 

o l á I o v á

 K. E., 

A n o bi os y R e ptil es d e C u b a
a h r a d ní  e k



: 3 1 3 4 7, 2 0 1 7

er o ni k a H o l á I o vá Z a h r a d ní  k o vá A b r a mj a n K P a l u p í k o vá
R e h á k & D F r y n t a

 C h arl es U ni v ersit y, F a c ult y of S ci e n c e, D e p art m e nt of Z o ol o g y, Vi ni  n á 7, C Z 3 1 2 8 4 3 Pr a h a 2, C z e c h R e p u bli c
T h e Pr a g u e Z o ol o gi c al G ar d e n, U Tr ojs k é h o z á m k u 3/ 1 2 0, C Z 3 1 7 1 0 0 Pr a h a 7, C z e c h R e p u bli c

C orr es p o n di n g a ut h or: i g u @ c e ntr u m. c z

; a c c e pt e d 2 8 J u n e 2 0 1 7

. T h e a n ol e ( g e n us A n olis  D a u di n, 1 8 0 2) d e wl a p is a r a pi dl y e v ol vi n g tr ait. S e x u all y di c hr o m ati c a n ol e 
s p e ci es us u all y o c c ur i n t h e m ai nl a n d, w hil e t h e isl a n d s p e ci es dis pl a y o nl y littl e di c hr o m atis m i n p arti c ul ar. 
T h e s o- c all e d < c h a m a el e olis = gr o u p of a n ol es e n d e mi c t o C u b a Isl a n d, tr a diti o n all y cl assi o e d as t h e 8t wi g gi a nt9 
e c o m or p h, c o nsists of l ar g e, sl o w a n d v er y cr y pti c s p e ci es wit h v er y si mil ar s e x es. O ur st u d y d es cri b es a n e w 
p o p ul ati o n of < c h a m a el e olis = a n ol es w hi c h, u nli k e ot h er r el at e d s p e ci es, dis pl a y a s ur prisi n g s e x u al  di c hr o m atis 
i n d e wl a ps. M al es h a v e c o ns pi c u o usl y r e d d e wl a ps, w hil e t h e d e wl a ps of f e m al es ar e w hitis h. We c o m p ar e d t h e 
s p e ci m e ns fr o m t h e n e wl y dis c o v er e d p o p ul ati o ns wit h r el at e d A n olis b ar b at us G arri d o, 1 9 8 2,  A. c h a m a el e o ni d es 
D u m éril et Bi br o n, 1 8 3 7,  A. g u a m u h a y a G arri d o, P ér e z- B e at o et M or e n o, 1 9 9 1 a n d A. p or c us  C o p e, 1 8 6 4 t hr o u g h 
t h e m e a ns of s p e ctr o p h ot o m etr y, vis u al m o d elli n g, m or p h ol o g y a n d mt D N A a n al ysis. T h e r es ults s h o w t hat t h e 
r e d c ol or ati o n s u bst a nti all y i n cr e as es b ot h c hr o m ati c a n d a c hr o m ati c c o ntr asts, w hil e t h e di c hr o m ati s m i n t h e 
r e m ai ni n g s p e ci es is o nl y i n t h e a c hr o m ati c c h a n n el, if a n y. B ot h g e n eti c a n d m or p h o m etri c c o m p aris o ns s u g g est 
disti n ct n ess of t h e di c hr o m ati c p o p ul ati o ns w hi c h m a y r e pr es e nt a s e p ar at e s p e ci es. T h e r e as o n f or t h e u n us u al 
d e wl a p c ol or ati o n r e m ai ns u n cl e ar, t h o u g h a n e c ol o gi c al e x pl a n ati o n is dis c uss e d.

S e x u al si z e di m or p his m, b o d y s h a p e, mt D N A, r e n e ct a n c e, A n olis , C u b a, N e otr o pi c al 
R e gi o n.

N T R O D U C TI O N

C ol or ati o n of m al es a n d f e m al es diff ers c o nsi d er a bl y i n m a n y a ni m al s p e ci es. T his s e x u al di
c hr o m atis m is a s p e ci o c f or m of s e x u al di m or p his m. S e x u al di c hr o m atis m h as attr a ct e d att e nti o n 
of r es e ar c h ers a n d t h e or eti ci a ns f or c e nt uri es ( e. g., D ar wi n 1 8 7 1), b ut t h e p h yl o g e n eti c st u di es 
a n al ysi n g m a cr o e v ol uti o n ar y p att er ns of s e x u al di c hr o m atis m wit hi n m aj or cl a d es of t err estri al 
v ert e br at es a p p e ar e d o nl y r e c e ntl y (fr o gs: B ell & Z a m u di o 2 0 1 2; li z ar ds: St u art 3 F o x & Or d 2 0 0 4; 
s n a k es: S hi n e & M a ds e n 1 9 9 4; t urtl es: Li u et al. 2 0 1 3; bir ds: B a d a y e v & Hill 2 0 0 3, St o d d ar d 
& Pr u m 2 0 1 1). 

T h e e v ol uti o n of s e x u al di c hr o m atis m is us u all y e x p l ai n e d b y t h e t w o f oll o wi n g o p p osi n g s el e
cti v e f or c es: ( 1) s e x u al s el e cti o n f a v o uri n g c o ns pi c u o us c ol or ati o n of t h e s e x wit h hi g h er v ari a n c e 
i n its r e pr o d u cti v e o ut p ut, t y pi c all y m al es; ( 2) pr e d ati o n pr ess ur e f a v o uri n g cr y pti c c ol or ati o n 
i n b ot h s e x es, b ut m or e str o n gl y i n f e m al es w hi c h ar e v ul n er a bl e t o pr e d ati o n d uri n g gr a vi dit y 
a n d/ or m at er n al c ar e ( D ar wi n 1 8 7 1, f or a r e vi e w s e e als o St ut c h b ur y & M ort o n 2 0 0 1). Ris ks f or 
f e m al es ass o ci at e d wit h m ati n g a n d m al e h ar ass m e nt w er e c urr e ntl y pr o p os e d as a dri vi n g f or c e 
l e a di n g t o t h e r e d u cti o n of c o ns pi c u o us or n a m e nt ati o n i n f e m al es ( H os k e n et al. 2 0 1 6). 



A n ol es ar e o n e of t h e b est m o d el s yst e ms f or t h e e v ol uti o n ar y, e c ol o gi c al a n d p h yl o g e n eti c 
st u di es of m or p h ol o gi c al tr aits i n cl u di n g s e x u al di m or p his m a n d di c hr o m atis m (f or a r e vi e w s e e 
L os os 2 0 0 9). T h e m ost i m p ort a nt p art of a n ol e b o d y f or t h e st u d y of di c hr o m atis m is t h e d e wl a p. 
D e wl a p is a n a p of s ki n u n d er t h e t hr o at of t h e li z ar d t h at is e xt e n d e d a n d r etr a ct e d r a pi dl y d uri n g  
si g n alli n g a n d h as a n i m p ort a nt s p e ci es r e c o g niti o n f u n cti o ns ( Or d & M arti ns 2 0 0 6, N g & Gl or 

g et al. 2 0 1 3). I n m a n y a n ol e s p e ci es f e m al es h a v e s m all er a n d/ or l ess c o ns pi c u o usl y c o
l o ur e d d e wl a ps t h a n m al es ( H arris o n & P o e 2 0 1 2). N e v ert h el ess, f u n d a m e nt al s e x u al diff er e n c es 
i n d e wl a p c ol or ati o n a n d p att er n ar e r ar e a n d s u c h c as es ar e m ostl y r e p ort e d fr o m m ai nl a n d a n ol es 
( K ö hl er 2 0 0 3, U g u et o et al. 2 0 0 7, 2 0 0 9, K ö hl er et al. 2 0 1 4).

I nt ers e x u al diff er e n c es i n d e wl a ps c o ul d b e u n d erst o o d as a r es ult of diff er e nt pr ess ur es o n 
m al es a n d f e m al es. W hil e t h e r e pr o d u cti v e s u c c ess of m al es is d et er mi n e d m ostl y b y s u c c ess i n 
m at e a c q uisiti o n w hi c h is p ositi v el y ass o ci at e d wit h si g n alli n g, f e m al e s u c c ess d e p e n ds m ai nl y 
o n e g g pr o d u cti o n a n d s ur vi v al. T his r es ults i n diff er e nt d esi g n of d e wl a ps b et w e e n s e x es ( Va n
h o o y d o n c k et al. 2 0 0 9). F e m al es g e n er all y us e t h eir d e wl a ps m u c h l ess t h a n m al es a n d r ar el y 
i n r e pr o d u cti v e c o nt e xt ( N u n e z et al. 1 9 9 7, L os os 2 0 0 9, J o h ns o n & Wa d e 2 0 1 0). F e m al es als o 
e x hi bit n o r el ati o ns hi p b et w e e n dis pl a y b e h a vi o ur a n d d e wl a p m or p h ol o g y. 

T h us, t h e us e of t h e d e wl a p is n ot ass o ci at e d wit h t h e si z e of t h e c artil a gi n o us str u ct ur es t h at 
s u p p ort its m o v e m e nt (J o h ns o n et al. 2 0 1 1). H arris o n & P o e ( 2 0 1 2) f o c us e d o n f e m al es d e wl a p 
si z e v ari ati o n i n h u g e c o m p ar ati v e st u d y a n d f o u n d e vi d e n c e t h at f e m al es h a v e l ar g e d e wl a ps 
i n s p e ci es wit h littl e s e x u al si z e di m or p his m, w hil e h a vi n g s m all or n o d e wl a ps i n s p e ci es wit h 
wi d er s e x u al si z e di m or p his m. Fr o m all A ntill e a n e c o m or p hs, t h e l ar g est d e wl a ps ar e f o u n d i n 
cr o w n- gi a nts a n d t wi g a n ol es. O n e h y p ot h esis f or t his p h e n o m e n o n is t h at l ar g e d e wl a ps ar e 
ess e nti al i n d e ns e h a bit ats as t h e y w o ul d b e s e e n b ett er, a n d s e c o n d h y p ot h esis is b as e d o n l o w 
d e nsiti es of t h es e t w o e c o m or p hs 3 l ar g er d e wl a ps f a cilit at e l o n g dist a n c e c o m m u ni c ati o n ( H ar
ris o n & P o e 2 0 1 2).

I n t his st u d y w e f o c us o n t h e < c h a m a el e olis = gr o u p e n d e mi c t o C u b a Isl a n d ( S c h etti n o 2 0 0 3, 
L os os 2 0 0 9). T h e y us e d t o h a v e t h eir o w n e c o m or p h cl ass n a m e d <t wi g gi a nts = ( H a as et al. 1 9 9 3) 
r ef erri n g t o t h eir u ni q u e b o d y s h a p e a n d lif est yl e b ut t h e y w er e m o v e d t o wi d e-si z e e c o m or p h 
cl ass <t wi g a n ol es = ( B e utt ell & L os os 1 9 9 9, M a hl er et al. 2 0 1 6). N e v ert h el ess t h es e stri ki n g li z ar ds 
s h o w list of u n us u al c h ar a ct eristi cs a m o n g ot h er a n ol es- l ar g e b o d y si z e, s h ort li m bs, h u g e b o n y 
c as q u es o n h e a ds, l a c k of t ail a ut ot o m y ( G arri d o & S c h w art z 1 9 6 8), i n d e p e n d e nt e y e m o v e m e nt, 
cr y pti c c ol or ati o n a n d e xtr a or di n ar y s c al ati o n, m ol arif or m t e et h i n a d ults ( Est es & Willi a ms 
1 9 8 4, S c h w art z & H e n d ers o n 1 9 9 1) s p e ci ali z e d f or cr us hi n g s n ails ( S c h etti n o 1 9 9 9, 2 0 0 3, H err el 
& H ol á I o v á 2 0 0 8) a n d cr y pti c a n d sl o w m oti o n lif est yl e ( L e al & L os os 2 0 0 0). C o ns e q u e ntl y, 
t h es e a n ol es h a v e b e e n tr a diti o n all y r e c o g ni z e d as a disti n ct g e n us  C o ct e a u, 1 8 3 8.
B e c a us e t his gr o u p f or ms a d eri v e d i nt er n al cl a d e of t h e g e n us A n olis D a u di n, 1 8 0 2 s e ns u l at o, it 
is us u all y tr e at e d as a j u ni or s y n o n y m of A n olis. T h e st u di es dis c o v eri n g t h e cl a d o g e n esis of t h e 
a n ol es h a v e pl a c e d t h e g e n us  wit hi n t h e m ai n b o d y of t h e tr e e of A ntill e a n a n ol es. 
T h es e f or m a sist er gr o u p of a cl a d e c o nsisti n g of t h e P u ert o Ri c a n s p e ci es A n olis c u vi eri  M err e m, 
1 8 2 0 a n d His p a ni ol a n A. b ar a h o n a e  Willi a ms, 1 9 6 2 a n d A. c hrist o p h ei  Willi a ms, 1 9 6 0 ( e. g., H a as 
et al. 1 9 9 3, P o e 2 0 0 4, Ni c h ols o n et al. 2 0 0 5, 2 0 1 2). I n t his st u d y w e dis c o v er e d a p o p ul ati o n 
e x hi biti n g f u n d a m e nt al s e x u al di c hr o m atis m, m al es p oss essi n g r e d d e wl a p str o n gl y c o ntr asti n g 
wit h w hit e d e wl a ps of c o ns p e ci o c f e m al es.

T h e ai m of t his p a p er w as ( 1) t o d es cri b e d e wl a p c ol or ati o n a n d r e n e ct a n c e s p e ctr a i n t h e 
dis c o v er e d di c hr o m ati c p o p ul ati o n a n d ot h er f o ur s p e ci es/ p o p ul ati o ns of a n ol es b el o n gi n g t o 
t h e < c h a m a el e olis = gr o u p; ( 2) t o ass ess s e x u al di c hr o m atis m a n d s e x u al si z e di m or p his m i n t h e 
st u di e d < c h a m a el e olis = s p e ci es; ( 3) t o a n al ys e m or p h o m etri c a n d g e n eti c v ari ati o n i n t his gr o u p 
a n d r el at e d a n ol es i n or d er t o dis c uss e v ol uti o n of t h e di m or p hi c tr aits.



M A T E RI A L A N D M E T H O D S

T h e e x a mi n e d m at eri al (s e e b el o w) w as assi g n e d t o s p e ci es a c c or di n g t o m or p h ol o gi c al crit eri a ( H ol á I o v á et al. 2 0 1 2). 
We pr o visi o n all y d et er mi n e d t h e s p e ci m e ns of di c hr o m ati c p o p ul ati o n fr o m vi ci nit y of S a n G er m a n ( H ol g uí n pr o vi n c e, 
C u b a) a n d Gr a n Pi e dr a ( S a nti a g o d e C u b a pr o vi n c e, C u b a; Fi gs. 1 3 3) as A n olis p or c us . C o nsi d eri n g m ulti pl e disti n ct 
m or p h o m etri c a n d g e n eti c c h ar a ct ers of t h es e a ni m als (s e e u n d er t h e r es ults), w e f urt h er r ef er t o t h is p o p ul ati o n as A n olis 
s p. I n ori gi n al d es cri pti o n of A. p or c us  C o p e, 1 8 6 4 t h er e is n o i nf or m ati o n a b o ut d e wl a p c ol or ati o n n or a b o ut t y p e l o c alit y. 
We a v oi d t a x o n o mi c dis c ussi o ns c o n c er ni n g s p e ci es i d e ntit y of t h es e s p e ci m e ns u ntil a t h or o u g h r e vis i o n of A. p or c us
s e ns u l at o i n cl u di n g pr o p erl y l o c ali z e d m at eri als will b e p erf or m e d. Cl ari o c ati o n of t h e g e o gr a p hi c ori gi n of t h e h ol ot y p e 
is n e e d e d pri or t o a n y n o m e n cl at ur al s u g g esti o n.

We m e as ur e d 3 m al es a n d 2 f e m al es of A n olis s p. fr o m S a n G er m a n p o p ul ati o n t o g et h er wit h A n olis b ar b at us G arri d o, 
1 9 8 2 ( S or o a), A. c h a m a el e o ni d es D u m éril et Bi br o n, 1 8 3 7 ( Vi ñ al es), A. g u a m u h a y a G arri d o, P ér e z- B e at o et M or e n o, 
1 9 9 1 ( T o p es d e C oll a nt es) a n d  A. p or c us ( B ar a c o a), e a c h r e pr es e nt e d b y a si n gl e m al e a n d a si n gl e f e m al e. All s p e ci m e ns 
w er e o bt ai n e d fr o m c oll e cti o ns of pri v at e E ur o p e a n a n d R ussi a n br e e d ers. All w er e c a pti v e br e d aft er  p ar e nt al a ni m als 
wit h k n o w n ori gi n al l o c aliti es.

T h e d e wl a p c ol o ur r e n e ct a n c e w as d et er mi n e d b et w e e n 3 0 0 a n d 7 0 0 n m wit h a n O c e a n O pti cs U S B 4 0 0 0 s p e ct r o p h o
t o m et er, usi n g a P X- 2 P uls e d X e n o n l a m p s o ur c e. We us e d t h e O c e a n O pti cs W S- 1 w hit e st a n d ar d f or c ali br ati o n, w hi c h 
w as p erf or m e d aft er e v er y t hr e e m e as ur e m e nts. T h e pr o b e w as h el d i n a c o nst a nt p er p e n di c ul ar 5 m m dis t a n c e fr o m t h e 
g e ntl y str et c h e d d e wl a p s ki n a n d t h e m e as ur e m e nts w er e p erf or m e d i n a d ar k e n e d r o o m. E a c h c ol o ur p at c h w as m e as ur e d 
3 ti m es a n d t h e n c al c ul at e d its m e a n r e n e ct a n c e v al u e. F or vis u al m o d elli n g, w e us e d t h e p h ot or e c e pt or  s e nsiti vit y d at a f or 
A n olis li n e at o p us  Gr a y, 1 8 4 0 ( L o e w et al. 2 0 0 2, M ars h all & St e v e ns 2 0 1 4). We c al c ul at e d b ot h c hr o m ati c a n d a c hr o m ati c 

Fi gs. 1 3 3. 1 3 Ori gi n al l o c alit y of A n olis  s p. at Gr a n Pi e dr a, S a nti a g o d e C u b a pr o vi n c e, C u b a ( p h ot o b y V H Z). 2 a n d 3 
3 Wil d a d ult m al e of A n olis  s p. at l o c alit y Gr a n Pi e dr a, S a nti a g o d e C u b a pr o vi n c e, C u b a ( b ot h p h ot os b y V H Z).



3 4

c o ntr asts b et w e e n ( 1) < m al es a n d f e m al es = d e wl a ps (t h e p al e c ol o ur), a n d ( 2) t h e p al e a n d r e d c ol o ur  wit hi n t h e d e wl a p 
of t h e m al es of A. s p. fr o m S a n G er m a n. T h e c hr o m ati c c o ntr ast e x pr ess e d i n <j ust n oti c e a bl e diff er e n c es = (J N D) w as 
c al c ul at e d a c c or di n g t o Vor o b y e v & Os ori o ( 1 9 9 8); v al u es b el o w 1 i n di c at e t h at t w o c ol o urs ar e u nr e c o g ni z a bl e wit hi n 
t h e p arti c ul ar vis u al s yst e m, v al u es b et w e e n 1 3 3 ar e c o nsi d er e d t o b e disti n g uis h a bl e u n d er i d e al lig hti n g c o n diti o ns a n d 
wit h t h e i n cr e asi n g v al u e t h e c ol o urs gr a d u all y b e c o m e m or e disti n ct. D at a f or r el ati v e p h ot or e c e pt o r d e nsiti es a n d t h e 
We b er fr a cti o n v al u e 0. 0 5 w er e t a k e n fr o m M ars h all & St e v e ns ( 2 0 1 4). T h e c al c ul ati o n of t h e a c hr o m at i c c o ntr ast w as 
p erf or m e d aft er t h e m o d el of Si d di qi et al. ( 2 0 0 4) a n d L o y e a u et al. ( 2 0 0 7). All c al c ul ati o ns w er e p erf or m e d i n A vi c ol 
v. 6 ( G o m e z 2 0 0 6).

We e x a mi n e d 1 2 8 a d ult a n ol es of t h e < c h a m a el e olis = gr o u p of w hi c h 8 3 w er e li v e a ni m als or pr es er v e d s p e ci m e ns pr o
vi d e d b y E ur o p e a n pri v at e br e e d ers ( 1 8 A. b ar b at us fr o m S or o a, C u b a; 2 3 A. c h a m a el e o ni d es fr o m Vi I al es, C u b a; 1 9 A. 

 fr o m T o p es d e C oll a nt es, C u b a; 1 7 A. p or c us B ar a c o a, C u b a a n d 6 A n olis s p. fr o m S a n G er m a n, C u b a) a n d 4 4 
w er e m us e u m s p e ci m e ns fr o m t h e h er p et ol o gi c al c oll e cti o n of t h e N ati o n al M us e u m i n Pr a g u e ( N M P), C z e c h R e p u bli c 
(list of m us e u m s p e ci m e ns i n A p p e n di x 1). 

T h e f oll o wi n g m e as ur e m e nts w er e m a d e wit h di git al c alli p ers t o t h e n e ar est 0. 1 m m: s n o ut-t o- v e nt l e n gt h ( S V L: 
m e as ur e d fr o m t h e ti p of t h e s n o ut t o t h e v e nt); b o d y l e n gt h ( LI E: l o n git u d o i nt er e xtr e mit atis 3 t h e  dist a n c e b et w e e n fr o nt 
a n d hi n d l e gs); j a w o ut-l e v er dist a n c e (J O L: t h e dist a n c e b et w e e n t h e j a w arti c ul ati o n a n d t h e ti p o f t h e j a w); h e a d l e n gt h 
( H L: m e as ur e d fr o m t h e e d g e of t h e h e a d c as q u e t o ti p of t h e s n o ut); h e a d wi dt h ( H W: m e as ur e d at t h e  i nt ers e cti o n wit h 
t h e a n gl e of t h e j a ws); h e a d h ei g ht ( H H: m e as ur e d j ust p ost eri or t o t h e or bits); s n o ut- or bit dist a n ce ( S O: t h e dist a n c e 
b et w e e n t h e ti p of t h e s n o ut t o t h e n e ar est p oi nt of t h e or bit ); s n o ut- n ostril dist a n c e ( S N: t h e di st a n c e b et w e e n t h e ti p of 
t h e s n o ut t o t h e e d g e of t h e l eft n ostril); s n o ut- m o ut h e n d ( S M E: t h e dist a n c e fr o m t h e ti p of t h e sn o ut t o t h e c or n er of 
t h e m o ut h); l o w er j a w l e n gt h ( LJ L: t h e dist a n c e fr o m t h e b a c k of t h e r etr o arti c ul ar pr o c ess t o t h e ti p of t h e l o w er j a w); 
s n o ut l e n gt h ( S L: t h e l e n gt h of t h e s n o ut m e as ur e d fr o m t h e b a c k of t h e j u g al b o n e t o t h e ti p of t h e  u p p er j a w); cl osi n g 
i n-l e v er ( C L: t h e dist a n c e b et w e e n t h e j a w arti c ul ati o n a n d t h e b a c k of t h e j u g al b o n e; t his dist a n ce w as c al c ul at e d b y 
s u bstr a cti n g t h e s n o ut l e n gt h fr o m t h e dist a n c e m e as ur e d fr o m t h e j a w arti c ul ati o n t o t h e ti p of t h e  j a w = Q T); o p e ni n g 
i n-l e v er ( O L: t h e dist a n c e fr o m t h e j a w arti c ul ati o n t o t h e b a c k of t h e r etr o arti c ul ar pr o c es; t his dist a n c e w as c al c ul at e d b y 
s u bstr a cti n g Q T fr o m l o w er j a w l e n gt h); i nt er n as al dist a n c e (I N: t h e dist a n c e b et w e e n t h e n ostrils);  or bit- c as q u e dist a n c e 
( O C: t h e dist a n c e b et w e e n t h e p ost eri or- m ost p oi nt of t h e or bit a n d t h e hi g h est p oi nt of t h e c as q u e) ; i nt er or bit al dist a n c e 
(I O: t h e s h ort est dist a n c e b et w e e n t h e or bits); e ar o p e ni n g ( E O: t h e m a xi m u m v erti c al l e n gt h of a n e ar o p e ni n g); ti bi a 
( T B: t h e l e n gt h of t h e l eft ti bi a); f e m ur ( F E M: t h e l e n g ht of t h e l eft f e m ur); hi n d m et at ars us ( H M: t h e l e n g ht of t h e l eft 
hi n d m et at ars us); hi n d o n g er ( H F: t h e l e n g ht of t h e l o n g est 3t h e f o urt h- hi n d o n g er e x cl u di n g t h e cl a w); h u m er us ( H U: 
t h e l e n g ht of t h e l eft h u m er us); r a di us ( R A: t h e l e n g ht of t h e l eft r a di us); fr o nt m et at ars us ( F M: th e l e n g ht of t h e l eft fr o nt 
m et at ars us); b ar b s c al es ( B S: t h e m a xi m u m l e n gt h of t h e b ar b-li k e s c al es o n a d e wl a p).

Ta bl e 1. G e n eti c s a m pl es a n d t h eir G e n B a n k a c c essi o n n u m b ers

s a m pl es  ori gi n  G e n B a n k A c c essi o n N u m b ers

A n olis b ar b at us  A B 1   S or o a  M F 1 5 7 5 3 4 
A n olis b ar b at us
A n olis p or c us  A P 1   El yu n q u e  M F 1 5 7 5 3 6 
A n olis p or c us  A P 2   D u a b a  M F 1 5 7 5 3 7 
A n olis p or c us  A P 3   D u a b a  M F 1 5 7 5 3 8 
A n olis g u a m u h a y a  A G 1   T o p es d e C oll a nt es  M F 1 5 7 5 3 9 
A n olis s p. A P S 6   Gr a n Pi e dr a  M F 1 5 7 5 4 0 
A n olis s p. A P S 4   Gr a n Pi e dr a  M F 1 5 7 5 4 1 
A n olis s p. A P S 5   Gr a n Pi e dr a  M F 1 5 7 5 4 2 
A n olis si err a m a estr a e  A S   L a M ul a  M F 1 5 7 5 4 3 
A n olis c h a m a el e o ni d es  A C 3   Vi ñ al es  M F 1 5 7 5 4 4 
A n olis c h a m a el e o ni d es  A C 2   Vi ñ al es  M F 1 5 7 5 4 5 
A n olis c h a m a el e o ni d es  A C 1   Vi ñ al es  M F 1 5 7 5 4 6 
A n olis s p . A P S 1   S a n G er m a n  M F 1 5 7 5 4 7 
A n olis s p . A P S 2   S a n G er m a n  M F 1 5 7 5 4 8 
A n olis s p . A P S 3   S a n G er m a n  M F 1 5 7 5 4 9 
A n olis g u a m u h a y a  A G 2   T o p es d e C oll a nt es  M F 1 5 7 5 5 0



Si z e c o m p o n e nt of m or p h o m etri c v ari ati o n m a y m as k diff er e n c es i n b o d y s h a p e ( e. g., Fr ý dl o v á et al. 2 0 1 1). T h us, w e 
p erf or m e d si z e a dj ust m e nt of m or p h o m etri c tr aits pri or f urt h er a n al ys es c o m p ari n g t h e s e x es a n d/ or p o p ul ati o ns. F or t his 
p ur p os e, w e a d o pt e d a m et h o d p u blis h e d b y S o m ers ( 1 9 8 6, 1 9 8 9) as i m pl e m e nt e d i n t h e Si z e a n al ysis v 0 2 ( T h o m ps o n 
& Wit h ers 2 0 0 5 a, b, c). T his s oft w ar e c o m p ut es fr o m ori gi n al u ntr a nsf or m e d m e as ur e m e nts n ot o nl y g e n er alis e d ( m ul
ti v ari at e) is o m etri c si z e, b ut als o p arti al is o m etri c si z e- a dj ust e d m e as ur e m e nts. T h e l att er o n es w er e f urt h er tr e at e d b y 
u ni v ari at e a n d/ or m ulti v ari at e st atisti c al pr o c e d ur es. We us e d S T A TI S TI C A, v ersi o n 6. 0, St at S oft I n c ., 2 0 0 1, f or t h es e 
c al c ul ati o ns. 

We s a m pl e d 1 7 i n di vi d u als of g e n us A n olis (s e e Ta bl e 1 f or G e n B a n k a c c essi o n n u m b ers of s a m ples) . T ot al g e n o mi c D N A 
w as is ol at e d fr o m tiss u e s a m pl es wit h D N A e as y Tiss u e Kit ( Qi a g e n, Hil d e n, G er m a n y), f oll o wi n g t h e m a n uf a ct ur er9s 
g ui d eli n es. D N A a m pli o c ati o n w as p erf or m e d wit h t w o pr e vi o usl y p u blis h e d pri m ers: L 4 4 3 7 ( M a c e y et al . 1 9 9 7) a n d 
H 5 7 3 0 ( Gl or et al. 2 0 0 4). T h es e pri m ers w er e us e d t o s e q u e n c e t h e e ntir e 1 0 3 5 b p fr a g m e nt, w hi c h i n c l u d es c o m pl et e 
s e q u e n c e f or t h e g e n e e n c o di n g N D 2.

P ol y m er as e c h ai n r e a cti o ns ( P C R) w er e c arri e d o ut i n 5 0 ¿l i n cl u di n g 2. 5 ¿l of e a c h 1 0 ¿ M pri m er, 5 ¿l of 1 0 × P C R 
b uff er ( F er m e nt as), 5 ¿l of 1 0 m M d N T P, 2. 5 ¿l of 5 0 m M M g Cl , 0. 5 ¿l of 5 U/ ml F er m e nt as Ta q D N A p ol y m er as e, 
1 0 0 n g of D N A a n d 2 7 ¿l of d d H O. T h e P C R a m pli o c ati o n pr ot o c ol c o nsist e d of 3 0 c y cl es of d e n at ur ati o n at 9 5 ° C f or 
3 5 s, a n n e ali n g at 4 8 3 5 1 ° C f or 3 5 s, a n d e xt e nsi o n at 7 2 ° C f or 1 5 0 s; a f urt h er 7 mi n el o n g ati o n s t e p at 7 2 ° C f oll o w e d 
t h e l ast c y cl e. All P C R pr o d u cts w er e p uri o e d wit h t h e Qi a q ui c k ® p uri o c ati o n kit ( Qi a g e n, Hil d e n, G er m a n y) a n d dir e ctl y 
s e q u e n c e d usi n g t h e s a m e pri m ers as f or t h e a m pli o c ati o n.

B a y esi a n a n al ysis ( B A) w as c o n d u ct e d wit h Mr B a y es 3. 2. 2 ( R o n q uist & H u els e n b e c k 2 0 0 3). T h e o pti m al m o d el of 
D N A s e q u e n c e e v ol uti o n w as s el e ct e d usi n g t h e AI C crit eri o n i n M o d elt est 3. 7 ( P os a d a & Cr a n d all 1 9 9 8 ). T w o i n d e
p e n d e nt r u ns of B a y esi a n a n al ys es w er e c o n d u ct e d wit h a r a n d o m st arti n g tr e e a n d r u n f or 6 × 1 0  g e n er ati o ns, wit h tr e es 
s a m pl e d e v er y 1 0 0 g e n er ati o ns. T h e b ur n-i n c o m m a n d w as us e d t o dis c ar d t h e orst 6, 0 0 0 tr e es ( 6 0 0, 0 0 0  g e n er ati o ns). 
P ost eri or- pr o b a bilit y v al u es w er e us e d t o i n di c at e s u p p ort f or n o d es of t h e B a y esi a n t o p ol o g y.

T h e o ut gr o u p i s c o m p o s e d of N D 2 s e q u e n c e s of A n oli s a r g e nt e ol u s  C o p e, 1 8 6 1 ( G e n B a n k A c c e s si o n N u m b er 
A y 2 9 6 1 5 4. 1), A. l u ci us  D u m éril et Bi br o n, 1 8 3 7 ( G e n B a n k A c c essi o n N u m b er A F 0 5 5 9 6 2. 2), A. et h eri d g ei  Willi a ms, 
1 9 6 2 ( G e n B a n k A c c essi o n N u m b er A F 0 5 5 9 3 4. 2), A. i ns olit us Willi a ns et R a n d, 1 9 6 9 ( G e n B a n k A c c essi o n N u m b er 
A F 0 5 5 9 3 3. 2), A. c u vi e ri  ( G e n B a n k A c c e s si o n N u m b er A F 0 5 5 9 7 3. 2), A. c h ri st o p h ei  ( G e n B a n k A c c e s si o n N u m b er 
A F 0 5 5 9 5 7. 2), A. ri c or dii  D u m éril et Bi br o n, 1 8 3 7 ( G e n B a n k A c c essi o n N u m b er A y 3 6 7 1 3 8. 1), A. b ar a h o n a e  ( G e n B a n k 
A c c essi o n N u m b er A F 0 5 5 9 7 2. 2) a n d A. b al e at us  C o p e, 1 8 6 4 ( G e n B a n k A c c essi o n N u m b er A y 2 9 6 1 5 5. 1).

R E S U L T S

Pi ct ori al c o m p ari s o n of h e a d s a n d d e wl a p s of m al e s a n d f e m al e s i n e a c h of o v e e x a mi n e d 
s p e ci e s/ p o p ul ati o n s of a n ol e s b el o n gi n g t o < c h a m a el e oli s = gr o u p i s pr o vi d e d i n Fi g. 4. O ur 
s p e ctr o p h ot o m etri c m e as ur e m e nts c o n or m e d t h e w hit e/ gr a y/ br o w n c h ar a ct er of t h e d e wl a ps i n 
A n olis ( S or o a), c h a m a el e o ni d es ( Vi ñ al es), A. g u a m u h a y a  ( T o p es d e C oll a nt es) a n d 
A. p or c us ( B ar a c o a), wit h o ut a n y si g ni o c a nt p e a k i n t h e U V (s e e Ta bl e 2). C ert ai n U V r e n e ct a n c e 
( 3 2 0 3 4 0 0 n m) w as d et e ct e d i n b ot h m al es a n d f e m al es i n t h es e f o ur < n o n-r e d = s p e ci es, b ut w as 
a bs e nt i n r e d-t hr o at e d A n olis s p. fr o m S a n G er m a n ( Fi g. 5). C hr o m ati c c o ntr ast s u g g est e d littl e 
i nt ers e x u al diff er e n c es i n t h e p al e c ol o ur: 2. 0 9 3 4. 2 8 J N D i n < n o n-r e d = s p e ci es; 4. 0 2 3 6. 7 0 J N D 

A n olis s p. fr o m S a n G er m a n (J N D v al u es < 1, 1 3 3 a n d > 3 i n di c at e i n disti n g uis h a bl e, b ar el y 
disti n g uis h a bl e a n d cl e arl y disti n g uis h a bl e sti m uli r es p e cti v el y; s e e M et h o ds). T h e o nl y s e x u al 
diff er e n c e i n < n o n-r e d = s p e ci es, if pr es e nt, w as m a nif est e d m ai nl y t hr o u g h t h e o v er all bri g ht n ess 
of t h e p al e c ol o ur, w hi c h w as bri g ht er i n m al e d e wl a ps. I n A. p or c us t h e r e n e ct a n c e c ur v e diff er e d 
at l o n g er w a v el e n gt hs b et w e e n m al es a n d f e m al es, s u g g esti n g a p ossi bl e c hr o m ati c diff er e n c e. It 
is h o w e v er h ar d t o e v al u at e t his diff er e n c e wit h o nl y a si n gl e p air of i n di vi d u als. T h e a c hr o m ati c 
c o ntr asts b et w e e n m al e a n d f e m al e d e wl a ps s p a n n e d fr o m n e arl y n o n- di m or p hi c ( 3. 5 J N D i n A. 
c h a m a el e o ni d es ) t o str o n gl y disti n ct ( 2 2 J N D i n A. b ar b at us ) a n d t h e s a m e r a n g e w as pr es e nt 
a m o n g t h e i n di vi d u als of A n olis s p. fr o m S a n G er m a n. T h e r e d s p ot i n t h e m al es fr o m t his p o p u



Fi g. 4. L at er al vi e w of h e a ds a n d d e wl a ps i n m al es a n d f e m al es of o v e e x a mi n e d A n olis  s p e ci es/ p o p ul ati o ns of t h e 
< c h a m a el e olis = gr o u p.

l ati o n str o n gl y c o ntr ast e d wit h its w hit e b a c k gr o u n d i n b ot h c hr o m ati c ( m e a n = 1 2. 3 5 ± 0. 0 5 J N D) 
a n d a c hr o m ati c ( m e a n = 2 1. 4 0 ± 0. 0 7 J N D) vis u al c h a n n els ( Ta bl e 1). 



M ulti v ari at e a n al ysis of v ari a n c e ( M A N O V A) s h o w e d str o n g eff e ct of s p e ci es ( F
P < 0. 0 0 0 1) o n 2 5 si z e- a dj ust e d m or p h o m etri c v ari a bl es, b ut r e v e al e d n eit h er t h e eff e ct of s e x 
( F2 5, 8 2 = 1. 1 4, P = 0. 3 2 2 1) n or s e x *s p e ci es i nt er a cti o n ( F = 1. 2 6, P = 0. 0 7 0 4). T his r es ult w as 
c o n or m e d b y A n al y si s of v ari a n c e e x a mi ni n g t h e eff e ct s of s p e ci e s/ p o p ul ati o n s, s e x a n d it s 
i nt er a cti o n o n is o m etri c m ulti v ari at e b o d y si z e ( P C 1 pr o d u c e d b y t h e Si z e a n al ysis v 0 2 s oft
w ar e, T h o m ps o n & Wit h ers 2 0 0 5 a). B o d y si z e diff er e d a m o n g s p e ci es/ p o p ul ati o ns ( F 4, 1 0 6 = 8. 2 0, 
P < 0. 0 0 0 1), b ut n ot b et w e e n t h e s e x e s ( s e x: F = 1. 0 1, P = 0. 3 1 7 4; s e x * s p e ci e s i nt er a cti o n: 

4, 1 0 6 = 1. 3 9, P = 0. 2 4 1 5). Al m ost t h e s a m e r es ults w er e o bt ai n e d f or P C 2 a n d P C 3 r e n e cti n g b o d y 
s h a p e ( S p e ci es: b ot h P < 0. 0 0 0 1, f or s e x a n d i nt er a cti o n all P > 0. 2 0). T his all o w e d us t o p o ol s e x es 
f or f urt h er a n al ys es.

We p erf or m e d dis cri mi n a nt f u n cti o n a n al ysis ( D F A) t o vis u ali z e diff er e n c es a m o n g e x a mi n e d 
s p e ci es/ p o p ul ati o ns ( e x c e pt A. si err a m a estr a e  H ol á I o v á, Fr y nt a et R e h á k, 2 0 1 2 f or w hi c h o nl y 
t h e h ol ot y p e s p e ci m e n w a s a v ail a bl e) i n si z e-fr e e mor p h o m etri c tr ait s. We a p pli e d st e p wi s e 
f or w ar d s el e cti o n m et h o d w hi c h r es ult e d i n i n cl usi o n of 2 1 of v ari a bl es (f o ur v ari a bl es w er e e x
cl u d e d) a n d hi g h cl assi o c ati o n s u c c ess ( Wil ks9 L a m b d a = 0. 0 1 6 1, F 8 4. 3 6 1 = 7. 9 4, P < 0. 0 0 0 1). 1 0 8 of 
1 1 6 s p e ci m e ns ( 9 3 %) w er e assi g n e d t o pr o p er s p e ci es/ p o p ul ati o n. All A. c h a m a el e o ni d es  ( 2 5) 

A. p or c us  ( 1 7) w er e r e cl assi o e d c orr e ctl y. T w o of 4 0 s p e ci m e ns of A. b ar b at us  w er e mis c
l assi o e d as A. g u a m u h a y a  w hil e o v e of 2 8 A. g u a m u h a y a  as A. b ar b at us . O n e of si x A n olis s p. 
w as mis cl assi o e d as A. p or c us . T h e t y p e s p e ci m e n of A. si err a m a estr a e  w as cl os est t o A. p or c us
a c c or di n g t o t h e cl assi o c ati o n e q u ati o ns d eri v e d fr o m D F A. 

Cl ust er a n al ysis ( C A) p erf or m e d b y War d m et h o d fr o m t h e m atri x of s q u ar e d M a h al a n o bis 
dist a n c es vis u ali z e d si mil ariti es b et w e e n A. b ar b at us A. g u a m u h a y a  as w ell as b et w e e n A. 

A n olis s p.; A. c h a m a el e o ni d es  w as m or p h o m etri c all y l e ast si mil ar t o r e m ai ni n g e x a
mi n e d s p e ci es ( Fi g. 6, A p p e n di x 2).

C a n o ni c al a n al y si s r e v e al e d f o ur si g ni o c a nt ( P < 0. 0 0 0 5) m ulti v ari at e a x e s ( A p p e n di x 3). T h e 
p o siti o n of e x a mi n e d s p e ci m e n s i n t h e m or p h o s p a c e o f t h e or st t w o c a n o ni c al a x e s i s pl ott e d 

Ta bl e 2. C hr o m ati c a n d a c hr o m ati c c o ntr asts b et w e e n ( 1) m al es9 a n d f e m al es9 d e wl a ps (t h e p al e c ol or) , a n d ( 2) t h e p al e 
a n d r e d c ol or wit hi n t h e d e wl a p of t h e m al es of A n olis s p . fr o m S a n G er m a n

  c hr o m ati c c o ntr ast (J N D)  a c hr o m ati c c o ntr ast (J N D)

A n olis b ar b at us w hit e M- F  4. 1 9 3  2 2. 0 1 3
A n olis c h a m a el e o ni d es  w hit e M- F  2. 0 9 4  3. 4 9 0
A n olis g u a m u h a y a  w hit e M- F  4. 2 8 6  6. 7 5 9
A n olis p or c us  w hit e M- F  2. 1 0 7  2 0. 0 8 7
A n olis s p . w hit e M 1- F 1  6. 6 9 8  1 9. 9 5 6
A n olis s p . w hit e M 1- F 2  4. 4 9 6  9. 1 7 4
A n olis s p . w hit e M 2- F 1  6. 3 9 7  9. 9 0 7
A n olis s p . w hit e M 2- F 2  4. 0 8 5  3. 4 6 7
A n olis s p. w hit e M 3- F 1  6. 0 7 1  1 5. 3 5 0
A n olis s p . w hit e M 3- F 2  4. 0 1 7  4. 5 6 9
A n olis s p . r e d- w hit e M 1  1 2. 1 4 9  2 0. 7 4 2
A n olis s p . r e d- w hit e M 2  1 2. 8 4 9  2 1. 9 2 1
A n olis s p . r e d- w hit e M 3  1 2. 0 6 5  2 1. 5 3 9
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T h e p h yl o g e n eti c a n al ysis w as b as e d o n s e q u e n c es of mit o c h o n dri al N D 2 g e n e ( ali g n m e nt c o nsi
sti n g of 1 0 3 5 b p). T h e s e q u e n c e di v er g e n c es b et w e e n h a pl ot y p es of <r e d d e wl a p = ( h er e r ef err e d 

A n olis s p.) a n d < w hitis h- y ell o wis h d e wl a p = ( A. p or c us ) p o p ul ati o ns b el o n gi n g t o A. p or c us 
s e ns u l at o ( - dist a n c es r a n gi n g fr o m 5. 2 5 % t o 6. 1 1 %, m e a n = 5. 6 2 %), is c o m p ar a bl e t o t h os e 
a m o n g h a pl ot y p es of c urr e ntl y r e c o g ni z e d s p e ci es of t h e < c h a m a el e olis = gr o u p of a n ol es (i. e., 

Fi g. 5. T h e d e wl a p c ol or r e n e ct a n c e b et w e e n 3 0 0 a n d 7 0 0 n m i n m al es a n d f e m al es of o v e s p e ci es/ p o p ul ati o ns of a n ol es 
of < c h a m a el e olis = gr o u p.
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A. b ar b at us  A. c h a m a el e o ni d es  A. g u a m u h a y a  A. p or c us A. si err a m a estr a e ). T h e u n c or
r e ct e d P- dist a n c es of t h es e b et w e e n s p e ci es c o m p aris o ns v ar y wit hi n t h e r a n g e of 4. 4 4 3 1 0. 2 0 %, 
m e a n = 6. 5 8 %, w hil e wit hi n s p e ci es dist a n c es ar e m u c h  s m all er; m a xi m u m v al u es w er e 0. 5 9, 0. 5 9, 

P h e n eti c tr e e of o v e A n olis  s p e ci es b as e d o n m or p h o m etri c d at a. It is c o nstr u ct e d fr o m m atri x of M a h al a n o bis 
dist a n c es cl ust er e d b y War d9s m et h o d.

Fi g. 7. P ositi o n of A n olis  s p e ci es/ p o p ul ati o ns of t h e < c h a m a el e olis = gr o u p i n t h e m or p h os p a c e of t h e orst t w o c a n o ni c al 
a x es ( C V A 1 a n d C V A 2).
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1. 1 9, 0. 3 9, a n d 2. 2 1 f or A. b ar b at us  A. c h a m a el e o ni d es  A. g u a m u h a y a  A. p or c us A n olis s p., 
r es p e cti v el y. T h e B a y essi a n a n al ysis r e v e al e d t h at e x a mi n e d h a pl ot y p es b el o n gi n g t o A. b ar b at us
A. c h a m a el e o ni d es A. g u a m u h a y a  ( all p ost eri or pr o b a biliti es = 1) f or m m o n o p h yl eti c gr o u ps, 
b ut t his is n ot tr u e f or A. p or c us s e ns u l at o  i n cl u di n g p o p ul ati o ns of b ot h c ol o ur f or ms. I n c o ntr ast 
t o t his t h e h a pl ot y p es fr o m A. s p. ( = <r e d d e wl a p =) a n d < w hitis h- y ell o wis h d e wl a p = ( = A. p or c us
p o p ul ati o ns f or m e d m ut u all y e x cl usi v e m o n o p h yl eti c gr o u ps ( p ost eri or pr o b a biliti es w er e 0. 9 9 
a n d 1. 0 0 r es p e cti v el y). As e x p e ct e d, m o n o p h yl eti c s t at us of e ntir e < c h a m a el e olis = gr o u p of a n ol es 
w as str o n gl y s u p p ort e d ( Fi g. 8).

Fi g. 8. B a y esi a n tr e e of mit o c h o n dri al N D 2 g e n e i n cl u di n g si x s p e ci es/ p o p ul ati o ns of C u b a n a n ol es b el o n gi n g t o t h e 
< c h a m a el e olis = gr o u p as w ell as ni n e r el at e d a n ol es i ntr o d u c e d as o ut gr o u ps.
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DI S C U S SI O N

O ur st u d y s h o w e d t h at i n c o m p aris o n t o ot h er s p e ci es/ p o p ul ati o ns of t h e < c h a m a el e olis = gr o u p, 
d e wl a ps of A n olis  s p. ar e cl e arl y s e x u all y di c hr o m ati c. Ta ki n g i nt o a c c o u nt t h e t etr a c hr o m ati c visi o n 
of t h e a n ol es, s p e ctr o p h ot o m etr y a n d vis u al m o d elli n g r e v e al e d n o s u c h i nt ers e x u al diff er e n c e 
w hi c h w o ul d b e p er c ei v e d o nl y b y t h e a n ol es, b ut n o t b y h u m a ns. W hil e t h e < di c hr o m atis m = i n t h e 
< n o n-r e d = a n ol es, if pr es e nt, c a n b e m a nif est e d m ai nl y t hr o u g h t h e li g ht n ess of t h e d e wl a p, t h er e 
is b ot h c hr o m ati c a n d a c hr o m ati c c o ntr ast i n t h e r e d-t hr o at e d A n olis  s p., m a ki n g t h eir d e wl a ps 
m or e c o ns pi c u o us. M al es of t h e < c h a m a el e olis = a n ol es p erf or m t h e c o urts hi p b e h a vi o ur st yl e as 
ot h er a n ol es d o, i n cl u di n g d e wl a p dis pl a ys a n d h e a d b o bs ( p ers. o bs.). T h e r e d c ol or ati o n m a y 
t h er ef or e r e pr es e nt a n h o n est si g n al, p ossi bl y m e di at e d b y c ar ot e n oi d pi g m e nts, w hi c h ar e oft e n 
i n v ol v e d as i n di c at ors of m al es9 q u alit y ( St eff e n & M c Gr a w 2 0 0 9, St eff e n et al. 2 0 1 0). T h e ot h er 
fr e q u e nt h o n est si g n al i n li z ar ds is t h e ultr a vi ol et c ol o ur ati o n ( F o nt et al. 2 0 0 9, Fl eis h m a n et al.  
2 0 1 1), b ut alt h o u g h o ur m e as ur e m e nts d et e ct e d s o m e U V r e n e ct a n c e i n t h e < n o n-r e d = s p e ci es ( a n d 

A n olis  s p.), t his di d n ot s e e m t o b e t h e c as e. Firstl y, t h e U V r e n e ct a n c e w as t h e l o w est 
wit hi n t h e w h ol e s p e ctr u m a n d s e c o n dl y, w h e n t h e s e x es diff er e d, t h e y di d b y t h e o v er all s h a p e 
of t h e r e n e ct a n c e c ur v e, n ot j ust b y t h e U V r e n e ct a n c e its elf. H o w e v er, l ar g er s a m pl es ar e n e e d e d 
t o d et er mi n e r eli a bl e st atisti cs of p ossi bl e tr e n ds i n t his or ot h er tr aits. 

T h er e ar e m ulti pl e h y p ot h es es a b o ut t h e f u n cti o n a n d e v ol uti o n of t h e d e wl a p ( L os os 2 0 0 9, St eff e n 
& G u y er 2 0 1 4, H a g m a n & Or d 2 0 1 6). It m a y pl a y a r ol e i n s p e ci es r e c o g niti o n, t errit ori al si g n alli n g 
(i ntr as e x u al s el e cti o n), h o n est si g n alli n g of m al e q u alit y, or i n pr e d at or d et err e n c e.

H u g e d e wl a p e v ol uti o n i n li z ar ds wit h cl e arl y all o p atri c distri b uti o n, li k e i n t h e < c h a m a el e olis = 
a n ol es, d o es n ot s u g g est t h at it s h o ul d h a v e f u n cti o n i n s p e ci es r e c o g niti o n as it h as i n s y m p a
tri c all y li vi n g a n ol es of t h e s a m e e c o m or p h. Li z ar ds of t h e < c h a m a el e olis = gr o u p ar e cl assi o e d 
as t h e <t wi g a n ol es = e c o m or p h w hi c h dis pl a ys a cti v e f or a gi n g m o d e. S p e ci es b el o n gi n g t o t his 
e c o m or p h h a v e sl o w l o c o m oti o n b ut c a n s e ar c h f or us u all y cr y pti c pr e y f or gr e at er dist a n c es 
(Irs c hi c k & L os os 1 9 9 6). T h es e a ut h ors s u p p os e t h at it is p ossi bl e f or t his r e as o n t h at t wi g a n ol es 
h a v e wi d e si z e h a bit ats a n d s o it is dif o c ult t o d ef e n d s u c h a l ar g e s p a c e. T h at c o ul d b e t h e r e as o n  
w h y i ntr as e x u al s el e cti o n us u all y d o es n ot i m p a ct t wi g a n ol es a n d di m or p his m is n ot n oti c e a bl e. 
B ut t his ass u m pti o n c o ul d b e a p pli c a bl e i n c as e of l o w d e nsit y of t h e s p e ci es. I n t h e s p e ci es 
A nlis s p., t h er e c a n b e hi g h er l o c al p o p ul ati o n d e nsit y w hi c h l e a ds t o str o n g er m al e c o m p etiti o n 
a n d t h er ef or e t o str o n g er i ntr as e x u al c o m p o n e nt of s e x u al s el e cti o n. U nf ort u n at el y p o p ul ati o n 
d e nsit y h as n ot b e e n m e as ur e d f or t his p o p ul ati o n. T h e di c hr o m atis m s u bs e q u e ntl y m a k es t h e 
c o urts hi p a n d a g gr essi v e c o m m u ni c ati o n m or e u n a m bi g u o us, u nli k e i n m o n o c hr o m ati c s p e ci es 
( R e g al a d o 2 0 1 5).

T h e h a bit at t y p e h as als o c o nsi d er a bl e i n n u e n c e o n t h e us e of t h e d e wl a p. S p e ci es i n h a biti n g 
h a bit ats wit h hi g h er visi bilit y dis pl a y m or e fr e q u e ntl y. A n ol e s p e ci es e xt e n d t h eir d e wl a ps i n 
s u n n y h a bit ats m or e oft e n t h a n i n s h a d y o n es ( Or d & M arti ns 2 0 0 6), b ut li g ht c o n diti o ns a p p e ar 
t o b e u nr el at e d t o t h e e v ol uti o n of d e wl a p c ol o ur a n d si g n al d et e ct a bilit y ( Fl eis h m a n et al. 2 0 0 9). 
M or e o v er, all < c h a m a el e olis = a n ol es li v e i n m or e or l ess t h e s a m e t y p e of h a bit at ( p ers o n al o b
s er v ati o n of t h e orst a ut h or), it is t h er ef or e u nli k el y t h at t h e d e wl a p c ol o ur is dir e ctl y ass o ci at e d 
wit h t h eir e n vir o n m e nt.

Diff er e nt pr ess ur es o n s e x es c a n als o l e a d t o diff er e nt us e a n d si z e of d e wl a ps i n s o m e a n o
l e s p e ci es. J o h ns o n & Wa d e ( 2 0 1 0) s h o w e d i n t h eir c o m p ar ati v e st u d y t h at m al es h a v e l ar g er 
d e wl a ps ( a n d c artil a g e a n d m us c ul ar c o m p o n e nts c o ntr olli n g d e wl a p m o v e m e nt) a n d us e t h e m 
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m or e fr e q u e ntl y t h a n f e m al es. D e wl a p si z e is a si g ni o c a nt pr e di ct or of t h e wi n n er i n m al e o g hts 
i n s p e ci es wit h l o w b ut n ot hi g h S S D. N eit h er t h e d e wl a p dis pl a y r at e is ass o ci at e d wit h S S D 
( L ail v a u x & Irs c hi c k 2 0 0 7). B ut as w e d et e ct e d n o si g ni o c a nt S S D i n A n olis s p., t his e x pl a n ati o n 
is u nli k el y as w ell.

A c c or di n g t o t h e p urs uit- d et err e n c e h y p ot h esis, w h e n t h e pr e y is d et e ct e d b y t h e pr e d at or, it 
gi v es hi m a n <I a m a w ar e of y o u = si g n al (s h o ws t h e d e wl a p), w hi c h mi g ht d et er t h e pr e d at or fr o m 
p urs ui n g its pr e y ( C ar o 1 9 9 5). T his h y p ot h esis pr e di cts t h at m ai nl a n d s p e ci es li vi n g u n d er hi g h er 
pr e d ati o n ris k w o ul d dis pl a y m or e oft e n. M ai nl a n d A. c ar oli n e nsis  Voi gt, 1 8 3 2 e x hi bit el e v at e d r at e 
of d e wl a p us e c o m p ar e d t o its isl a n d r el ati v es ( Va n h o o y d o n c k et al. 2 0 0 9, J o h ns o n & Wa d e 2 0 1 0). 
H o w e v er, t his e x pl a n ati o n w o ul d b e d o u btf ul i n t h e c as e of < c h a m a el e olis = a n ol es, as t h e y ar e n ot 
pr es u m a bl y pr e d at e d m u c h, b ei n g c o nsi d er a bl y cr y pti c. M or e o v er, if t h e c o ns pi c u o us d e wl a p w as 
t o d et er p ot e nti al pr e d at ors, it s h o ul d b e pr es e nt i n b ot h s e x es a n d n ot j ust t h e m al es.

I n c o n cl usi o n, b e c a us e of l a c k of d at a o n t h e p o p ul ati o n d e nsit y of A n olis s p. a n d its r el at e d 
s p e ci es, it is dif o c ult t o d et er mi n e t h e e v ol uti o n ar y c a us es of t h e d e wl a p di c hr o m atis m.

T h e diff er e n c es b et w e e n t h e s e x es i n m or p h o m etri c tr aits h a v e b e e n t h or o u g hl y a n d r e p e at e dl y 
a n al ys e d i n a n ol es (s e e L os os 2 0 0 9). S e x u al diff er e n c es i n b o d y si z e ar e p ositi v el y c orr el at e d 
wit h t h os e i n b o d y s h a p e ( L os os et al. 2 0 0 3). S e x u al si z e di m or p his m is tr a diti o n all y e x pl ai n e d 
b y t hr e e c a us es: ( 1) s e x u al s el e cti o n or c o m p etiti o n f or r e pr o d u cti v e s u c c ess, ( 2) i nt ers e x u al 
r es o ur c e diff er e n c es a n d ( 3) diff er e nt r e pr o d u cti v e r ol es ( L os os et al. 2 0 0 3). N e v ert h el ess, t h e 
r el ati v e cl ut c h si z e i n a n ol es is c o nsi d er a bl y r e d u c e d c o m p ar e d t o t h e ot h er cl a d es of s q u a m at es 
( Kr at o c h víl & K u bi  k a 2 0 0 7). T his li mits a p e a k l o a d of m at er n al i n v est m e nt a n d t h us, t h e ef
f e ct of s e x diff er e n c es i n r e pr o d u cti v e r ol es h a v e i n t his p arti c ul ar gr o u p of li z ar ds. C o ntri b uti o n  
of t h e str e n gt h of s e x u al s el e cti o n w as r e p e at e dl y c o n or m e d e v e n b y i ntr as p e ci o c c o m p aris o ns, 
e. g., s e x u al si z e di m or p his m i n cr e as es wit h p o p ul ati o n d e nsit y ( St a m ps et al. 1 9 9 7). E m piri c al 
st u di es r e v e al e d t h at h a bit at us e of a p arti c ul ar s p e ci es b el o n gs t o k e y pr e di ct ors t h e s e x u al si z e 
di m or p his m i n a n ol es ( B utl er et al. 2 0 0 0, L os os et al. 2 0 0 3). Si z e of d ef e n d e d h a bit at, f or a gi n g 
st yl e, f o o d s o ur c e dis p ersi o n 3 t h es e h a bit at c h ar a ct eristi cs i n n u e n c e s e x u al di m or p his m.

I n e x a mi n e d m at eri al of t h e < c h a m a el e olis = a n ol es, w e f ail e d t o d et e ct s e x u al si z e di m or p his m 
n eit h er i n t h e m ulti v ari at e b o d y si z e n or i n t h e b o d y s h a p e. Alt h o u g h, t h e a v ail a bl e s a m pl e of t h e 
di c hr o m ati c A n olis s p. w as t o o s m all t o all o w a s e p ar at e a n al ysis, t h e s e x es w er e of c o m p ar a bl e 
si z e a n d s h a p e e v e n i n t his p o p ul ati o n/s p e ci es. T h e e ntir e a bs e n c e of t h e s e x u al si z e a n d s h a p e 
di m or p his m i n t his gr o u p is n ot s ur prisi n g. Li z ar ds of gr o u p ar e arr a n g e d t o t h e <t wi g a n ol es = 
e c o m or p h w hi c h dis pl a ys a cti v e f or a gi n g m o d e. S p e ci es b el o n gi n g t o t his e c o m or p h h a v e sl o w 
l o c o m oti o n b ut c a n s e ar c h f or us u all y cr y pti c pr e y f or gr e at er dist a n c es (Irs c hi c k & L os os 1 9 9 6). 
T h es e a ut h ors s u p p os e t h at it is p ossi bl e f or t his r e as o n t h at t wi g a n ol es h a v e wi d e si z e h a bit ats 
a n d s o it is dif o c ult t o d ef e n d s u c h a l ar g e s p a c e. T h at c o ul d b e t h e r e as o n w h y i ntr as e x u al s el e c
ti o n us u all y d o es n ot i m p a ct t wi g a n ol es a n d di m or p his m is t y pi c all y n ot n oti c e a bl e. 

A n ol es of t h e < c h a m a el e olis = gr o u p ar e sl o wl y m o vi n g li z ar ds wit h li mit e d h o m e r a n g es. T h us, 
t h e y ar e m ost li k el y p o or dis p ers ers. T his s u g g esti o n is s u p p ort e d b y distri b uti o n p att er ns of t h es e 
s p e ci es i n C u b a ( G arri d o et al. 1 9 9 1, Dí a z et al. 1 9 9 8, S c h etti n o 1 9 9 9, H ol á I o v á et al. 2 0 1 2). E a c h 
s p e ci es is t y pi c all y r estri ct e d t o a l o c al m o u nt ai n o us ar e a a n d its s urr o u n di n gs. T h e is ol ati o n of 
l o c al p o p ul ati o ns m a y e x pl ai n a c o nsi d er a bl e d e gr e e of m or p h ol o gi c al di v er g e n c e w e o bs er v e d. 
C o nsi d eri n g t h e r e p orts of m or p h ol o gi c all y s us p e ct i n di vi d u als fr o m ot h er l o c aliti es ( e. g., R a n c h o 
Vel a z, Vill a Cl ar a pr o vi n c e, Si err a d e B a n a o, S a n cti S pirit us pr o vi n c e) ( G arri d o 1 9 8 2, G arri d o 
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et al. 1 9 9 1), dis c o v eri es of a d diti o n al s p e ci es of t h e c h a m a el e olis gr o u p c a n b e e x p e ct e d i n t h e 
n e ar f ut ur e. 

O ur m ulti v ari at e a n al ysis of m or p h o m etri c tr aits s h o w e d t h at t h e m ost disti n ct s p e ci es is A. 
c h a m a el e o ni d es , w hil e A. b ar b at us  r es e m bl es A. g u a m u h a y a  a n d n o n- di c hr o m ati c A. p or c us  is 
si mil ar t o di c hr o m ati c A n olis s p. I n t his c o nt e xt it is i nt er esti n g t h at a m or p h ot y p e r es e m bli n g 
< c h a m a el e olis gr o u p = e v ol v e d e ntir el y i n d e p e n d e ntl y i n His p a ni ol a i n a gr o u p of r el at e d a n ol e 
s p e ci es ( M a hl er et al. 2 0 1 6). 

G e n eti c all y, all st u di e d s p e ci es/ p o p ul ati o ns s e e m t o diff er i n mit o c h o n dri al D N A. B ut e x c e pt 
of o n di n g t h at A. b ar b at us  is t h e m ost disti n ct s p e ci es of all w e c a n n ot d et er mi n e t h eir p h yl o
g e n eti c r el ati o ns hi p. It s e e ms t h at i n vi e w of t h e f a ct t h at t h e y h a v e l o w dis p ersi o n a bilit y t h er e 
will b e s e p ar at e d s p e ci es/ p o p ul ati o n o n e v er y m o u nt ai n o us l o c alit y. It o nl y c o n or ms t h at t h er e 
is e xt e nsi v e g e n eti c al di v ersit y i n C u b a, w hi c h is k n o w n als o i n ot h er s p e ci es ( St ar ost o v á et al. 
2 0 1 0). T h e s e q u e n c e di v er g e n c e of a mit o c h o n dri al g e n e w e f o u n d a m o n g s p e ci es/ p o p ul ati o ns 
of < c h a m a el e olis = a n ol es is c o nsi d er a bl e a n d t his s u p p orts t h e vi e w t h at e a c h of e x a mi n e d f or m, 
i n cl u di n g di c hr o m ati c A. s p., r e pr es e nts disti n ct s p e ci es. N e v ert h el ess, r e c e nt st u di es s u g g est 
t h at r e pr o d u cti v e is ol ati o n a n d t h us s p e ci ati o n pr o c ess ar e s o m eti m es n ot f ull y c o m pl et e d e v e n 
b et w e e n li z ar ds wit h r o u g hl y t w o ti m es hi g h er g e n eti c dist a n c es c al c ul at e d fr o m t h e s e q u e n c e 
di v er g e n c e of mit o c h o n dri al g e n es (J a n  ú c h o v á- L ás k o v á et al. 2 0 1 5 a, b).

C O N C L U SI O N S

I n c o n cl usi o n, l o c al p o p ul ati o ns of t h e < c h a m a el e olis = gr o u ps ar e disti n ct g e n eti c all y as w ell 
as m or p h ol o gi c all y. T h e y ar e n o n- di m or p hi c i n si z e b ut o n e p o p ul ati o n is s e x u all y di c hr o m ati c 
(A n olis s p.). S u c h c o ns pi c u o us di c hr o m atis m is u n us u al a m o n g t h e isl a n d a n ol es.

A c k n o w l e d g e m e n t s

We t h a n k JiYí M or a v e c, c ur at or of h er p et ol o g y at t h e N ati o n al M us e u m i n Pr a g u e, f or his ki n d h el p i n  e x a mi ni n g t h e 
m us e u m m at eri als. We t h a n k I v a n Hr d ý, J a n HYí b al, P etr K o d y m a n d ot h er pri v at e br e e d ers a cr oss E ur o p e, w h o e n a bl e d 
us t o e x a mi n e li vi n g a n ol es of t h eir br e e ds; Vl a di mír H ol á I f or h el pf ul c o m m e nts a n d a d vi c e. T h e w or k w as p arti all y 
s u p p ort e d b y C h arl es U ni v ersit y ( pr oj e ct N o. 7 5 4 2 1 3 a n d S V V 2 6 0 3 1 3/ 2 0 1 6). A c c ess t o c o m p uti n g a n d s t or a g e f a ciliti es 
o w n e d b y p arti es a n d pr oj e cts c o ntri b uti n g t o t h e N ati o n al Gri d I nfr astr u ct ur e M e t a C e ntr u m, pr o vi d e d u n d er t h e pr o gr a m m e 
< Pr oj e cts of L ar g e I nfr astr u ct ur e f or R es e ar c h, D e v el o p m e nt, a n d I n n o v ati o ns = ( L M 2 0 1 0 0 0 5), is gr e atl y a p pr e ci at e d. 

T his st u d y w as all o w e d b y Et hi c al C o m mitt e e of t h e C h arl es U ni v ersit y i n Pr a g u e, C z e c h R e p u bli c a n d a p pr o v e d b y 
Et hi c al C o m mitt e e of Mi nistr y of E d u c ati o n, y o ut h a n d S p orts, li c e ns e n o. 2 6 5 8 2/ 2 0 1 2- 3 0.

R E F E R E N C E S

B a d y a e v Hi l l G. E. 2 0 0 3: A vi a n s e x u al di c hr o m atis m i n r el ati o n t o p h yl o g e n y a n d e c ol o g y . A n n u al R e vi e w of 
 E v ol uti o n  a n d S yst e m ati cs : 2 7 3 4 9.

B e l l R. & Z a m u di o K. R. 2 0 1 2: S e x u al di c hr o m atis m i n fr o gs: n at ur al s el e cti o n, s e x u al s el e cti o n a n d u n e x p e ct e d 
di v ersit y. Pr o c e e di n gs of t h e R o y al S o ci et y of L o n d o n B  Bi ol o gi c al S ci e n c es : 4 6 8 7 3 4 6 9 3.

B e u t t e l l K. & L os os J.  1 9 9 9: E c ol o gi c al m or p h ol o g y of C ari b b e a n a n ol es. H er p et ol o gi c al M o n o gr a p hs : 1 3 2 8.
B u t l e r S c h o e n e r & L os os J.  2 0 0 0: T h e r el ati o ns hi p b et w e e n s e x u al si z e di m or p his m a n d h a bit at us e i n 

Gr e at er A ntill e a n A n olis li z ar ds. E v ol uti o n : 2 5 9 3 2 7 2.
C a r o  1 9 9 5: P urs uit- d et err e n c e r e visit e d. Tr e n ds i n E c ol o g y & E v ol uti o n 
C o p e E. D. 1 8 6 4: C o ntri b uti o ns t o t h e h er p et ol o g y of tr o pi c al A m eri c a. Pr o c e e di n gs of t h e A c a d e m y of N at ur al S ci e n c es 

of P hil a d el p hi a : 1 6 6 3 1 8 1.
D a r wi n  1 8 7 1: T h e D es c e nt of M a n  a n d S el e cti o n i n R el ati o n t o S e x. Vol u m e 2. L o n d o n: J o h n M urr a y, 4 5 0 p p.
Dí a z L., N ava r r o & G a r ri d o O. H. 1 9 9 8: N u e v a es p e ci e d e C h a m a el e olis ( S a uri a: I g u a ni d a e) d e l a M es et a d e C a b o 

Cr u z, Gr a n m a, C u b a. Avi c e n ni a : 2 7 3 3 4.
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Es t es R. & Wi l li a ms E. E. 1 9 8 4: O nt o g e n eti c v ari ati o n i n t h e m ol arif or m t e et h of li z ar d s. J o u r n al of Ve rt e b r at e 
P al e o nt ol o g y : 9 6 3 1 0 7.

F l eis h m a n L. J., L e a l & P e rs o ns H. 2 0 0 9: H a bit at li g ht a n d d e wl a p c ol or di v ersit y i n f o ur s p e ci es of P u ert o Ri c a n 
a n oli n e li z ar ds. J o ur n al of C o m p ar ati v e P h ysi ol o g y : 1 0 4 3 3 1 0 6 0.

F l eis h m a n L. J., L o e w E. R. & W hi ti n g M. J. 2 0 1 1: Hi g h s e nsiti vit y t o s h ort w a v el e n gt hs i n a li z ar d a n d i m pli c ati o ns f or 
u n d erst a n di n g t h e e v ol uti o n of vis u al s yst e ms i n li z ar ds. Pr o c e e di n gs of t h e R o y al S o ci et y of L o n d o n B
S ci e n c es : 2 8 9 1 3 2 8 9 9.

F o n t E., P é r e z i d e L a n u z a G. & S a m p e d r o C. 2 0 0 9: Ultr a vi ol et r e n e ct a n c e a n d cr y pti c s e x u al di c hr o m atis m i n t h e o c ell at e d 
li z ar d, L a c ert a ( Ti m o n) l e pi d a ( S q u a m at a: L a c erti d a e). Bi ol o gi c al J o ur n al of t h e Li n n e a n S o ci et y : 7 6 6 3 7 8 0.

F r ý d l o vá V e l e ns k ý ai m k o vá O., Ci k á n o vá H ní z d o J., R e h á k & F r y n t a D. 2 0 1 1: Is b o d y s h a p e of m a n gr o v e-
d w elli n g m o nit or li z ar ds ( Var a n us i n di c us; Var a ni d a e) s e x u all y di m or p hi c ? 

G a r ri d o O. H. & S c h w a r t z  1 9 6 8: C u b a n li z ar ds of t h e g e n us C h a m a el e olis. Q u art erl y J o ur n al of Fl ori d a A c a d e m y 
of S ci e n c es : 1 9 7 3 2 2 0.

G a r ri d o O. H. 1 9 8 2: D es cri p ci ó n d e u n a n u e v a es p e ci e c u b a n a d e C h a m a el e olis ( L a c ertili a: I g u a ni d a e), c o n n ot as s o br e 
s u c o m p ort a mi e nt o . P o e y a n a

G a r ri d o O. H., P e r e z- B e at o O. & M o r e n o L.  1 9 9 1: N u e v a es p e ci e d e C h a m a el e olis ( L a c ertili a: Ig u a ni d a e) p ar a C u b a. 
C ari b b e a n J o ur n al of S ci e n c e : 1 6 2 3 1 6 8.

G l o r R. E., Gi f f o r d E., L a rs o n L os os J. S c h e t ti n o R. L., A d a R., L a r a & J a c k m a n R. 2 0 0 4: P arti al isl a n d 
s u b m er g e n c e a n d s p e ci ati o n i n a n a d a pti v e r a di ati o n: a m ultil o c us a n al ysis of t h e C u b a n gr e e n a n ol es . Pr o c e e di n gs of 
t h e R o y al S o ci et y of L o n d o n B  Bi ol o gi c al S ci e n c es 

G o m e z D A VI C O L A Pr o gr a m t o A n al ys e S p e ctr o m etri c D at a . L ast u p d at e O ct o b er 2 0 1 3. Fr e e e x e c ut a bl e a v ail a bl e 
at htt p://sit es. g o o gl e. c o m/sit e/ a vi c ol pr o gr a m/ 

H a g m a n & O r d J. 2 0 1 6: M a n y p at hs t o a c o m m o n d esti n ati o n: m or p h ol o gi c al diff er e nti ati o n of a f u n cti o n all y 
c o n v er g e nt vis u al si g n al. A m eri c a n N at ur alist : 3 0 6 3 3 1 8. 

H a r ris o n & P o e  2 0 1 2: E v ol uti o n of a n or n a m e nt, t h e d e wl a p, i n f e m al es of t h e li z ar d g e n us A n olis. 
J o ur n al of t h e Li n n e a n S o ci et y : 1 9 1 3 2 0 1.

H ass H e d g es & M a xs o n L. R. 1 9 9 3: M ol e c ul ar i nsi g hts i nt o t h e r el ati o ns hi ps a n d bi o g e o gr a p h y of West 
I n di a n a n oli n e li z ar ds. Bi o c h e mi c al S yst e m ati cs a n d E c ol o g y : 9 7 3 1 1 4.

H e r r e l & H o l á I o vá . 2 0 0 8: Cr a ni al m or p h ol o g y a n d bit e f or c e i n C h a m a el e olis li z ar ds: A d a pt ati o ns t o m oll us ci v or y ? 
: 4 6 7 3 4 7 5.

H o l á I o vá R e h á k & F r y n t a D. 2 0 1 2: A n olis si err a m a estr a e s p. n o v. ( S q u a m at a: P ol y c hr oti d a e) of t h e < c h a m a el e olis = 
s p e ci es gr o u p fr o m E ast er n C u b a. : 4 5 3 5 2.

H os k e n D. J., A l o n z o H. & W e d e l l  2 0 1 6: W h y ar e n9t si g n als of f e m al e q u alit y m or e c o m m o n ? A ni m al B e h a vi o ur 
: 1 9 9 3 2 0 1.

I rs c hi c k D. J. & L os os J. . 1 9 9 6: M or p h ol o g y, e c ol o g y, a n d b e h a vi or of t h e t wi g a n ol e, A n olis a n g usti c e ps. P p.: 2 9 1 3 3 0 1. 
P o w e l l R. & H e n d e rs o n R. W. ( e ds.): C o ntri b uti o ns t o West I n di a n H er p et ol o g y  A Tri b ut e t o Al b ert S c h w artz.

It h a c a, N y: S o ci et y f or t h e St u d y of A m p hi bi a ns a n d R e ptil es, 4 5 7 p p.
J a n  ú c h o vá- L ás k o vá J., L a n d o vá E. & F r y n t a D. 2 0 1 5 a: Ar e g e n eti c all y disti n ct li z ar d s p e ci es a bl e t o h y bri di z e ? 

A r e vi e w. C urr e nt Z o ol o g y : 1 5 5 3 1 8 0. 
J a n  ú c h o vá- L ás k o vá J., L a n d o vá E. & F r y n t a D. 2 0 1 5 b: E x p eri m e nt al cr ossi n g of t w o disti n ct s p e ci es of l e o p ar d g e c k os, 

E u bl e p h aris a n gr a m ai n y u a n d E. m a c ul ari us: vi a bilit y, f ertilit y a n d p h e n ot y pi c v ari ati o n of t h e h y bri d s. 
of S ci e n c e O n e ( 1 2): 1 3 2 7.

J o h ns o n & W a d e J. 2 0 1 0: B e h a vi o ur al dis pl a y s yst e ms a cr oss ni n e A n olis li z ar d s p e ci es: s e x u al di m or p his ms i n 
str u ct ur e a n d f u n cti o n. Pr o c e e di n gs of t h e R o y al S o ci et y of L o n d o n B  Bi ol o gi c al S ci e n c es : 1 7 1 1 3 1 7 1 9.

J o h ns o n C o h e n R. E., Va n d e c a R. j. r & W a d e J. 2 0 1 1: R el ati o ns hi ps a m o n g r e pr o d u cti v e m or p h ol o g y, b e h a vi or, 
a n d t est ost er o n e i n a n at ur al p o p ul ati o n of gr e e n a n ol e li z ar ds. P h ysi ol o g y & B e h a vi or : 4 3 7 3 4 4 5.

K ö h l e r G. R e ptil es of C e ntr al A m eri c a . Off e n b a c h, G er m a n y: H er p et o n, 3 8 0 p p.
K ö h l e r G., Va r g as J. & L o t z k at  2 0 1 4: T w o n e w s p e ci es of t h e N or o ps p a c h y p us c o m pl e x ( S q u a m at a, D a ct yl oi d a e) 

fr o m C ost a Ri c a. M es o a m eri c a n H er p et ol o g y : 2 5 4 3 2 8 0.
K r at o c h ví l L. & K u bi  k a L. 2 0 0 7: W h y r e d u c e cl ut c h si z e t o o n e or t w o e g gs ? R e pr o d u cti v e all o m etri es r e v e al diff er e nt 

e v ol uti o n ar y c a us es of i n v ari a nt cl ut c h si z e i n li z ar ds. F u n cti o n al E c ol o g y
L ai l va u x & I rs c hi c k D. J. 2 0 0 7: T h e e v ol uti o n of p erf or m a n c e b as e d m al e o g hti n g a bilit y i n C ari b b e a n A n olis 

li z ar ds.  A m eri c a n N at ur alist : 5 7 3 3 5 8 6.
L e a l & L os os J.  2 0 0 0: B e h a vi or a n d e c ol o g y of t h e C u b a n < C hi p oj os B o b os = C h a m a el e olis b ar b at us a n d C. p or c us. 

J o ur n al of H er p et ol o g y : 3 1 8 3 3 2 2.
Li u y. D av y S hi H. & M u r p h y R.  2 0 1 3: S e x i n t h e h alf-s h ell: a r e vi e w of t h e f u n cti o ns a n d e v ol uti o n of 

c o urts hi p b e h a vi or i n fr es h w at er t urtl es. C h el o ni a n C o ns er v ati o n a n d Bi ol o g y : 8 4 3 1 0 0.
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L o e w E. R., F l eis h m a n L. J., F os t e r R. G. & P r o v e n ci o  2 0 0 2: Vis u al pi g m e nts a n d oil dr o pl ets i n di ur n al li z ar ds: 
a c o m p ar ati v e st u d y of C ari b b e a n a n ol es. J o ur n al of E x p eri m e nt al Bi ol o g y : 9 2 7 3 9 3 8.

L os os J.  2 0 0 9: Liz ar ds i n a n E v ol uti o n ar y Tr e e: E c ol o g y a n d A d a pti v e R a di ati o n of A n ol es. B er k el e y: U ni v ersit y of 
C alif or ni a Pr ess, 5 2 8 p p.

L os os J. B u t l e r & S c h o e n e r  2 0 0 3: S e x u al di m or p his m i n b o d y si z e a n d s h a p e i n r el ati o n t o h a bit at us e 
a m o n g s p e ci es of C ari b b e a n A n olis li z ar ds. P p.: 3 5 6 3 3 8 0. I n: F o x M c C o y J. K. & B ai r d . ( e ds.): Liz ar d 

. B alti m or e: T h e J o h ns H o p ki ns U ni v ersit y Pr ess, 5 4 4 p p.
L o y a u G o m e z D., M o u r e a u T h é r y H a r t S ai n t J a l m e B e n n e t t D. & S o r ci G. 2 0 0 7: Iri d es c e nt 

str u ct ur all y b a s e d c ol or ati o n of e y e s p ot s c orr el at e s wit h m ati n g s u c c e s s i n t h e p e a c o c k. 

M a c e y J. R., L a rs o n A n a nj e va F a n g & P a p e n f uss J. 1 9 9 7: T w o n o v el g e n e or d ers a n d t h e r ol e of li g h t-str a n d 
r e pli c ati o n i n r e arr a n g e m e nt of t h e v ert e br at e mit o c h o n dri al g e n o m e. M ol e c ul ar Bi ol o g y a n d E v ol uti o n : 9 1 3 1 0 4.

M a h l e r D. L., L a m b e r t G e n e va J., N g J., H e d g es L os os J & G l o r R. E. 2 0 1 6: Dis c o v er y of 
a gi a nt c h a m el e o n-li k e li z ar d ( A n oli s) o n Hi s p a ni ol a a n d it s si g ni o c a n c e t o u n d er st a n di n g r e pli c at e d a d a pti v e 
r a di ati o ns. A m eri c a n N at ur alist : 3 5 7 3 3 6 4.

M a rs h a l l K. L. & S t e v e ns . 2 0 1 4: Wall li z ar ds dis pl a y c o ns pi c u o us si g n als t o c o ns p e ci o cs a n d r e d u c e d et e cti o n b y 
a vi a n pr e d at ors. 

N g J. & G l o r R. E. 2 0 1 1: G e n eti c diff er e nti ati o n a m o n g p o p ul ati o ns of a His p a ni ol a n tr u n k a n ol e t h at e x hi bit g e o gr a p hi c al 
v ari ati o n i n d e wl a p c ol o ur. : 4 3 0 2 3 4 3 1 7.

N g J., L a n d e e n E. L., L o gs d o n R. & G l o r R. E. 2 0 1 3: C orr el ati o n b et w e e n A n oli s li z ar d d e wl a p p h e n ot y p e 
a n d e n vir o n m e nt al v ari ati o n i n di c at e s a d a pti v e di v e r g e n c e of a si g n al i m p ort a nt t o s e x u al s el e cti o n a nd s p e ci e s 

E v ol uti o n : 5 7 3 3 5 8 2.
Ni c h o ls o n K. E., G l o r R. E., K o l b e J. J, L a rs o n H e d g es & L os os J.  2 0 0 5: M ai nl a n d c ol o ni z ati o n b y isl a n d 

li z ar ds. J o ur n al of Bi o g e o gr a p h y : 9 2 9 3 9 3 8.
Ni c h o ls o n K. E., C r o t h e r G u y e r & S ava g e J.  2 0 1 2: It is ti m e f or a n e w cl assi o c ati o n of a n ol es ( S q u a m at a: 

D a ct yl oi d a e). Z o ot a x a : 1 3 1 0 8.
N u n e z J e nss e n & E rs l a n d K. 1 9 9 7: F e m al e a cti vit y pr o ol e of a p ol y g y n o us li z ar d ( A n olis c ar oli n e nsis): 

e vi d e n c e of i nt ers e x u al as y m m etr y. 
O r d J. & M a r ti ns E.  2 0 0 6: Tr a ci n g t h e ori gi ns of si g n al di v ersit y i n an ol e li z ar ds: p h yl o g e n eti c a p pr o a c h es t o i nf erri n g 

t h e e v ol uti o n of c o m pl e x b e h a vi o ur. A ni m al B e h a vi o ur : 1 4 1 1 3 1 4 2 9.
P o e . 2 0 0 4: P h yl o g e n y of a n ol es. H er p et ol o gi c al M o n o gr a p hs : 3 7 3 8 9.
P os a d a D. & C r a n d a l l K. . 1 9 9 8: M O D E L T E S T: t esti n g t h e m o d el of D N A s u bstit uti o n. Bi oi nf or m ati cs : 8 1 7 3

8 1 8. 
R e g a l a d o R. 2 0 1 5: D o es di c hr o m atis m v ari ati o n aff e ct s e x r e c o g niti o n i n d w arf g e c k os ? Et h ol o g y E c ol o g y & E v ol uti o n

R o n q uis t & H u e ls e n b e c k J.  2 0 0 3: M R B A y E S 3: B a y esi a n p h yl o g e n eti c i nf er e n c e un d er mi x e d m o d els. Bi oi nf or m ati cs
: 1 5 7 2 3 1 5 7 4.

S c h e t ti n o L. R. 1 9 9 9: T h e I g u a ni d Liz ar ds of C u b a . Fl ori d a, U nit e d St at es: U ni v ersit y of Fl ori d a Pr ess, 4 2 8 p p.
S c h e t ti n o L. R. A n o bi os y r e ptil es d e C u b a . Va as a, Fi nl a n di a: U P C Pri nt, 1 6 9 p p.
S c h w a r t z & H e n d e rs o n R. . 1 9 9 1: A m p hi bi a ns a n d R e ptil es of t h e West I n di es  D es cri pti o ns  Distri b uti o ns  a n d 

N at ur al Hist or y.  G ai n es vill e, F L: U ni v ersit y of Fl ori d a Pr ess, 7 1 4 p p.
S hi n e R. & M a ds e n  1 9 9 4: S e x u al di c hr o m atis m i n s n a k es of t h e g e n us Vi p er a: a r e vi e w a n d a n e w e v ol uti o n ar y 

h y p ot h esis. J o ur n al of H er p et ol o g y : 1 1 4 3 1 1 7.
Si d di qi C r o ni n L o e w E. R., V o r o b y e v & S u m m e rs K. 2 0 0 4: I nt ers p e ci o c a n d i ntr as p e ci o c vi e ws of c ol or 

si g n als i n t h e str a w b err y p ois o n fr o g D e n dr o b at es p u mili o. J o ur n al of E x p eri m e nt al Bi ol o g y : 2 4 7 1 3 2 4 8 5.
S o m e rs K. . 1 9 8 6: M ulti v ari at e all o m etr y a n d r e m o v al of si z e wit h pri n ci p al c o m p o n e nts a n al ysis. 

: 3 5 9 3 3 6 8.
S o m e rs K.  1 9 8 9: All o m etr y, is o m etr y a n d s h a p e i n pri n ci p al c o m p o n e nts a n al ysis. : 1 6 9 3 1 7 3.
S t a m ps J. L os os J. & A n d r e ws R.  1 9 9 7: A c o m p ar ati v e st u d y of p o p ul ati o n d e nsit y a n d s e x u al si z e di m or p his m 

i n li z ar ds. A m eri c a n N at ur alist : 6 4 3 9 0.
S t a r os t o vá R e h á k & F r y n t a D. 2 0 1 0: N e w h a pl ot y p es of C y cl ur a n u bil a n u bil a fr o m C u b a c h a n g e d t h e p h yl o g e n eti c 

tr e e of r o c k-i g u a n as: a c h all e n g e f or c o ns er v ati o n str at e gi es ? : 1 3 4 3 1 4 3.
S t e f f e n J. E. & M c G r a w K. J. 2 0 0 9: H o w d e wl a p c ol or r e n e cts its c ar ot e n oi d a n d pt eri n c o nt e nt i n m al e a n d f e m al e 

br o w n a n ol e s ( N or o p s s a gr ei). C o m p a r ati v e Bi o c h e mi st r y a n d P h y si ol o g y P a rt B  Bi o c h e mi st r y a n d M ol e c ul a r 
: 3 3 4 3 3 4 0.

S t e f f e n J. E., Hi l l G. E. & G u y e r  2 0 1 0: C ar ot e n oi d a c c ess, n utriti o n al str ess, a n d t h e d e wl a p c ol or of m al e br o w n 
a n ol es. : 2 3 9 3 2 4 6.
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S t e f f e n J. E. & G u y e r  2 0 1 4: Dis pl a y b e h a vi o ur a n d d e wl a p c ol o ur as pr e di ct ors of c o nt est s u c c ess i n br o w n 
a n ol es. Bi ol o gi c al J o ur n al of t h e Li n n e a n S o ci et y : 6 4 6 3 6 5 5.

S t o d d a r d & P r u m R. O. 2 0 1 1: H o w c ol orf ul ar e bir ds ? E v ol uti o n of t h e a vi a n pl u m a g e c ol or g a m ut. 
: 1 0 4 2 3 1 0 5 2.

S t u a r t- F o x D. & O r d J. 2 0 0 4: S e x u al s el e cti o n, n at ur al s el e cti o n a n d t h e e v ol uti o n of di m or p hi c c ol or ati o n 
a n d or n a m e nt ati o n i n a g a mi d li z ar d s. P r o c e e di n g s of t h e R o y al S o ci et y of L o n d o n B  Bi ol o gi c al S ci e n c e s
2 2 4 9 3 2 2 5 5.

S t u t c h b u r y J. & M o r t o n E. B e h a vi or al E c ol o g y of Tr o pi c al Bir ds . S a n Di e g o: A c a d e mi c Pr ess, 1 6 5 p p.
T h o m ps o n G. G. & Wi t h e rs . 2 0 0 5 a: Si z e-fr e e s h a p e diff er e n c es b et w e e n m al e a n d f e m al e West er n A ustr ali a n dr a g o n 

li z ar ds ( A g a mi d a e). 
T h o m ps o n G. G. & Wi t h e rs  2 0 0 5 b: T h e r el ati o ns hi p b et w e e n si z e-fr e e b o d y s h a p e a n d c h oi c e of r etr e at of West er n 

A ustr ali a n Ct e n o p h or us ( A g a mi d a e) dr a g o n li z ar ds. 
T h o m ps o n G. G. & Wi t h e rs  2 0 0 5 c: S h a p e of West er n A ustr ali a n dr a g o n li z ar ds ( A g a mi d a e). 

: 7 3 3 8 5.
U g u e t o G. F u e n m a y o r G. R., B a r r os S á n c h e z- P a c h e c o J. & G a r cí a- P é r e z J. E. 2 0 0 7: A r e visi o n of t h e 

Ve n e z u el a n A n ol es I: A n e w A n olis  s p e ci es fr o m t h e A n d es of Ve n e z u el a wit h t h e r e d es cri pti o n of A n olis j a c ar e 
B o ul e n g er 1 9 0 3 ( R e ptili a: P ol y c hr oti d a e) a n d t h e cl ari o c ati o n of t h e st at us of A n olis ni gr o p u n ct at us  Willi a ms 1 9 7 4. 
Z o ot a x a 

U g u e t o G. N., Ri vas G., B a r r os & S mi t h E. N. 2 0 0 9: A r e visi o n of t h e Ve n e z u el a n a n ol es II: r e d es cri pti o n of A n olis 
s q u a m ul at us P et ers 1 8 6 3 a n d A n olis ti gri n us P et ers 1 8 6 3 ( R e ptili a: P ol y c hr oti d a e). C ari b b e a n J o ur n al of S ci e n c e

Va n h o o y d o n c k H e r r e l M e y e rs J. J. & I rs c hi c k D. J. 2 0 0 9: W h at d et er mi n es d e wl a p di v ersit y i n A n olis li z ar ds ? 
A n a m o n g-isl a n d c o m p aris o n. J o ur n al of E v ol uti o n ar y Bi ol o g y : 2 9 3 3 3 0 5.

V o r o b y e v & Os o ri o D. 1 9 9 8: R e c e pt or n ois e as a d et er mi n a nt of c ol o ur t hr es h ol ds. Pr o c e e di n gs of t h e R o y al S o ci et y 
of L o n d o n B  Bi ol o gi c al S ci e n c es : 3 5 1 3 3 5 8.
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A P P E N DI X

List of m us e u m s p e ci m e ns fr o m t h e h er p et ol o gi c al c oll e cti o n of t h e N ati o n al M us e u m i n Pr a g u e ( N M P), C z e c h R e p u bli c 
us e d f or m or p h o m etri c e x a mi n ati o n. 

A n olis b ar b at us , 2 9 s p e ci m e ns: N M P 6j 2 5/ 1 9 9 2, N M P 6 V 3 4 5 2 0/ 1- 1 1, N M P 6 V 7 1 8 7 2/ 1 3 3, N M P 6 V 7 1 8 7 3, N M P 6 V 
7 3 1 4 8/ 1 3 4, N M P 6 d 2 7 9/ 0 3, N M P 6 V 3 4 5 0 4; 

A n olis g u a m u h a y a , 1 0 s p e ci m e ns: N M P 6 V 7 1 8 7 1, N M P 6 V 7 1 8 7 0/ 1 3 8, N M P 6 V 3 4 5 1 7; 
A n olis c h a m a el e o ni d es , 3 s p e ci m e ns: N M P 6 d 8 1/ 0 6, N M P 6 V 3 4 5 0 5, N M P 6 V 3 4 5 1 8; 
A n olis p or c us , 1 s p e ci m e n: N M P 6 V 3 4 5 1 9; 
A n olis si err a m a estr a e , 1 s p e ci m e n: N M P 6 V 7 4 4 5 3.

A P P E N DI X

M atri x of s q u ar e d M a h al a n o bis dist a n c es b et w e e n e x a mi n e d s p e ci es/ p o p ul ati o ns of < c h a m a el e olis = gr o u p r e v e al e d b y D F A.

  1  2  3  4  5

A. c h a m a el e o ni d es A. c h a m a el e o ni d es   0. 0 0 0  3 4. 3 9 4  2 3. 3 2 6  3 8. 2 8 5  3 4. 3 8 4
A. b ar b at us A. b ar b at us   3 4. 3 9 4  0. 0 0 0  9. 1 6 3  1 9. 0 0 5  2 4. 2 8 7
A. g u a m u h a y a A. g u a m u h a y a   2 3. 3 2 6  9. 1 6 3  0. 0 0 0  2 0. 9 3 9  2 7. 4 6 6

4  A. p or c us A. p or c us   3 8. 2 8 5  1 9. 0 0 5  2 0. 9 3 9  0. 0 0 0  1 7. 0 9 9
A. si err a m a estr a e A n olis  s p.  3 4. 3 8 4  2 4. 2 8 7  2 7. 4 6 6  1 7. 0 9 9  0. 0 0 0

A P P E N DI X

L o a di n gs of r o ots r e v e al e d b y c a n o ni c al a n al ysis s u br o uti n e of D F A. 

r o ot  1  2  3  4

S V L  3 0. 1 3 6  3 0. 6 2 3  3 0. 1 6 4  3 0. 1 8 5
O L  0. 3 7 0  3 0. 1 3 2  0. 0 3 9  0. 2 3 2
F M  3 0. 3 0 1  3 0. 0 8 5  0. 1 9 2  0. 4 6 8
H M  0. 0 2 6  3 0. 1 8 1  0. 0 5 3  0. 4 8 1
I N  0. 2 0 4  3 0. 2 0 4  0. 0 3 4  3 0. 3 4 7
H L  0. 2 2 8  0. 0 7 1  0. 2 2 8  3 0. 1 8 3
O C  0. 0 6 2  0. 0 8 6  3 0. 4 0 0  3 0. 1 2 9
S N  0. 1 1 9  0. 2 6 1  3 0. 0 8 9  0. 1 4 1
R A  3 0. 0 0 2  0. 1 7 3  3 0. 0 3 5  3 0. 1 9 7
S L  3 0. 1 0 7  0. 0 0 2  0. 2 7 3  3 0. 2 6 7
H F  3 0. 0 8 6  0. 1 0 7  0. 0 8 7  0. 0 7 2
I O  0. 2 0 7  3 0. 0 1 4  0. 1 8 7  0. 1 0 9
H H  0. 1 4 7  0. 2 2 0  0. 1 2 1  0. 1 3 9
LI E  0. 0 4 2  0. 3 1 3  3 0. 0 7 8  3 0. 0 6 5
H W  3 0. 0 9 0  0. 1 2 2  0. 3 4 3  3 0. 3 8 5
S O  3 0. 0 7 5  3 0. 1 0 0  3 0. 1 3 9  0. 0 2 4
J O L  0. 0 7 7  3 0. 0 0 8  0. 0 8 0  3 0. 2 1 3
T B  3 0. 0 3 7  3 0. 0 6 0  3 0. 2 4 5  3 0. 1 7 1
LJ L  0. 1 0 2  0. 2 3 9  3 0. 0 6 5  0. 0 8 0
H U  3 0. 0 6 4  3 0. 0 3 6  3 0. 0 1 3  3 0. 0 2 0
S M E  0. 0 5 3  0. 2 4 5  0. 0 9 6  0. 0 5 2
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B ar d et et al., 2 0 0 5) a n d e xt a nt ( L ö n n b er g, 1 9 0 3; M ert e ns, 1 9 4 2; D alr y m pl e, 1 9 7 9; Ri e p p el a n d 

L a b h ar dt, 1 9 7 9; Est es a n d Willi a ms, 1 9 8 4; Pr e gill, 1 9 8 4; D9 A m or e, 2 0 1 5) r e ptili a n s p e ci es.
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dis c uss e d b y C at ó n a n d T u c k er ( 2 0 0 9).



3

, I ar o c h é n e

3

3

3

3

C at ó n

3

8 1 8 4 39 3

D´ A m or e

3

https://doi.org/10.1111/j.1469-7998.1993.tb02669.x
https://doi.org/10.1111/j.1469-7580.2008.01014.x
https://doi.org/10.1371/journal.pone.0257427
https://doi.org/10.1111/joa.12293


3

3

3

D os e d �l o v á, H., at � p á n k o v á, K., Zi k d, T., L es ot, H., K ai s er, J., N o v ot n ý, K., at e m bír e k, J., 

K n ot e k, Z., Z a hr a d ní  e k, O., B u c ht o v á, M., 2 0 1 6. 

3

3

3

3

3

H er n á n d e z , R a mír e z

3

3

3

H ol á I o v á Z a hr a d ní  k o v á, V., A br a mj a n, A., P al u p í k o v á, K., R e h á

3

3

3

3

3

N ar v á e z

3

https://doi.org/10.1002/jmor.10080
https://doi.org/10.1080/02724634.1984.10011989
https://doi.org/10.2307/1444374
https://doi.org/10.1016/j.zool.2008.01.002
https://doi.org/10.1111/j.1095-8312.2006.00685.x
https://doi.org/10.1002/jmor.20645


3

3

í á

3

, W e g m üll er

, H ol á I o v á

3

3

3

https://doi.org/10.2307/1936533
https://www.nature.com/articles/s41598-021-92326-5
https://doi.org/10.1111/jzo.12236
https://doi.org/10.1111/j.1469-%0b7580.2012.01531.x
https://doi.org/10.1111/j.1469-%0b7580.2012.01531.x










3

3

3

3

3

3

(J, P). T h e s c al e b ar si z e is 1 0 0 µ m.



3

3

3

3

3

is 1 0 0 µ m.





3

3

3

3









































RESEARCH ARTICLE

Built to Bite: Feeding Kinematics,
Bite Forces, and Head Shape of a
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Most lizards feed on a variety of food items that may differ dramatically in their physical and
behavioral characteristics. Several lizard families are known to feed upon hard-shelled prey
(durophagy). Yet, specializations toward true molluscivory have been documented for only a few
species. As snails are hard and brittle food items, it has been suggested that a specialized cranial
morphology, high bite forces, and an adapted feeding strategy are important for such lizards. Here
we compare head and skull morphology, bite forces, and feeding kinematics of a snail-crushing
teiid lizard (Dracaena guianensis) with those in a closely related omnivorous species (Tupinambis

merianae). Our data show that juvenile D. guianensis differ from T. merianae in having bigger
heads and greater bite forces. Adults, however, do not differ in bite force. A comparison of feeding
kinematics in adult Dracaena and Tupinambis revealed that Dracaena typically use more transport
cycles, yet are more agile in manipulating snails. During transport, the tongue plays an important
role in manipulating and expelling shell fragments before swallowing. Although Dracaena is slow,
these animals are very effective in crushing and processing hard-shelled prey. J. Exp. Zool. 00:1–11,

2012. © 2012 Wiley Periodicals, Inc.
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ABSTRACT

J. Exp. Zool.

00:1–11, 2012

Food acquisition is very important for the daily survival and fit-

ness of individuals and has been studied in a wide variety of an-

imals (for vertebrates, see Schwenk, 2000 for an overview). Mor-

phological and behavioral specializations related to prey manip-

ulation may provide some species access to food resources that

may be unavailable or unmanageable for closely related species

(e.g., Aguirre et al., 2003). Indeed, there is a strong precedent

for predicting a relationship between an organism’s functional

capacities and its potential resource use (Grant, ’85; Fisher Huck-

ins, ’97; Herrel et al., 2002a, b).

In lizards, true feeding specialists are rare. Indeed, most

lizards feed on a wide variety of food items that often dif-

fer in their physical and behavioral characteristics (Greene, ’82;

Schaerlaeken et al., 2007, 2008; Metzger, 2009; Montuelle et al.,

2009). If prey properties impose specific mechanical demands

on the feeding system of the predator, then these will likely
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2 SCHAERLAEKEN ET AL.

influence the efficiency of prey capture and transport (Meyers

and Herrel, 2005). Consequently, most lizards are capable of ad-

justing their feeding behavior in accordance to prey characteris-

tics that may allow them to optimize food processing (e.g., Bels

and Baltus, ’88; Herrel et al., ’96; Herrel and De Vree, ’99; Urbani

and Bels, ’99; Schwenk, 2000; Ross et al., 2007; Schaerlaeken

et al., 2008).

Several lizard families are known to feed upon hard-shelled

prey (durophagy). Yet, for only a few species true molluscivory

has been documented. As snails are hard and brittle food items,

it has been suggested that lizards that eat snails should dis-

play a specialized cranial morphology with more massive cranial

muscles (Dalrymple, ’79; Rieppel and Labhardt, ’79) and greater

bite forces. Among lizards, Chamaeleolis lizards (Herrel and

Holanova, 2008), some amphisbaenids (Amphisbaena ridleyi;

Pregill, ’84), and nile monitors (Varanus niloticus; Lonnberg,

’03; Rieppel and Labhardt, ’79) are known to include a consid-

erable amount of hard-shelled prey such as snails in their diet.

Although relatively little is known about these animals, enlarged

posterior teeth are often observed. Such blunt and rounded teeth

are assumed to be important to avoid tooth breakage and to in-

crease the contact area with the food. However, only in a few

species do the blunt molariform teeth occur in juveniles (e.g.,

Dracaena guianensis; some species of the genus Tiliqua; Estes

and Williams, ’84) suggesting that in these species, juveniles

may already be specialized for molluscivory.

Feeding on hard or tough prey puts demands on increased

bite force. Such an increase in bite force can be achieved in

multiple ways. For example, one way is to increase overall body

size, or head size relative to body size. Additionally, an increase

in the mass, changes in the architecture of the jaw adductors

(i.e., more pennate muscles with shorter fibers), or changes in

the mechanics of the lever system (i.e., increasing jaw closing

in lever relative to the jaw out lever) could improve bite per-

formance (Herrel et al., 2002a, b, 2007; Herrel and Holanova,

2008). Consequently, lizards feeding on hard prey are expected

to show one or several of these specializations.

In the present study, we compare a true molluscivorous lizard,

D. guianensis, with a closely related but omnivorous lizard,

Tupinambis merianae. Whereas lizards from the Teiinae sub-

family are typically insectivorous (Presch, ’74; Vitt et al., ’95,

’97, 2000), Tupinambinae are characterized by a derived diet

that encompasses the inclusion of vertebrates and fruits into the

diet in some species (Dessem, ’85; Castro et al., ’91; Mercolli

and Yanosky, ’94; Kiefer and Sazima, 2002; Martins, 2006; see

Fig. 1). Yet, only in Dracaena is a true durophagous diet ob-

served. It has been suggested that the inclusion of hard-shelled

prey in this species is associated with its semiaquatic lifestyle

(Vanzolini, ’61; Duellman, 2005). Although both Tupinambis

and Dracaena are characterized by well-developed jaw adduc-

tors with complex tendinous systems, Dracaena stands out in

having more developed pseudotemporalis profundus muscle and

Figure 1. Phylogenetic relationships of teiid lizards (Giugliano

et al., 2007). To the right, the predominant diet within the genus is

indicated. Branch colors indicate the results of an ancestral char-

acter state reconstruction of diet using parsimony implemented

in Mesquite. Whereas the basal diet is clearly insectivory (i), the

Tupinambinae are characterized by the evolution of derived diets

including carnivory (c) and omnivory (o). Yet, dedicated mollus-

civory (m) has originated only once within the group. To the right

lateral views of the skulls of representative species of each clade

are shown to illustrate how divergent Dracaena is compared to

other teiids. The skull of Dracaena is highlighted in the box. Images

derived from CT scans.

a greater degree of muscle pennation (Dalrymple, ’79; Rieppel,

’80). This suggests that Dracaena may have greater bite forces

allowing them to crush hard food items such as snails and crus-

taceans (Vanzolini, ’61; Duellman, 2005).

Here, we focus on differences in cranial size and shape that

could improve bite force in both juveniles and adults. Given

their specialized teeth, we expect juvenile D. guianensis to have

relatively bigger heads and changes in the mechanics of the lever

system allowing them to generate high bite forces allowing them

to crush hard prey such as snails. As adults of both D. guianensis

and T. merianae reach large adult body size (over 300 mm snout-

vent length), selection on bite force generation might be relaxed.

We also test for differences in head shape and skull shape that

could lie at the basis of a high bite force capacity. Finally, we test

for behavioral differences in prey manipulation, prey transport,

and swallowing in adults of both species. Given the largely

aquatic lifestyle of Dracaena, we expect careful manipulation

of food items to avoid the loss of prey when manipulating and

crushing at the water’s edge or in water.
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MATERIAL AND METHODS

Specimens

Data for D. guianensis were obtained from both adults (N = 4;

SVL: 389.0 ± 38.1 mm; mean ± standard deviation) and ju-

veniles (N = 24; 156.4 ± 10.2 mm) housed at the Prague Zoo.

As these animals are extremely rare in captivity, this comprises

an exceptionally large sample size. The adults were housed in a

large glass vivarium on a 12 hr:12 hr light:dark cycle and were

maintained on a diet of snails only. The juveniles were housed

in smaller glass vivaria also on a 12 hr:12 hr light:dark cycle

but were offered mostly slugs. The environmental temperature

varied from 22 C during daytime to 12 C at night. An incandes-

cent bulb provided the animals with a basking spot at a higher

temperature.

For T. merianae bite forces from adults (N = 35; 375.6 ± 21.1

mm) and juveniles (N = 25; 163.3 ± 13.4 mm) were obtained

from animals housed at the Jacarezário at the Universidade Es-

tadual Paulista (Rio Claro, São Paulo, in south-eastern Brazil;

see Herrel et al., 2009). At this laboratory, the lizards are kept in

small groups (5–10 individuals) in outdoor pens and are provided

with water and ground shelters, as well as shade and sunny areas

for thermoregulation. In spring and summer, the animals are fed

three times a week with ground beef, fruits, and/or 1-day-old

chickens.

Kinematic data on feeding in T. merianae were obtained from

two adults (383.33 ± 20.82 mm) kept at the laboratory of the

University of Antwerp. These animals were housed separately in

cages (120 × 80 × 80 cm) on a 12 hr:12 hr light:dark cycle and

provided with snails, dog food, fruit, and mice ad libitum. The

environmental temperature varied from 28 C during daytime to

22 C at night. An incandescent bulb provided the animals with

a basking spot at higher temperature.

Morphometrics

Head dimensions and snout-vent length (SVL) were measured in

all individuals. Head length was taken as the distance between

the back of the parietal bone and the tip of the upper jaw; head

width was measured at the widest part of the head; head height

was measured as the highest point of the head just posterior

to the orbits; lower jaw length was taken as the distance be-

tween the back of the retroarticular process and the tip of the

lower jaw. Additionally, two morphological variables related to

the biomechanics of the jaw system were estimated by measur-

ing: (1) the distance from the jaw articulation to the tip of the

lower jaw (i.e., the jaw outlever) and (2) the distance from the

posterior edge of the jugal to the tip of the lower jaw (snout

length). First, the length of the jaw-in-lever for opening was

calculated by subtracting the jaw outlever from the lower jaw

length. Second, by subtracting snout length from the jaw out-

lever, the in-lever for jaw closing was calculated. Measurements

were taken using digital callipers (Mitutoyo CD-20DC, England;

precision: 0.01mm).

In addition, we measured the skulls of 70 individuals be-

longing to 20 species of teiids representing all known genera

using digital callipers (Mitutoyo CD-20DC). Measurements were

based on museum specimens located in the collections of the

Museum of Comparative Zoology at Harvard, the Field Museum

of Natural History in Chicago, the American Museum of Natu-

ral History, the Muséum National d’Histoire Naturelle in Paris,

and one specimen of C. tigris from the private collection of A.H

(nine Ameiva ameiva, two Aspidoscelis deppei, one A. exsanguis,

two A. gularis, one A. motaguae, one A. neomexicanus, one A.

sexlineata, four A. tigris, three Callopistes flavipunctatus, one

C. maculatus, two Cnemidophorus murinus, two Crocodilurus

lacertinus, three Dicrodon guttulatum, one Dicrodon Holmbergi,

three D. paraguayensis, one D. guianensis, five Kentropyx cal-

caratus, two Teius teyou, two Tupinambis nigropunctatus, 23

Tupinambis teguixin, and one Tupinambis rufescens). Note that

Dracaena are rare in collections and only two intact skulls (MCZ,

D. paraguayensis and MNHN, D. guianensis) were available for

measurements. Data for two others were extracted from µCT

data of intact specimens (both D. paraguayensis). On each skull,

we measured skull length from the back of the parietal to the tip

of the premaxillary, the length of the skull between the posterior

edge of the jugal and the tip of the premaxillary bone (muzzle

length), the height of the skull at the level of the frontoparietal

suture, the height of the skull at the level of the orbit, the length

of the lower jaw from the symphysis to the back of the posterior

most tooth, the length of the lower jaw from the symphysis to

the anterior edge of the jaw articulation, the length of the lower

jaw from the symphysis to the posterior edge of the jaw artic-

ulation, the length of the lower jaw from the symphysis to the

back of the retroarticular process, and the length of the lower

jaw from the symphysis to the tip of the coronoid bone (see also

Metzger and Herrel, 2005).

Bite Forces

Isometric force transducers (Kistler, types 9203: ± 500 N and

9207: ± 5000 N) mounted on purpose-built holders and con-

nected to a Kistler charge amplifier (type 5995A, Kistler Inc.,

Winterthur, Switzerland) were used to measure in vivo bite

forces (see Herrel et al., ’99). When placing the free end of the

holder between the teeth of the animal, prolonged and repeated

biting occurred. The place of application of bite forces was stan-

dardized for all animals and occurred at the tip of the jaws.

Measurements were repeated five times for each animal. The

maximal value recorded of the five trials was considered to be

the maximal bite force for each animal. Although snails are

crushed at the back of the jaws, it was impossible to obtain data

on bite forces at the back of the tooth row.
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Feeding Behavior and Video Analysis

Adult individuals of both species were filmed in lateral view

while eating intact snails (Cornu aspersa). Data on feeding be-

havior for two adult D. guianensis were collected at the Prague

Zoo. Data for T. merianae were recorded for two individuals

housed at the University of Antwerp. Feeding behavior was

recorded at 50 Hz using a digital camcorder (Sony DCR-HC94,

Sony, Tokyo, Japan). Video recordings were reviewed using Mi-

das Player software (Xcitex, Cambridge, MA; version 2.1.5). A

total of 30 (15 and 15 for each individual) and 22 (10 and

12 for each individual) feeding sequences were recorded for D.

guianensis and T. merianae, respectively. Based on these record-

ings, the transport and swallowing stage duration, the number

of crush bites during transport, the number of transport and

swallowing cycles, the average transport cycle duration, and

the average swallowing cycle duration were extracted for both

species. In the number of transport cycles, we included the iner-

tial transport movements, the repeated attempts to pick up the

snail, and the movements of the jaws while removing shell frag-

ments after dropping the snail (only observed in T. merianae).

Data on feeding kinematics for T. merianae were collected at

the University of Antwerp. For these animals, small lead mark-

ers were inserted at the anterior tip of the upper and lower

jaw before videofluoroscopic recordings were made. Before im-

plantation of these markers, the animals were anaesthetized us-

ing Ketamine (100 mg/kg; ketamine hydrochloride, 50 mg/mL,

Parke-Davis, Brussels, Belgium). Marker placement was checked

using dorsoventral and lateral radiographs. A Redlake Motion-

Pro2000 digital high-speed camera attached to a Philips 14-inch

image intensifier was used to record parts of the feeding event

at 250 Hz. X-rays were generated using a Philips Optimus M200

X-ray generator (Philips, Eindhoven, The Netherlands). Video-

fuoroscopic recordings were reviewed using the Midas Player

software (Redlake, San Diego, CA; version 2.1.7).

For selected transport and crush cycles where animals re-

mained in lateral view, two externally visible landmarks (the

anterior tip of the upper and lower jaws) in the case of Dra-

caena, or the two implanted markers near the tip of the jaws

in the case of Tupinambis, were digitized frame by frame using

Didge (Image Digitizing Software version 2.2.0; Alistair Cullum).

Based on the X-Y coordinates of these markers, gape distance

was calculated. A total of 15 cycles (10 transport and 5 crush cy-

cles; evenly divided across individuals) were analyzed for each

species. Raw displacements were smoothed using a zero-phase

shift, fourth-order low-pass Butterworth filter.

Feeding events were divided into three stages: prey capture,

intraoral prey transport, and swallowing. In the transport stage,

we made a distinction between two cycle types, a transport cycle

without crushing and a crush bite. In accordance with Bramble

and Wake (’85), we divide transport and crush cycles into four

phases based on the changes in velocity of the jaws: slow open

(SO), fast open (FO), fast close (FC), and slow close (SC).

All procedures were approved by the animal ethics committee

at the University of Antwerp (Tupinambis) and the Prague Zoo

(Dracaena).

Statistical Analysis

To meet the assumptions of homoscedascity and normality for

parametric analyses (Sokal and Rohlf, ’81; Kachigan, ’91), all

morphometric and kinematic data were log10-transformed prior

to analysis.

To investigate the differences in head shape and bite forces

between T. merianae and D. guianensis, we first tested whether

adult and juvenile individuals of both species differed in overall

body size (snout-vent length, SVL) using an ANOVA. Next, we

tested for differences in head dimensions for both age classes

using a MANCOVA with SVL as covariate. As the species by

age class interaction effect was highly significant, morphome-

tric data were further analyzed for juveniles and adults sepa-

rately using MANCOVAs. Finally, we tested for differences in

bite force between species and age classes using an ANCOVA.

As interaction effects were significant, we subsequently tested

for differences in bite force for both age classes separately.

To explore differences in skull shape between representatives

of the different teiid genera, we performed a factor analysis with

varimax rotation on the skull data. First, we regressed all Log10-

transformed skull dimensions against the geometric mean of all

the skull measures and extracted unstandardized residuals. Next,

we used residual data in a factor analysis with varimax rotation

and extracted factors with eigenvalues greater than one and

plotted the position of D. guianensis relative to other individuals.

Next, we ran a multivariate analysis of variance (MANOVA)

testing for differences between diet groups coupled to univariate

ANOVA’s and Bonferroni post-hoc tests on the factor scores to

test whether the molluscivorous Dracaena were different from

other diet groups.

Kinematic data were used to test for differences between

species and cycle type (transport or crush bite). A MANOVA

was performed to test for species, cycle type, and interaction

effects with individual entered as a random factor in the anal-

yses. As the interaction effects were highly significant, species

effects were analyzed separately for transport and crush cycles

using MANOVA’s. Finally, differences in overall feeding behav-

ior (number of cycles of each type used and overall duration of

feeding event) were tested using a MANOVA.

RESULTS

Morphometrics and Bite Forces

An analysis of variance indicated no differences between species

in body size (F1,84 = 0.04; P = 0.84) or in the interaction between

body size and age (F1,84 = 3.3; P = 0.08). Differences between age

classes were, however, significant (F1,84 = 1782.6; P < 0.001).
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Table 1. Summary table representing means and standard deviations of the morphological and bite force data in juvenile and adult

T. merianae and D. guianensis.

Adults Juveniles

T. merianae (N = 35) D. guianensis (N = 4) T. merianae (N = 25) D. guianensis (N = 24)

SVL (mm) 375.6 ± 21.1 389.0 ± 38.1 163.3 ± 13.4 156.4 ± 10.2

HL (mm) 78.0 ± 7.2 81.2 ± 6.6 37.3 ± 2.6 40.6 ± 2.2

HW (mm) 53.7 ± 6.1 69.9 ± 8.2 23.4 ± 2.1 28.6 ± 1.8

HH (mm) 45.6 ± 5.4 55.5 ± 6.0 18.5 ± 1.4 25.2 ± 1.5

LJL (mm) 96.6 ± 9.8 100.0 ± 8.5 42.0 ± 3.2 47.1 ± 3.8

Snout (mm) 61.4 ± 5.4 70.5 ± 4.2 28.1 ± 1.9 34.8 ± 2.1

Open in (mm) 7.6 ± 2.4 14.7 ± 3.6 3.3 ± 1.1 6.9 ± 2.0

Close in (mm) 27.6 ± 4.8 14.8 ± 5.9 10.6 ± 1.0 5.4 ± 0.8

Outlever (mm) 89.1 ± 8.7 85.3 ± 10.1 38.7 ± 2.6 40.2 ± 2.6

Bite force (N) 334.8 ± 99.6 383.3 ± 88.2 35.5 ± 10.1 56.0 ± 10.2

Close/out 0.45 ± 0.07 0.21 ± 0.07 0.38 ± 0.03 0.15 ± 0.02

SVL, snout-vent-length; HL, head length; HW, head width; HH, head height; LJL, lower jaw length; snout, distance from the back of the jugal to the tip of

the jaw; open in, jaw in lever for opening; close in, jaw in lever for closing; outlever, distance from the quadrate to the snout tip; close in/out, jaw in lever

for closing relative to jaw out lever.

A MANCOVA testing for differences in head shape indi-

cated significant species (Wilks’ lambda = 0.078; F8,76 = 112.53;

P < 0.001) and species by age class interaction effects (Wilks’

lambda = 0.55; F8,76 = 7.72; P < 0.001). Differences in head

shape between age classes were, however, not significant after

taking into account variation in body size (Wilks’ lambda = 0.94;

F8,76 = 0.59; P = 0.78). For juveniles, a MANCOVA performed on

the morphometric data indicated significant differences in head

shape between species (Wilks’ lambda = 0.018; F8,39 = 266.54;

P < 0.001). Subsequent univariate ANCOVAs indicated that dif-

ferences in head shape were significant for most variables with

Dracaena having generally bigger heads. However, the in-lever

for jaw closing and the lever ratio were significantly greater

in Tupinambis (Table 1). For adults, significant differences in

head shape were also present (Wilks’ lambda = 0.12; F8,29 =

25.64; P < 0.001). However, the univariate ANCOVAs indicated

that species were not different in head length, lower jaw length,

and the length of the jaw outlever after Bonferroni correction

(Table 1). Although adult Dracaena had wider and taller heads

(Fig. 2), the closing inlever and the lever ratio were greater for

Tupinambis compared to Dracaena.

An ANCOVA performed on the bite force data for juveniles

indicated significant differences between species with Dracaena

biting much harder for a given body size than Tupinambis (F1,46

= 160.45; P < 0.01; Fig. 3). However, adults of both species did

not differ in bite force (F1,36 = 0.30; P = 0.59; Fig. 3).

Skull Shape

A factor analysis performed on the size-free skull and lower jaw

dimensions retained three factors jointly explaining 73.14% of

Figure 2. Plot of head width against snout-vent length for juvenile

and adult D. guianensis (filled circles) and T. merianae (open circles)

showing that D. guianensis has a wider head for its body size

compared to T. merianae. Note the log scale on both X- and Y-

axes.

the total variance in the dataset. Whereas the first factor was

strongly correlated with relative jaw length and the distance be-

tween the symphysis and the jaw articulation, the second one

was strongly positively correlated with muzzle length and neg-

atively with frontoparietal skull height. The third axis was cor-

related with the distance from the symphysis to the most pos-

terior tooth and to the coronoid (Table 2). A MANOVA detected
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Figure 3. Plot of bite force against snout-vent length for juvenile

and adult D. guianensis (full circles) and T. merianae (open circles).

Whereas juveniles D. guianensis bite harder than juvenile T. meri-

anae, this is not the case for adults. Note the log scale on X- and

Y-axes.

Table 2. Results of a factor analysis with varimax rotation per-

formed on the size free morphometric data of the skull and

mandible in Teiid lizards (see Material and Methods for details

about sample).

Factor 1 Factor 2

Eigenvalue 2.65 2.98

Percentage variance explained 29.43 22.00

Residual distance symphysis – posterior

tooth (mm)

0.327 0.201

Residual distance symphysis – anterior

articulation (mm)

0.856 0.075

Residual distance symphysis – posterior

articulation (mm)

0.869 0.184

Residual distance symphysis to back

retroarticular process (mm)

0.745 0.164

Residual distance symphysis to tip of

coronoid process (mm)

0.138 0.007

Residual skull length (mm) 0.248 0.630

Residual muzzle length (mm) 0.307 0.780

Residual frontoparietal skull height

(mm)

0.197 0.775

Residual mid-orbital skull height (mm) 0.532 0.517

Bolded values represent loadings greater than 0.7.

Figure 4. Scatter plot illustrating the results of a principal com-

ponent analysis performed on linear dimensions describing skull

shape in a wide range of teiid lizards encompassing all genera

represented in Figure 1. Dracaena is characterized by a tall skull

with a relatively short mandible and muzzle relative to other teiids.

Open symbols represent individuals belonging to the Tupinambi-

nae; dietary groups (see Fig. 1) are indicated by different symbols.

Note that whereas the two clades do not differ from one another

in skull shape, dietary groups do.

significant differences in skull shape between diet groups (Wilks’

Lambda = 0.369; F9, 155.91 = 8.78; P < 0.001). Subsequent uni-

variate F-tests indicated that effects of diet were significant on

factor one (F3,66 = 28.93; P < 0.001) and approached signifi-

cance on factor two (F3,66 = 2.25; P = 0.09). Differences between

dietary groups were nonsignificant on factor 3 (F3,66 = 1.28; P =

0.29). Bonferroni post-hoc tests indicated that insectivores and

omnivores were not different from one another (P > 0.05). Yet,

all other dietary groups, including the molluscivorous Dracaena

were different from one another (all P < 0.001). An examination

of the plot of factor one against factor two shows that Dracaena

is characterized by having a short mandible, a short muzzle, and

a tall skull compared to other teiids (Fig. 4).

Feeding Behavior

Dracaena guianensis approached snails immediately when of-

fered and picked them up with their jaws. Next, the head was

rotated dorsally and the jaws opened slightly causing the snail

to roll toward the back of the tooth rows. Snails were reposi-

tioned in the oral cavity using the tongue before being crushed.

Multiple bites were used to crush snails and repositioning took
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place in between crushing. Shell fragments were expelled from

the mouth by the tongue before swallowing (Dalrymple, ’79)

as has been observed in other snail-eating lizards (Herrel and

Holanova, 2008). During the manipulation, snails were never

dropped.

In contrast, although T. merianae also used the jaws to grab

the snails, it used kinetic inertial food transport. During iner-

tial transport, the jaws are opened rapidly and simultaneously

the head-neck system is drawn back, initiating the backward

displacement of the prey after release from the jaws. At maxi-

mal gape, the entire head and body move forward and the jaws

are closed (Gans, ’69; Smith, ’82; Schwenk, 2000; Montuelle

et al., 2009). Tupinambis merianae used mostly inertial move-

ments to reposition the snails for crushing in contrast to the

tongue-based repositioning observed in Dracaena. Tupinambis

lizards often needed several attempts and snails were dropped

repeatedly. After crushing, shell fragments were removed by the

tongue, by shaking the head, but also by dropping the snail fol-

lowed by wiping movements of the jaws on the bottom of the

cage resulting in the removal of shell fragments.

Video Analysis

A MANOVA performed on the kinematic dataset of transport cy-

cles and crush bites revealed significant species (Wilks’ lambda

= 0.13; F6,21 = 23.81, P < 0.001) and cycle type effects (trans-

port/crush cycle; Wilks’ lambda = 0.061; F6,21 = 54.26, P <

0.001). Interaction effects were also significant (Wilks’ lambda

= 0.34; F6,21 = 6.93, P < 0.001) suggesting that the changes in

kinematics with cycle type are species dependent. Owing to the

significance of the interaction effects, transport and crush cycles

were analyzed separately for T. merianae and D. guianensis.

For pure transport cycles significant species effects were ob-

served (Wilks’ lambda = 0.10; F6,13 = 19.07, P < 0.001) with

differences in gape distance (F = 5.04, P = 0.038), the duration

of the slow open phase (dSO; F = 6.8, P = 0.02), the duration of

the fast open phase (dFO; F = 39.09, P < 0.001) and the duration

of fast close phase (dFC; F = 25.49, P < 0.001) being significant.

Transport of snails in D. guianensis is associated with greater

gape distances and shorter slow open phases than in T. meri-

anae (Fig. 5). The duration of the fast open and fast close phases

is, however, longer in D. guianensis (Table 3). These kinematic

differences reflect the difference in feeding strategy contrasting

tongue based with inertial transport and repositioning.

For crush bites, we also detected a significant species effect

(Wilks’ lambda = 0.035; F6,3 = 13.65, P = 0.028) with significant

differences in the duration of the slow open phase (F1,8 = 9.36,

P = 0.02), the duration of the fast open phase (F1,8 = 49.81, P <

0.001), the duration of the slow close phase (F1,8 = 19.84, P =

0.002), and the total duration of a crush cycle (F1,8 = 16.59, P

= 0.004). Crushing of snails in D. guianensis is associated with

shorter slow open phases, longer fast open phases, longer slow

close phases, and a greater total crush cycle duration compared

to T. merianae reflecting a careful handling and pronounced

crushing of snails (Fig. 5; Table 3).

An analysis performed on variables related to the entire feed-

ing event revealed a significant species effect (Wilks’ lambda =

0.38; F7,44 = 10.08, P < 0.001) with significant differences in

the total number of transport cycles (F1,50 = 61.11, P < 0.001),

the total number of crush bites (F1,50 = 34.28, P < 0.001), the

total duration of transport (F1,50 = 40.58, P < 0.001), and

the total number of swallowing cycles (F1,50 = 12.97, P = 0.001).

The total number of transport and swallowing cycles, the num-

ber of crush bites, and the total transport duration are greater in

D. guianensis (Table 4; Fig. 5). The duration of the swallowing

stage is, however, not different between species (F1,50 = 1.49, P

= 0.23) suggesting a more careful handling of snails during in-

traoral transport rather than an intrinsic limitation on the speed

of jaw movement.

DISCUSSION
Although both species include snails in their diet, D. guianensis

is a true molluscivorous lizard. Tupinambis merianae is omniv-

orous and eats a wide variety of foods including fruits, ver-

tebrates, insects, and molluscs (Dessem ’85; Castro et al., ’91;

Mercoli and Yanosky, ’94; Kiefer and Sazima, 2002; Martins,

2006). Our data demonstrate that D. guianensis is morphologi-

cally and behaviorally different from T. merianae and that these

differences appear related to their specialized diet.

Our data on head morphometrics in D. guianensis and

T. merianae show that juvenile D. guianensis have longer, wider,

and taller heads allowing for bigger jaw muscles and resulting

in a greater bite force. Unexpectedly, the in-lever for closing is

smaller in D. guianensis compared to T. merianae in both juve-

niles and adults. Yet, juvenile D. guianensis do bite harder than

juvenile T. merianae which may be due to their relatively bigger

heads. Our data on skull morphology show that the mandible of

Dracaena is relatively short, yet the skull is tall and the muzzle

short. Although one would expect this to result in a greater bite

performance, this is not the case. Consequently, the relative de-

crease in bite force in adult relative to juvenile D. guianensis in

comparison to T. merianae suggests growth-related differences

in the jaw adductor musculature, yet this remains to be tested

explicitly.

The size-dependent decrease in bite force suggests that se-

lection on bite-force capacity may be stronger in juvenile D.

guianensis or, alternatively, that selection on relative bite force

capacity is high in adult T. merianae. As adults of both D. guia-

nensis and T. merianae have large bite forces in absolute terms

because of their large body and head size, hard-shelled prey be-

come potential dietary items. Juvenile lizards have smaller heads

resulting in lower absolute bite forces thus preventing them

from crushing hard or tough prey items. The enlarged heads

of juvenile D. guianensis may, however, allow them to exploit

this food resource as has been suggested for other specialized

J. Exp. Zool.
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Figure 5. Top: plot of gape distance against time for a total feeding event in D. guianensis (gray line) and T. merianae (black line). Bottom:

blow-up of 5 sec of the sequence to illustrate individual gape cycles in both species. Selected crushing events for D. guianensis are

indicated by arrows.

molluscivores such as Chamaeleolis (Herrel and Holanova, 2008).

Unfortunately, no quantitative data on the diet of juvenile D.

guianensis are available, and we can only speculate about the

relative importance of snails in the diet of the juveniles. How-

ever, one argument for the importance of snails in the diet of

juveniles is that, unlike in Tupinambis and many other lizards,

molariform teeth are present in juveniles.

Given the semiaquatic lifestyle of D. guianensis, we predicted

a specialized mechanism for food transport allowing precise ma-

nipulation and repositioning of snails during intraoral transport.

Whereas D. guianensis uses its tongue and gravity to reposition

snails, T. merianae uses predominantly inertial movements to

reposition and transport snails. Consequently, snails were often

dropped by T. merianae during transport and repositioning (on

average 4 ± 2 times in a single sequence). Given the aquatic

lifestyle of Dracaena, dropping snails could involve losing them

in the water and thus an alternative transport method is used

that assures accurate transport and repositioning and is depen-

dent on the use of the tongue. Another striking difference in

the manipulation of snails was associated with the use of the

tongue to expel snail fragments in Dracaena. Whereas this has

been observed in other specialized molluscivorous lizards (Herrel

and Holanova, 2008), T. merianae, in contrast, tends to drop the

snail to wipe the snail fragments from its mouth after which the

snail is picked up again. Whether these differences in tongue use

are reflected in tongue morphology remains unknown as data on

tongue structure in Dracaena are not available in the literature.

During transport cycles, the gape distance in T. merianae is

smaller than that observed in D. guianensis. This can be ex-

plained by the differences in feeding behavior between the two

species whereby D. guianensis flexes the head dorsally and lets

the snail roll to the back of the tooth rows while opening the

J. Exp. Zool.
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Table 3. Summary table representing the means and standard deviations of the kinematic data of transport and crush cycles in adult

T. merianae and D. guianensis.

Transport Crushing

T. merianae D. guianensis T. merianae D. guianensis

Gape distance (mm) 37.23 ± 8.78 43.07 ± 2.02 46.77 ± 9.32 38.86 ± 6.54

Duration slow opening (s) 0.29 ± 0.09 0.20 ± 0.08 0.29 ± 0.09 0.18 ± 0.02

Duration fast opening (s) 0.07 ± 0.02 0.13 ± 0.02 0.06 ± 0.01 0.12 ± 0.01

Duration fast closing (s) 0.12 ± 0.03 0.18 ± 0.02 0.09 ± 0.02 0.18 ± 0.11

Duration slow closing (s) 0.23 ± 0.06 0.18 ± 0.06 0.73 ± 0.23 1.64 ± 0.44

Gape cycle duration (s) 0.71 ± 0.13 0.69 ± 0.11 1.16 ± 0.30 2.12 ± 0.48

Significant differences between the species are indicated in bold.

Table 4. Summary table representing the means and standard de-

viations of variables describing the entire feeding event in adult

T. merianae and D. guianensis.

T. merianae D. guianensis

(N = 22) (N = 30)

Number of transport cycles 59.73 ± 17.07 99.47 ± 22.03

Number of crush cycles 4.27 ± 1.12 6.93 ± 1.96

Number of swallowing

cycles

13.05 ± 4.18 18.93 ± 7.08

Duration of intraoral

transport stage (s)

52.21 ± 16.84 86.03 ± 23.40

Duration of swallowing

stage (s)

17.83 ± 5.33 19.58 ± 5.76

Significant differences between species are indicated in bold. N, number of

feeding events analyzed.

jaws widely. In contrast, T. merianae transports the snail using

inertial movements. The shorter fast opening and fast closing

phase durations in T. merianae can also be explained by the

differences in feeding behavior with rapid inertial movements

being associated with short FO and FC durations (Montuelle

et al., 2009).

Although we expected the SO duration to be shorter in

T. merianae compared to D. guianensis, this was not the case

and may be explained by the extensive positioning of the snail

in T. merianae before initiating inertial transport and reposition-

ing. Moreover, our data indicated a difference in the duration of

the slow closing phase with D. guianensis having longer slow

closing phase durations than T. merianae that may be associated

with extensive crushing. In addition, a significant difference be-

tween transport and crush cycles was observed with crush cycles

being associated with longer SC phases than transport cycles as

predicted (Table 3). Dracaena guianensis also used a larger num-

ber of transport, crush, and swallowing cycles resulting in an

increase in total transport duration. Thus, the feeding behavior

in D. guianensis seems more specialized for eating snails and is

associated with a greater overall duration of food manipulation.

This can be explained by the more accurate and secure handling

of snails and expelling of the shell fragments by the tongue

during transport and crushing (Dalrymple, ’79).

In summary, our data demonstrate morphological and be-

havioral differences between D. guianensis and T. merianae. Al-

though feeding upon snails takes longer in D. guianensis, their

feeding behavior seems to be better suited to handle this hard

and brittle food type while minimizing prey loss. Our results

suggest, moreover, that selection may operate on juvenile life-

history stages in D. guianensis, resulting in large heads and large

bite forces. Since adults do not differ in bite force from adult

T. merianae, but do have larger heads, this suggests that the adult

phenotype may be simply the result of selection on juveniles. In

contrast, adult T. merianae have greater jaw in-levers for closing

suggesting selection on bite performance in adults which may

be related to their territorial or antipredator behavior (Herrel

et al., 2009).
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Abstract

Sexual dimorphism may be indicative of differential natural and/or sexual selec-

tion pressures acting on males and females. Although similar degrees of adult

sexual dimorphism may be observed among populations and species, underlying

physiological, developmental and ecological processes driving growth during the

juvenile stages may vary. Unraveling how and when differences arise during

ontogeny is important to our understanding of the evolutionary patterns observed

among adults. In addition, growth patterns may differ among traits within a single

individual. Anolis lizards vary greatly in the degree of adult sexual size and shape

dimorphism. Ultimate hypotheses (e.g. sexual selection, habitat partitioning) have

been put forward to explain this variation, but proximate mechanisms operating

during the juvenile stages remain largely unknown. Herein, we aim at elucidating

the proximate mechanisms of sexual dimorphism in head and limb shape, perfor-

mance and dewlap size in Anolis baracoae, a crown-giant anole. We used a longi-

tudinal approach and raised 23 captive-bred juvenile A. baracoae lizards through

adulthood. By quantifying body size, head and limb dimensions, dewlap size and

bite performance, we obtained growth trajectories that were compared between

the sexes and among traits. Our results show that the growth of head and limb

shape is similar in males and females, whereas dewlap size and bite performance

diverge at a specific age. Based on these results, we hypothesize that, whereas

selection favors a similar head and limb shape in males and females, selection

pressures on dewlap size and bite performance likely differ between the sexes. In

addition, dewlap size starts diverging around the time the animals reach sexual

maturity, whereas bite performance diverges much earlier in (sexually) immature

males.

Introduction

Phenotypic differences between males and females have

attracted the attention of evolutionary biologists for over a

century (Darwin, 1871). Sexual dimorphism has been invoked

as indicative of differential sexual and natural selection pres-

sures, including inter- and intrasexual selective pressures,

intersexual resource partitioning and/or different reproductive

roles of males and females (Andersson, 1994; Losos, Butler &

Schoener, 2003). Apart from shedding light on the ultimate

causes of sexual dimorphism, however, our understanding of

how and when the differences develop during ontogeny is

essential to understand evolutionary patterns observed among

adults (Badyaev, 2002; Cox & John-Alder, 2007; Howard,

2009). Sexual dimorphism can arise because of different

growth trajectories in males and females before and after

maturation, different size at birth and/or differential survival

or dispersal (Badyaev, Hill & Whittingham, 2001a; Badyaev,

Whittingham & Hill, 2001b; Badyaev, 2002; Haenel &

John-Alder, 2002). Intersexual differences in size at birth and

in growth trajectories are typically caused by differences in

developmental or physiological pathways (e.g. Cox &

John-Alder, 2007). Differential survival and dispersal are

linked to ecological factors that may also influence males and

females differently (e.g. predation, competition; Badyaev

et al., 2001b). To complicate matters even further, sexual

dimorphism can be plastic and the degree to which it is

expressed often depends on environmental conditions, such as

food availability, predation pressure, humidity and density

(e.g. Madsen & Shine, 1993; Stamps, Losos & Andrews, 1997;

Stamps, 1999; Bronikowski, 2000; LeGalliard et al., 2006;

Bonneaud et al., in press). Because males and females may

differ in their response to limiting resources, their growth rates

may differ, potentially resulting in sexual size dimorphism at
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adulthood (e.g. Niewiarowski & Roosenburg, 1993; Perry,

1996; Stamps et al., 1997; Haenel & John-Alder, 2002;

LeGalliard et al., 2006; Lailvaux, Gilbert & Edwards, 2012).

Whereas most studies have compared growth patterns of a

single trait, that is body size, between sexes of different species

or populations, growth patterns may also differ between traits

within a single individual (e.g. Humphrey, 1998; Badyaev

et al., 2001a,b; Howard, 2009) and between size and shape

variables (Butler & Losos, 2002; Schwarzkopf, 2005;

Kaliontzopoulou, Carretero & Llorente, 2008; Hasumi, 2010).

Differences in growth patterns among traits result from dif-

ferences in the allocation of energy toward each trait, which in

turn depends on the immediate functional importance of the

trait at a certain age. For instance, within one population of

house finches, the heterochrony between body and bill traits

seemed related to the onset of various life-history events, such

as (early) fledging and self-feeding (Badyaev et al., 2001a).

In this study, we document patterns of sexual dimorphism

in body and limb dimensions, bite performance and dewlap

size in an Anolis lizard. Anolis lizards are a textbook example

of an adaptive radiation and the different ecomorphs –species

which inhabit similar microhabitats and which resemble each

other behaviorally and phenotypically – evolved indepen-

dently on each of the bigger Caribbean islands (Losos & Chu,

1998; Losos et al., 1998). It has been documented previously

that ecomorphs vary in degree of adult sexual dimorphism in

body size and shape (Butler, Schoener & Losos, 2000; Butler

& Losos, 2002; Losos et al., 2003; Butler, 2007), with

microhabitat partitioning and sexual selection as the most

likely candidate selective pressures explaining this variation

(Butler et al., 2000). The habitat hypothesis links habitat vis-

ibility to sexual size dimorphism in such a way that sexual size

dimorphism is predicted to be greater in open (i.e. high vis-

ibility) habitats as intruders will more easily see the territory

holder and will be more effectively deterred than in closed (i.e.

low visibility) habitats (Butler et al., 2000).

In addition, Anolis lizards are also sexually dimorphic in

dewlap size (Losos et al., 2003; Vanhooydonck et al., 2005a;

Johnson & Wade, 2010). Most Anolis species possess a

dewlap, that is an extendable throat fan, which varies greatly

in size, shape and pattern among species, populations or indi-

viduals (Vanhooydonck et al., 2005a,b, 2009; Nicholson,

Harmon & Losos, 2007). In most island species, females also

possess a dewlap, but it is generally smaller and less fre-

quently used during displays than in males (Johnson &

Wade, 2010, but see Harrison & Poe, 2012). Although the

function of the dewlap is still not fully understood, it has

been shown to be an important signal during social inter- and

intrasexual interactions. In addition, it may also serve as

species recognition signal during encounters with congenerics

and as a pursuit deterrence signal in encounters with preda-

tors (e.g. Echelle, Echelle & Fitch, 1978; Fitch & Hillis, 1984;

Losos & Chu, 1998; Leal, 1999; Jenssen, Orrell & Lovern,

2000; Lailvaux & Irschick, 2007; Nicholson et al., 2007).

Some ultimate hypotheses, such as sexual selection, species

recognition or ecomorph convergence, have been put

forward to explain the diversity in male dewlap design and

dewlap dimorphism across Anolis species (Nicholson

et al., 2007; Harrison & Poe, 2012). However, the proximate

mechanisms shaping the dewlap during ontogeny, driving

sexual dimorphism in adult dewlap size, have not been elu-

cidated. It is, however, known that the growth of the dewlap

is maintained under conditions of dietary restriction in males

(Lailvaux et al., 2012).

In this study, we document the patterns in sexual dimor-

phism in shape, performance (bite force) and dewlap size in

Anolis baracoae, a crown-giant anole from Cuba. The crown-

giant ecomorph as a group has been previously shown to be

dimorphic in both size and shape (Butler et al., 2000; Butler &

Losos, 2002; Losos et al., 2003). We use a longitudinal

approach and raised A. baracoae juveniles through adulthood

under homogeneous laboratory conditions to avoid a poten-

tial differential response of males and females to limited

resources (but see Lailvaux et al., 2012). By quantifying body

size, head and limb dimensions, dewlap size and bite perfor-

mance at set time intervals, we determine whether growth

trajectories differ between males and females, and if so, at

what point in time the sexes diverge. In addition, we compare

the growth trajectories of head and limb dimensions, which

are generally to be thought of as naturally selected traits, with

the growth trajectory of dewlap size, a primarily sexually

selected trait, and bite performance (an ecologically relevant

performance trait that is of crucial importance in male–male

interactions and may allow individuals to increase their

dietary breadth).

Material and methods

Study animals

We obtained 23 captive-bred juvenile and subadult

A. baracoae (Nmales = 14, Nfemales = 9) through a breeder in

October 2007. These animals are the first and second genera-

tion offspring from wild caught, non-related adult individuals.

Details on the breeding conditions are described in Holáňová

& Hribal (2005). Upon arrival in the laboratory in Antwerp,

the lizards were kept in individual cages (h × w × dsmall = 0.35 ×

0.60 × 0.60 m and h × w × dlarge = 1.00 × 0.40 × 0.60 m) in a

climate-controlled room with a day : night cycle of 10:14 h

and room temperature set at 28°C. Each cage was equipped

with a light bulb (8W), providing extra heat and light for 10 h

per day, some branches and leaf litter scattered on the floor.

We fed the lizards with calcium-dusted crickets, waxworms

and banana twice a week. In addition to spraying the lizards

three times a week, water was provided ad libitum.

Upon arrival in the laboratory, we measured bite force,

body, head and limb dimensions of all individuals and took a

digital picture of the dewlap for the first time (measurement 0;

measurement details indicated in the succeeding text).

Subsequently, these measurements were repeated 11 times at

varying time intervals spanning a total of 3.5 years. Measure-

ments 1–5 were taken at a 4-week interval; measurements

6–7 at a 6-week interval; measurements 8–10 at a 5–6-month

interval and the last measurement 20 months after measure-

ment 10.
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Measurements

All measurements were carried out in a climate-controlled

room set at 28°C during daytime hours.

We measured in vivo bite force for all individuals using an

isometric Kistler force transducer (type 9203) mounted on a

purpose-built holder and connected to a Kistler charge ampli-

fier (type 5995; see Herrel et al., 1999 for a detailed description

of the set-up). A lizard was taken from its cage and immedi-

ately induced to bite the force transducer by tapping it on the

side of the mouth. The tapping typically resulted in a threat

response in which the jaws are opened maximally. The free

ends of the holder (bite plates) were then placed between the

jaws, which resulted in prolonged biting. Each bite was scored

as ‘good’ or ‘bad’ based on the willingness of the lizard to bite

the plates and the vigor with which it bit. This was repeated

five times in a row. As an estimate of maximal bite-force

capacity, we used the highest bite force of the five bites for

each individual. Because of logistical problems (i.e. unavail-

ability of the set-up), we were unable to execute the third

bite-force measurement, that is 8 weeks after the arrival of the

animals in the laboratory.

Subsequent to the bite-force measurements, we took the

following morphological measurements using digital calipers

(Mitutoyo CD-15DC, Mitutoyo Europe GmbH, Neuss,

Germany; accuracy of 0.01 mm) for each individual: snout-

vent length (SVL), head length, femur length, tibia length,

metatarsus length and length of longest toe of the hind foot.

Head length was measured from the tip of the snout to the

posterior edge of the parietal bone. We summed the four

segments of the hind limb and used them as a measure of total

hind limb length in subsequent analyses.

Lastly, we positioned the lizards sideways on a paper grid

(grid cells = 10 mm × 10 mm) and pulled the base of the

second ceratobranchial gently forward with a pair of forceps

to obtain a measure of dewlap size. As the dewlap consists of

a skin flap attached to the lizard’s throat on the one side and

to the hyoid bone on the other, the dewlap becomes maximally

extended when the ceratobranchial is pulled forward com-

pletely (Font & Rome, 1990). After positioning the lizard in

such a way that its extended dewlap was parallel to the lens

(Tamron SP DI AF 90 mm; TAMRON Europe GmbH,

Cologne, Germany) of the camera (Nikon D70S with a Sigma

EM-140DG ring flash; Nikon Europe BV, Amsterdam, The

Netherlands), we took a digital picture. Using the program

TPSDIG v1.40 (J. Rohlf, SUNY, Stonybrook, NY, USA), we

digitized the outer edge of the dewlap and calculated total

dewlap size for each individual. This method of measuring

dewlap size yields highly repeatable results (Vanhooydonck

et al., 2005a).

Analyses

We compared the associations between the response variables

dewlap size, head length, hind limb length and maximal bite

force and the explanatory variable SVL between male and

female lizards using mixed models. Both SVL and SVL2 were

added as continuous covariates (after centering on zero by

subtracting mean SVL). Sex and the two-way interactions

between sex and both SVL and SVL2 were added to compare

associations between males and females. To incorporate the

repeated measures structure of the data in the analyses, we

added individual and its interactions with SVL and SVL2 as

random effects. We used an analysis of variance (ANOVA)

approach to test for the significance of the fixed effects and

Satterthwait’s method (lmerTest in R v. 2.15; free software to

be downloaded from: http://www.r-project.org/) to determine

the degrees of freedom. Parameter estimates and their statis-

tical significant are reported and estimates are used to visual-

ize the model fit in the graphs. Model fit was explored by

testing normality of the residuals and inspecting associations

between the fitted and residual values.

Results

ANOVA results, the parameter estimates and the statistical

significance of the factors in the mixed models comparing the

association between head length, hind limb length, dewlap size

and maximal bite force with SVL between males and females

are given in Tables 1 and 2. Most importantly, two interac-

tions appeared to be statistically significant, suggesting a

sexual growth dimorphism in dewlap size and bite force

(Table 1). For head length and hind limb length, these inter-

actions were not statistically significant, suggesting that

growth in these traits is similar in males and females (Table 1,

Fig. 1a and b).

For dewlap size, we found a difference in the quadratic term

between males and females (significant SVL2
× sex interaction,

Table 2). In males, there was a slight, albeit not significant,

Table 1 Analysis of variance results for the mixed models comparing the associations between head length, hind limb length, dewlap size and bite

performance with snout-vent length (SVL; centered around zero) between male and female Anolis baracoae lizards

Source Head length Hind limb length Dewlap size Bite performance

SVL F1,67 = 17050*** F1,17 = 4046*** F1,17 = 324*** F1,21 = 123***

SVL2 F1,41 = 0.10 F1,41 = 1.8 F1,26 = 0.14 F1,39 = 5.1*

Sex F1,236 = 6.6* F1,140 = 8.2** F1,210 = 0.31 F1,191 = 17.6***

SVL × sex F1,67 = 2.0 F1,17 = 0.0 F1,19 = 2.27 F1,21 = 6.9*

SVL2
× sex F1,236 = 0.4 F1,140 = 1.2 F1,210 = 7.4** F1,191 = 0.1

Asterisks refer to the level of signi cance (*P < 0.05, **P < 0.01, ***P < 0.001). Statistically signi cant effects are shown in bold.
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positive quadratic effect of SVL, whereas in females the quad-

ratic term was significantly smaller (negative difference in

slopes, Table 1) and appeared to be significantly negative

(slope = 0.04, SE = 0.02, t = 2.04, P = 0.04). A graphic

exploration showed a very comparable increase of dewlap

area with SVL for animals with SVL smaller than 100. When

growing larger, however, the estimated curves diverged

between males and females (Fig. 1c). In females, the growth

after reaching a SVL of 100 mm was less pronounced com-

pared with males, leading to a male biased sexual dimorphism

in larger/older individuals (Fig. 1c).

For bite force, the linear term differed between males and

females (significant SVL × sex interaction, Table 2). In males,

there was a slight, albeit not significant, negative linear

effect of SVL, whereas in females the linear term was signifi-

cantly smaller (negative difference in slopes, Table 2) and

appeared to be significantly negative (slope = 0.29, = 0.12),

t = 2.40, P = 0.02. A graphic exploration showed a very com-

parable increase of maximal bite force with SVL for animals

with SVL smaller than 80 mm. When growing larger,

however, the estimate curves diverged between males and

females (Fig. 1d). In females, the increase in maximal bite

force after reaching a SVL of 80 mm was less pronounced

compared with males, leading to a male biased sexual dimor-

phism in larger/older individuals (Fig. 1d).

For all models, residuals did not show signs of deviations

from normality (Shapiro Wilks’ W > 0.95) and there were no

associations between the fitted values and the residuals, sug-

gesting appropriate model fit.

Discussion

Our results show differences between the sexes in the growth

patterns of different traits in A. baracoae. Whereas head

length and hind limb length grow in a similar fashion in males

and females, dewlap size and bite performance diverge

between males and females during growth. Even more so, the

timing at which dewlap size and bite performance start diverg-

ing differs. Whereas growth in dewlap size is similar until the

animals reach a SVL of 100 mm, bite-force growth curves

start diverging much earlier (i.e. at a SVL of 80 mm). No data

on age or size at sexual maturity in A. baracoae lizards are

currently available in the literature or from professional

breeders. However, to estimate body size and age at sexual

maturity of our animals, we made use of such data available

for a wide range of Anolis species, including other crown-

giants (Ruibal, Philibosian & Adkins, 1972; Andrews & Rand,

1974; Trivers, 1976; Stamps & Krishnan, 1997). Size at sexual

maturity in Anolis lizards can be expressed as a proportion of

maximum adult body size in males and females. Based on

actual data of 33 Anolis species, the ratio of size at sexual

maturity to maximum body size averages 0.73 (range: 0.68–

0.81) in males and 0.77 (range: 0.64–0.82) in females (Stamps

& Krishnan, 1997). Using the average ratio and maximum

body size of A. baracoae as reported in Rodriguez-Schettino

(1999; 150.4 mm in males, 135.5 mm in females), we estimate

males reach sexual maturity at a SVL of 110.4 mm and

females at 103.8 mm. Our results thus suggest that dewlap size

diverges around the time the animals become sexually mature,

whereas bite performance diverges already in (sexually) imma-

ture animals.

We hypothesize that the difference in timing of the sexual

divergence in dewlap size and bite performance during growth

may be related to a difference in the functional role of the two

traits at a certain age (cf. Badyaev & Martin, 2000). For

dewlap size, our data suggest the dewlap in males starts to

grow faster than the dewlap in females around the time they

reach sexual maturity. In Anolis lizards, dewlap extensions are

part of the typical displays performed by males during fights

with conspecific males, during interactions with females and in

antipredator displays (Williams & Rand, 1977; Leal &

Rodriguez-Robles, 1997a,b; Losos & Chu, 1998; Leal, 1999;

Jenssen et al., 2000; Tokarz, Paterson & McMann, 2003;

Johnson & Wade, 2010). Females typically use dewlap exten-

sions less frequently (Jenssen et al., 2000; Orrell & Jenssen,

2003; Johnson & Wade, 2010), as do juveniles (Lovern &

Jenssen, 2001). It can be expected that dewlap size is of high

functional importance to male A. baracoae upon reaching

Table 2 Overview of parameter estimates (±SE) and associated signi cance tests of the mixed models comparing the association between

snout-vent length (SVL) and head length, hindlimb length, dewlap size and bite performance (centered around zero) between male and female Anolis

baracoae

Effect Head length Hind limb length Dewlap size Bite performance

Intercepta 28.4 ± 0.11*** 62.2 ± 0.40*** 416 ± 16*** 11.1 ± 0.60***

SVLa 0.31 ± 0.003*** 0.74 ± 0.013*** 10.6 ± 0.70*** 0.30 ± 0.03***

SVL2a 0.0002 ± 0.0001 0.0016 ± 0.0005** 0.026 ± 0.015 0.0026 ± 0.0008**

Sexb 0.07 ± 0.17 0.76 ± 0.63 9.27 ± 25.1 2.13 ± 0.95*

SVL × sexc 0.0064 ± 0.0046 0.0042 ± 0.020 1.62 ± 1.08 0.12 ± 0.04*

SVL2
× sexc 0.0001 ± 0.0002 0.0010 ± 0.0009 0.07 ± 0.025** 0.0004 ± 0.0013

The bottom two rows provide tests for differences between males and females in the linear and quadratic terms, respectively (i.e. two-way

interactions). Asterisks refer to the level of signi cance (*P < 0.05, **P < 0.01, ***P < 0.001). Parameter estimates signi cantly different from zero

are shown in bold.
aParameter estimate describing the association for males.
bDifference in intercept between males and females.
cDifference in slope between males and females.
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sexual maturity, as this may correspond to the point in a

male’s life when it becomes important to fight conspecifics and

occupy high-quality territories. Possibly, displays which

involve extending the dewlap are intense and crucial in males

needing to gain access to a territory and/or to guard estab-

lished territories from intruders imposing strong constraints

on the growth of the dewlap at this point.

Bite performance, on the other hand, diverges when

animals are still (sexually) immature. Based on our repeated

SVL measurements, we estimate the delay between the diver-

gence in dewlap size and bite performance to be between

6 to 12 months. Although it has been shown previously

that dewlap size is a good predictor of bite performance

(Vanhooydonck et al., 2005a,b; Irschick et al., 2006; Lailvaux

& Irschick, 2007) and bite performance may determine fight-

ing success in (some) male Anolis lizards (Lailvaux et al., 2004;

Lailvaux & Irschick, 2007), our findings do not corroborate

the idea that bite performance is (solely) under sexual selec-

tion, at least not in A. baracoae lizards. On the contrary, our

data suggest bite performance may be at least partly under

natural selection given that bite force starts diverging before

sexual maturity is reached in either sex. The divergence in bite

performance early on (i.e. before reaching sexual maturity)

may be related to a sexual difference in ecological factors, such

as diet, to avoid intersexual competition over limited resources

between subadult males and females (Schoener, 1967; Herrel

et al., 2006; Vanhooydonck et al., 2010; Lopez-Darias et al.,

in press). Because detailed ecological data are missing, we

were unable to explicitly test this idea in this study.

Notably, the differences in growth of both dewlap size and

bite performance occur without the influence of environmen-

tal factors, such as predation pressure and/or interindividual

competition, as the animals were raised under identical

laboratory conditions. Contrary to field studies that have

shown that growth rates in males and females differ, resulting

in sexual dimorphism at adulthood, because of a differen-

tial response to limiting resources (e.g. Niewiarowski &

Roosenburg, 1993; Perry, 1996; Stamps et al., 1997; Haenel &

John-Alder, 2002, LeGalliard et al., 2006) as well as labora-

tory studies showing that bite force is dependent on resource

availability (Lailvaux et al., 2012), this cannot be argued in

this study. Instead, differential growth in the dewlap and bite

performance appears to be ‘intrinsic’ to the animals and may

be physiologically (e.g. hormonally) and/or genetically deter-

mined (Irschick et al., 2006; Husak et al., 2007).

Lastly, head length and hind limb length relative to body

size (i.e. shape) grow in a similar way and at a similar speed in

both male and female A. baracoae, suggesting that selection

pressures favor similar trait expression in either sex (Howard,

2009). As in other ecomorphs, the degree of shape dimorphism

(in adults) seems to be positively correlated to the variation in

structural habitat (Butler & Losos, 2002; Losos et al., 2003);

our result suggests a very restrictive use of the available

microhabitat by the two sexes in A. baracoae. In addition,

Butler & Losos (2002) predicted a great limb shape dimor-

phism in crown-giant anoles because of the need for the highly

territorial male anoles to display in open microhabitats, thus

being more vulnerable to predation. They hypothesize that

Figure 1 Association between snout-vent length (SVL) and head length

(a), hind limb length (b), dewlap size (c) and bite performance (d) in

Anolis baracoae males and females. Grey lines represent the individual-

speci c measurements. Estimates curves, based on a mixed model

analysis (see text and Table 1 for details), are shown in black. Solid lines

represent males, dashed lines females.
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high sprint speeds, and thus long limbs, are selected for under

these circumstances in male crown-giant anoles. However, our

data on A. baracoae do not corroborate this idea. Because

quantitative data on microhabitat use and display behavior in

this species, and crown-giants in general (see Losos et al.,

2003), are largely lacking, we are currently unable to explicitly

test the validity of these hypotheses for the species under

study. In addition, we cannot exclude the possibility that

raising the animals under laboratory conditions in a predator-

and competitor-free environment may have resulted in similar

growth rates in head and limb dimensions in male and female

A. baracoae whereas this may not have been the case in the

wild.

In conclusion, growth patterns differ between the sexes and

among traits in laboratory-raised A. baracoae lizards. The

similar growth of head and limb shape possibly suggests that

selection favors similar trait expression in males and females.

The opposite is true for dewlap size and bite performance.

Moreover, as dewlap size diverges around the time the animals

reach sexual maturity, this suggests that dewlap size functions

as a signal during intra- and intersexual interactions. Bite

performance, on the other hand, starts diverging between

males and females at a much earlier, that is the immature

stage. This may suggest that bite performance is, at least

partly, under natural selection with young males and females

potentially already specializing on different food resources.

We acknowledge, however, that based on the data presented

in this study, we can only put forward evolutionary hypoth-

eses without being able to test them. To actually test adaptive

and/or selective explanations, data from field selection experi-

ments and/or a comparative approach are needed.
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show little or no convergence in morphology (Leal

et al. 2002).

Interestingly, Cuba and Hispaniola are characterized

by the presence of unique anoles typically not found on

any of the other Greater Antillean islands (Rodriguez-

Schettino 1999; Beuttell and Losos 1999). A striking

example is the lizards of the genus Chamaeleolis which

have been characterized as twig giants (Hass et al.

1993; but see Beuttell and Losos 1999). Chamaeleolis

lizards are animals of large body size that move slowly

and deliberately around their habitat (Leal and Losos

2000). These animals are typically cryptic, slow, and

have relatively short limbs (Wilson 1957; Beuttell and

Losos 1999). Unexpectedly, and despite their unique

morphology, this monophyletic clade is deeply nested

within the genus Anolis and is most closely related to a

group including a series of crown giants among which

are Anolis cuvieri from Puerto Rico and Anolis

barahonae from the Dominican Republic (Hass et al.

1993; Nicholson et al. 2005).

Besides their short limbs, one of the most striking

features of these lizards is their head morphology

(Rodriguez-Schettino 1999). Not only do they have

relatively big heads, they also have a casque-like

extension at the back of their head and molariform

teeth in adults (Estes and Williams 1984; Schwartz and

Henderson 1991). These features have often been

associated with their reported snail-eating habits (Estes

and Williams 1984; Rodriguez-Schettino 1999, 2003; Lee

1997, 2003).

As snails are hard and brittle food items, changes in

cranial morphology leading to increased bite forces have

been suggested to be important features for lizards

exploiting snails as a dietary resource (Dalrymple 1979;

Rieppel and Labhardt 1979). For instance, the snail-

crushing teiid lizard genus Dracaena is characterized

by enlarged blunt molariform teeth and enlarged

jaw muscles (Dalrymple 1979). Similar features have

been reported for a snail-eating amphisbaenid lizard

(Amphisbaena ridleyi; Pregill 1984) and Nile monitors

(Varanus niloticus) which as adults incorporate snails

into their diet (Lonnberg 1903; Mertens 1942; Rieppel

and Labhardt 1979). Clearly, blunt molariform teeth are

important to avoid tooth breakage and increase the

contact area with the food. An increase in bite force,

however, could be achieved in multiple, not mutually

exclusive ways. The easiest way to increase bite force

would be to increase overall body size, or head size

relative to body size. Additionally, an increase in the

mass or architecture (i.e. more pennate muscles with

shorter bers) of the jaw adductors, or changes in the

mechanics of the lever system (i.e. increased jaw closing

in-lever relative to the jaw out-lever) could improve bite

performance (Herrel et al. 2007).

Here we compare Chamaeleolis lizards with Anolis

crown giants to test for differences in cranial size

and shape that could improve bite performance and

may allow these lizards to exploit hard dietary items

such as snails. Where possible we speci cally chose

A. barahonae to compare Chamaeleolis lizards to as

A. barahonae is of similar body size and is also a member

of the sister group to the Chamaeleolis clade, making it

an ideal species for comparison. Because sample sizes of

juveniles for this species were small, we decided to add

data for other crown giants (see Statistical analyses). In

addition to comparing morphological traits, we also

measured bite forces in lizards of different sex and age

classes to test for differences in performance. Finally,

we observed feeding behavior and quanti ed cranial

morphology to investigate how Chamaeleolis lizards

handle snails.

Materials and methods

Specimens

Anolis equestris specimens (N ¼ 13) were captured on

the grounds of the University of Miami and surrounding

neighborhood. The A. cuvieri specimens were captured

in Cambalache (N ¼ 17) and El Yunque (N ¼ 2)

National Forests in Puerto Rico, and the A. barahonae

specimens (N ¼ 39) were captured in the vicinity of Polo

on the Barahona peninsula in the Dominican Republic.

Anolis baracoae (N ¼ 3), A. equestris persparsus (N ¼ 6),

Anolis luteogularis (N ¼ 3), Anolis noblei (N ¼ 2), Anolis

smallwoodi (N ¼ 6), Chamaeleolis barbatus (N ¼ 13),

Chamaeleolis chamaeleonides (N ¼ 5), Chamaeleolis

guamuhaya (N ¼ 6), and Chamaeleolis porcus (N ¼ 17)

specimens were measured in the private collection of

Veronika Holanova and Jan Hribal in Prague, Czech

Republic. Although Chamaeleolis should technically be

merged with the genus Anolis, we will use the genus

name Chamaeleolis to indicate members of this clade

throughout the manuscript for the sake of clarity.

Morphometrics

The snout vent length (SVL) of all individuals was

measured from the tip of the snout to the posterior edge

of the anal scale; head length was measured from the

back of the parietal bone to the tip of the upper jaw;

head width was measured at the widest part of the head

(at the level of the jugal bones); head height was

measured just posterior to the orbits; lower jaw length

was measured from the back of the retroarticular

process to the tip of the lower jaw (Fig. 1). Bony

elements used to delineate morphological segments

could be detected easily through palpation. Addition-

ally, three morphological variables (Fig. 1) re ecting the

biomechanics of the jaw system were estimated by
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m e as uri n g: ( 1) t h e dist a n c e fr o m t h e j a w arti c ul ati o n t o
t h e ti p of t h e l o w er j a w, a n d ( 2) t h e dist a n c e fr o m t h e
p ost eri or e d g e of t h e j u g al ( as a n i n di c at or of t h e
p ositi o n of t h e c o r o n oi d) t o t h e ti p of t h e l o w er j a w. B y
s u btr a cti n g dist a n c e ( 1) fr o m t h e l o w er j a w l e n gt h w e
c al c ul at e d t h e l e n gt h of t h e j a w i n-l e v er f or o p e ni n g (i. e.
dist a n c e fr o m t h e arti c ul ati o n t o t h e b a c k of t h e
r etr o arti c ul ar pr o c ess w h er e t h e j a w- o p e n er m us cl es
i ns ert). S u btr a cti n g dist a n c e ( 2) fr o m dist a n c e ( 1) g a v e
t h e i n-l e v er f or j a w cl osi n g (i. e. t h e dist a n c e fr o m t h e
arti c ul ati o n t o t h e c or o n oi d w h er e t h e j a w- cl o si n g
m us cl es att a c h). Dist a n c e ( 1) fr o m t h e arti c ul ati o n t o
t h e ti p of t h e j a w is t h e j a w o ut-l e v er. All m e as ur e m e nt s
w er e t a k e n usi n g di git al c alli p ers ( Mit ut o y o C D- 2 0 D C,
S a k at o, J a p a n; pr e cisi o n: 0. 0 1 m m).

M us cl e m ass

J a w m us cl es w er e r e m o v e d u nil at er all y i n o n e a d ult
m al e s p e ci m e n of A. c u vi eri , o n e a d ult f e m al e of
A. b ar a h o n a e , o n e a d ult a n d o n e j u v e nil e of A. g ar m a ni ,
a n d o n e a d ult f e m al e a n d o n e h at c hli n g of
C. c h a m a el e o ni d es . All s p e ci m e ns us e d f or t h e a n al ysis
of m us cl e m ass w er e pr es er v e d i n a 1 0 % a q u e o us
f or m al d e h y d e s ol uti o n f or 2 4 – 4 8 h, d e p e n di n g o n t h e
si z e of t h e s p e ci m e n. Aft er fi x ati o n, s p e ci m e ns w er e ri ns e d
i n w at er a n d tr a nsf err e d t o a 7 0 % a q u e o us et h a n ol
s ol uti o n. T h e C h a m a el e olis w er e pr es er v e d dir e ctl y i n a
7 0 % a q u e o us et h a n ol s ol uti o n. All s p e ci m e ns w er e k e pt
i n 7 0 % et h a n ol f or at l e ast 2 m o nt hs b ef or e diss e cti o n
t h er e b y ass uri n g a si mil ar d e gr e e of d e h y dr ati o n of tiss u e.
All cr a ni al m us cl e b u n dl es w er e r e m o v e d i n di vi d u all y
fr o m s p e ci m e ns a n d st or e d i n 7 0 % et h a n ol u ntil w ei g h e d.
M us cl es w er e bl ott e d dr y a n d w ei g h e d o n a M ettl er M T 5
el e ctr o ni c b al a n c e ( a c c ur a c y: 7 0. 0 1 m g).

Bit e f or c e

I n vi v o bit e f or c es w er e m e as ur e d usi n g a n is o m etri c
Kistl er f or c e tr a ns d u c er (t y p e 9 2 0 3, r a n g e 7 5 0 0 N;
Kistl er, S wit z erl a n d) m o u nt e d o n a p ur p os e- b uilt h ol d er
a n d c o n n e ct e d t o a Kistl er c h ar g e a m pli fi er (t y p e 5 9 9 5 A,
Kistl er, S wit z erl a n d; s e e H err el et al. 1 9 9 9 , f or a m or e
d et ail e d d es cri pti o n of t h e s et u p). W h e n t h e fr e e e n d of
t h e h ol d er w as pl a c e d b et w e e n t h e j a w s of t h e a ni m al,
pr ol o n g e d a n d r e p e at e d biti n g r es ult e d. T h e pl a c e of
a p pli c ati o n of bit e f or c es w as st a n d ar di z e d f or all
a ni m als. G a p e a n gl e w as st a n d ar di z e d b y m o vi n g t h e
bit e pl at e s a w a y fr o m e a c h ot h er f or l ar g e r a ni m als.
M e as ur e m e nts w er e r e p e at e d fi v e ti m es f or e a c h a ni m al,
wit h a n i nt er-t ri al i nt er v al of at l e ast 3 0 mi n. T h e
m a xi m al v al u e o bt ai n e d d uri n g s u c h a r e c or di n g s essi o n
w as c o nsi d er e d t o b e t h e m a xi m al bit e f or c e f or t h at
i n di vi d u al.

F e e di n g b e h a vi or

J u v e nil e a n d a d ult C. c h a m a el e o ni d es , C. p or c us ,
C. b ar b at us , a n d C. g u a m u h a y a as w ell as o n e a d ult
A. b ar a c o a e w er e fil m e d wit h a R e dl a k e I m a gi n g
M oti o n Pr o 5 0 0 c a m er a s et at 2 0 0 fr a m es s 1 a n d a S o n y
c a m c or d e r w hil e e ati n g s n ails. R e c or di n gs w er e r e vi e w e d
t o i d e ntif y bit e p ositi o ns a n d t h e w a y a ni m als h a n dl e d
a n d cr us h e d s n ail s.

St atisti c al a n al ys es

All d at a w er e l o g 1 0 -tr a n sf or m e d b ef or e a n al ys es.
T o e x pl or e o v er all h e a d s h a p e diff er e n c es b et w e e n
C h a m a el e olis li z ar ds a n d cr o w n gi a nts i n g e n er al, w e
ass e m bl e d a d at a s et i n cl u di n g all t h e s p e ci e s list e d
a b o v e. D at a o n h e a d di m e nsi o ns i n t h es e a ni m als w er e
r e c or d e d a n d us e d as i n p ut f or a f a ct o r a n al ysis.
H o w e v er, as h e a d di m e nsi o ns c o- v ar y wit h b o d y si z e,
a n d t h e first f a ct or w o ul d t h er ef or e b e si m pl y a n
i n di c at or of o v er all si z e, all v ari a bl es w er e r e gr es s e d
a g ai nst s n o ut – v e nt l e n gt h a n d u nst a n d ar di z e d r esi d u als
w er e s a v e d. T h es e w er e us e d as i n p ut f or a f a ct or
a n al ysis wit h V ari m a x r ot ati o n a n d f a ct or s c or es w er e
s a v e d (T a bl e 1 ). A m ulti v ari at e a n al ysis of v ari a n c e w as
c o n d u ct e d o n t h e f a ct or s c or es t o t est f or o v er all
diff er e n c es i n h e a d s h a p e b et w e e n C h a m a el e olis li z a r ds
a n d A n olis cr o w n gi a nt s.

N e xt, t h e d at a s et w as s e p a r at e d a c c or di n g t o a g e a n d
s e x cl ass es (i n cl u di n g b ot h A n olis a n d C h a m a el e oli s ).
F or a d ults, c o m p aris o ns of h e a d di m e nsi o ns a n d bit e
f or c e w er e r est ri ct e d t o a c o m p ari s o n of t h e diff er e nt
C h a m a el e olis s p e ci e s l u m p e d t o g et h er ( d u e t o li mit e d
wit hi n-s p e ci es s a m pl e si z es) t o A. b ar a h o n a e . F or j u v e nil es,
a d diti o n al d at a o n A. c u vi eri a n d A. e q u estris w er e a d d e d
t o t h e d at a s et t o i n cr e as e t h e s a m pl e si z e. H e a d

A R TI C L E I N P R E S S

h e a d l e n gt h

h
e
a
d 

h
ei

g
ht

l o w er j a w l e n gt h

j a w o ut-l e v er

cl o si n g i n-l e v er

o p e ni n g i n-l e v e r

s n o ut l e n gt h

Fi g. 1. Pi ct ur e of t h e h e a d of a n a d ult A n olis c u vi eri t o
ill ustr at e t h e m or p h o m etri c d at a g at h er e d. S e e M at eri als a n d
m et h o ds f or a d et ail e d e x pl a n ati o n. T h e cir cl e r e pr es e nts t h e
q u a dr at o- m a n di b ul ar j oi nt.
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dimensions and bite forces were compared between the

two groups using analyses of co-variance. Stepwise multi-

ple regression models within each sex and age class were

run with log10-transformed bite force as the dependent

variable and the log10-transformed morphometric vari-

ables as independent variables to explore which cranial

variables best explained variation in bite force.

Results

Head shape

All head dimensions were highly correlated with

snout vent length (all Po0.001) across the entire data

set as well as within groups. A factor analysis on the

residual morphometric variables yielded three axes

together explaining 88.7% of the variation in the data

set. While the rst factor was most strongly correlated

with residual head length and residual head width, the

second factor was determined by the residual in-lever for

jaw closing and the third axis by the residual in-lever

for jaw opening (Table 1). A MANOVA on the factor

scores indicated signi cant differences between the two

groups, one group containing all Chamaeleolis indivi-

duals and another one containing the crown giants

(Wilks lambda ¼ 0.5, F ¼ 55.62, Po0.001; see Fig. 2).

Subsequent univariate F-tests indicated that differences

were signi cant on the rst axis only (F1,169 ¼ 162.63,

Po0.001) with Chamaeleolis lizards having signi cantly

longer and wider heads. Stepwise multiple regression

with residual bite force as independent variable and

residual morphometric variables as dependent factors/

variables yielded a model with residual head height as

only predictor. Thus, lizards with relatively taller heads

bite harder compared to their body size.

As a MANOVA on the raw morphometric variables

indicated signi cant differences between the sexes

(Wilks lambda ¼ 0.71, F ¼ 5.15, Po0.001) and age

classes (Wilks lambda ¼ 0.34, F ¼ 30.35, Po0.001),

data were further analyzed by sex and age class

separately.

Bite force and head shape

A MANCOVA on the morphometric data for males

indicated signi cant differences in head shape between

A. barahonae and Chamaeleolis (Wilks lambda ¼ 0.13,

F ¼ 21.61, Po0.001). Univariate ANCOVAs indicated

that these differences were signi cant for all variables

(Figs. 3 and 4) with the exception of the residual in-lever

for jaw opening (F1,40 ¼ 1.66, P ¼ 0.21) and head height

(F1,40 ¼ 2.95, P ¼ 0.09). In general, Chamaeleolis lizards

had bigger heads than A. barahonae. A univariate

analysis of variance indicated no differences in bite

force between the two groups (F1,40 ¼ 2.39, P ¼ 0.13).

Stepwise regression with bite force as independent

variable yielded a signi cant model with head height

and snout length as only predictors (r ¼ 0.90, Po0.001)

indicating that male lizards with greater head height and

longer snouts bite harder.

Results for females were similar to those for males;

whereas a MANCOVA indicated signi cant differences

in head shape (Wilks lambda ¼ 0.09, F ¼ 9.55,

P ¼ 0.002), univariate ANCOVAs indicated that the

in-lever for jaw opening was not different between

Chamaeleolis and A. barahonae (F1,16 ¼ 0.63, P ¼ 0.44).

As in males, female Chamaeleolis have relatively bigger

heads than female A. barahonae. A univariate ANCOVA
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Table 1. Results of a factor analysis performed on the

residual cranial morphometric data

Residual cranial morphometric

data

Factor

1

(60.11)

2

(14.60)

3

(14.04)

Residual head length 0.934 0.004 0.124

Residual head width 0.839 0.235 0.176

Residual head height 0.693 0.149 0.242

Residual lower jaw length 0.968 0.085 0.157

Residual out-lever 0.972 0.086 0.141

Residual opening in-lever 0.134 0.016 0.981

Residual snout length 0.919 0.306 0.109

Residual closing in-lever 0.078 0.991 0.016

Loadings higher than 0.7 are indicated in bold. The percentage of

variance explained by each factor is indicated in brackets.

-2

-4

-2

0

2

fa
c
to
r 
2

crown giants

Chamaeleolis

0 2

factor 1

Fig. 2. Results of a factor analysis performed on the residual

head measures. Note how the two groups are separated on the

rst factor indicating strong differences in head shape between

Chamaeleolis and Anolis crown giants. Filled circles represent

Anolis crown giants, and empty circles represent Chamaeleolis

lizards.
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indicated that there were no signi cant differences in

bite force between groups (F1,16 ¼ 0.09, P ¼ 0.78).

Stepwise regression with bite force as independent

variable and the morphometric variables as dependent

factors yielded a signi cant model with head height as

only predictor (r ¼ 0.82, Po0.001) indicating that

female lizards with greater head height bite harder.

Juveniles of both groups were also signi cantly

different in overall head shape (Wilks lambda ¼ 0.07,

F ¼ 22.87, Po0.001). Subsequent ANCOVAs showed

that differences were signi cant in all head dimensions

(Figs. 3 and 4) with the exception of the in-levers for

jaw opening (F1,23 ¼ 0.03, P ¼ 0.86) and jaw closing

(F1,23 ¼ 2.72, P ¼ 0.11). In contrast to the data for

adults, an ANCOVA on residual bite force demon-

strated signi cant differences (F1,23 ¼ 23.26, Po0.001).

Thus, juvenile Chamaeleolis have relatively bigger heads

and also bite harder than Anolis crown giants. Stepwise

multiple regression yielded a model with snout length as

only predictor (r ¼ 0.95, Po0.001). Thus, juveniles with

longer snouts bite harder.

Cranial morphology

Inspection of the tooth rows in juvenile and adult

Chamaeleolis indicates that in accordance with previous
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Fig. 3. Plots of head height against snout vent length for male

(top), female (middle), and juvenile (bottom) lizards. Filled

symbols represent Anolis crown giants, empty symbols

represent Chamaeleolis lizards. Note how especially juvenile

Chamaeleolis have much taller heads than Anolis crown giants.

Different symbols represent different species. Note the log-
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reports (Estes and Williams 1984) the tooth morphology

changes from typical tricuspid anteriorly to blunt and

molariform at the posterior part of the tooth row. None

of the crown giants examined showed the presence of

molariform teeth, neither in juveniles nor in adults. The

cranial morphology of Chamaeleolis lizards changed

dramatically throughout ontogeny. Whereas an open

upper temporal window allowing the jaw adductors to

bulge and attach to the parietal crest is typical of the

skulls in juveniles, this window closes completely in

adults (Fig. 5). In Anolis crown giants no marked

changes in cranial morphology appeared to take place

and the upper temporal window remains open through-

out life (Fig. 5).

An analysis of the jaw closer muscle mass shows that

juvenile Chamaeleolis lizards have a relatively large jaw

adductor for their size compared to Anolis crown giants.

Whereas a juvenile C. chamaeleonides with a head length

of only 17.76mm had a total adductor mass of 36.52mg,

A. garmani with a head length of 21.29mm had a

comparatively small adductor mass of 41.39mg (Fig. 6).

This is most pronounced in the extension of the

musculus pseudotemporalis pars super cialis, which

takes up most of the upper temporal window and

attaches to the enlarged parietal crest. As a consequence

of the change in cranial morphology characterized by

the closing of the upper temporal window, adult

Chamaeleolis lizards do not have disproportionately

large jaw adductors compared to closely related Anolis

crown giants (Fig. 6).

Feeding behavior

Both adult and juvenile Chamaeleolis readily ap-

proached snails when presented with them and picked

them up from the substrate using their tongue. One-

week-old juveniles already recognized and ate snails of

appropriate size when presented with them (Fig. 7A).

Hatchlings could not be tested due to the lack of snails

small enough for feeding them. Snails were manipulated

in the oral cavity and repositioned several times before

being crushed. Crushing took place either unilaterally at

the posterior aspect of one of the mandibles or

bilaterally with the snails being positioned in between

the tooth rows of the lower jaw (Fig. 7B). Multiple bites

( ve to six) were often used to crush the shell. Shell

fragments were removed from the mouth by the tongue

before swallowing. Animals were able to crush snails

with a diameter of up to roughly half the length of the
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Fig. 5. Photographs of the head and skull of a typical crown giant and a Chamaeleolis lizard. (A) Lateral view of the head of A.

cuvieri; (B) lateral view of the jaw adductor musculature in A. cuvieri. Note how the jaw adductors run under the upper temporal bar

and attach at the parietal crest (arrow); (C) lateral view of the skull of A. cuvieri; (D) lateral view of the head of C. chamaeleonides;

(E) lateral view of the jaw adductor muscles in C. chamaeleonides. Note how the upper temporal window has been covered

completely by the outgrowth of the parietal; (F) lateral view of the skull of C. chamaeleonides; (G) lateral view of the head of a

juvenile C. chamaeleonides; (H) lateral view of the jaw adductor musculature in a hatchling C. chamaeleonides. In contrast to the

adults, juveniles have an open temporal fenestra and pronounced parietal crest allowing for the attachment of the jaw adductors; (I)

lateral view of the skull of a hatchling C. chamaeleonides. The arrows in (B) and (H) indicate the adductor musculature which can be

seen bulging through the upper temporal window in both juvenile C. chamaeleonides and adult A. cuvieri. The window has been

outlined to improve clarity.
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tooth row. One A. baracoae which was willing to eat a

snail crushed the snail once at the posterior tooth row

and swallowed it whole without removing the shell

fragments.

Discussion

The radiation of Anolis lizards has been characterized

by recurrent adaptive changes in morphology in

response to the invasion of novel niches (Losos et al.

1998). The demands imposed by the micro-habitats

occupied have led to strong natural selection on limb

morphology such that animals perform best in the

habitat they live in (Irschick and Losos 1999). For

example, although short-limbed anoles are relatively

slow on all substrates, they perform relatively better on

the narrowest perches (Losos and Sinervo 1989;

Vanhooydonck et al. 2006; Calsbeek and Irschick

2007). Interestingly, it has recently been demonstrated

that convergence in habitat specialists is not restricted to

limb size and shape, but also occurs in other aspects of

morphology such as sexual size dimorphism and head

shape (Harmon et al. 2005). Although it has been

suggested that the functional demands imposed by the

prey (i.e. prey hardness and elusiveness) may select for

certain head shapes (Herrel et al. 2006) in different sexes

and age classes, it remains currently unknown which

aspects of the trophic niche may select for convergence

in head shape in different ecomorphs.

Our data for Chamaeleolis lizards show that they are

morphologically different from closely related crown

giants by having bigger and differently shaped heads.

Given the supposed molluscivorous diet of Chamaeleolis

lizards, it is tempting to interpret these head shape

differences as the result of natural selection for

improved bite force capacity. Indeed, having longer

and wider heads should allow for more jaw muscle and

should thus increase bite force as has been demonstrated

for lizards and other vertebrates that specialize on

molluscs (Dalrymple 1979; Rieppel and Labhardt 1979;

Pregill 1984; Fisher Huckins 1997; Herrel et al. 2002).

However, our results are paradoxical as the difference in

head morphology in adult Chamaeleolis is not translated

into a difference in bite performance. Thus, these data

would, at rst sight, suggest that the observed changes in

head size and shape are non-adaptive and may be the

result of, for example, sexual selection on head size for

display purposes. Juvenile Chamaeleolis, on the other

hand, have bigger heads and do have bigger bite forces.

This suggests that selection on bite force capacity may

be stronger in juveniles.

Unfortunately, no ecological data on the diet of

Chamaeleolis are available, and we can only speculate

about the relative importance of hard prey such as snails

in the diet of both juvenile and adult lizards. One
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Fig. 6. Plot of jaw closer muscle mass against head length

illustrating how juvenile Chamaeleolis lizards (empty symbols)

have relatively large jaw adductors compared to Anolis crown

giants ( lled symbols) for their head size. This appears not to

be the case for adults.

Fig. 7. (A) Ten-day-old Chamaeleolis porcus eating a snail. (B)

Adult C. guamuhaya crushing a snail in between the

mandibular tooth rows.
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argument against the importance of snails in the diet of

juveniles is the lack of molariform teeth, often considered

crucial in allowing lizards to exploit hard and brittle prey

(Estes and Williams 1984). However, behavioral experi-

ments with just 1-week-old juvenile lizards indicate that

they readily recognize and capture snails if presented with

them. Moreover, and in contrast to other anoles that

occasionally eat snails (e.g. A. baracoae will swallow

snails whole and never remove shell fragments before

swallowing), juvenile Chamaeleolis crush the snails and

remove shell fragments from the mouth before swallow-

ing. This suggests the presence of an innate behavioral

pattern speci cally associated with eating snails. Clearly,

there is a great need for quantitative dietary data in these

animals to verify the importance of snails in their diet (see

also Estes and Williams 1984).

Interestingly, our data thus suggest that selection has

operated on the juvenile life-history stages in Chamaeleolis

lizards, resulting in large heads and large bite forces. Since

adults do not differ in bite force from Anolis crown giants

but do have larger heads this suggests that the adult

phenotype may be the result of selection on juveniles.

Adults have large bite forces in absolute terms which may

allow them to crush snails without the need for an

additional increase in head dimensions and bite force.

Although adult crown giants do not appear to specialize on

hard prey, they do eat relatively large prey such as other

vertebrates and fruits (Brach 1976; Dalrymple 1980;

Schwartz and Henderson 1991; Bowersox et al. 1994;

Herrel et al. 2004; Holanova and Hribal 2005) and

do include a signi cant proportion of hard prey such as

large beetles into their diet (Herrel, personal observation).

Our morphological data show why adult Chamaeleolis

lizards do not bite harder than Anolis crown giants: the

upper temporal window is completely covered by bone,

thus preventing the jaw adductors from growing into that

space. Juvenile Chamaeleolis, on the other hand, have an

open temporal window, an enlarged parietal crest and

a strongly hypertrophied m. pseudotemporalis. These

features explain why juvenile Chamaeleolis lizards have

stronger bites than juvenile Anolis crown giants. Why the

upper temporal window is covered during ontogeny

remains unclear at this point and needs to be investigated

further.

In summary, our data suggest morphological and

behavioral specializations of Chamaeleolis lizards to a

diet of snails. As these lizards are cryptic, have short

limbs and move about slowly, snails may be a pro table

prey resource. As adult Chamaeleolis have large bite

forces in absolute terms because of their large heads,

hard prey such as snails are potential dietary items.

Juvenile lizards in general, however, have small heads

and thus low bite forces. In Chamaeleolis, selection

appears to have operated on juveniles and has resulted

in an increase in head size and bite force compared to

closely related Anolis crown giants. This may provide

juvenile Chamaeleolis with a relatively unexploited

dietary resource as most other small lizards are not able

to crush these prey items. Interestingly, twig Anolis

lizards such as Anolis sheplani also have a relatively

strong bite force and appear to include hard prey into

their diet (i.e. beetles; see Huyghe et al. 2007). Although

it is tempting to interpret the presence of big heads and

high bite forces as a convergent trait in slow moving and

cryptic anoles, this needs to be tested. At least in

Chamaeleolis lizards, the small size of juveniles appears

to have led to strong selection on head size to increase

bite force and to allow these animals to exploit a free

niche. The adult phenotype in these animals, on the

other hand, appears largely the result of selection on

juveniles rather than adaptively related to diet.
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s. p al ar dis)	al o n g	t he	c o astli ne	 bet wee n	 S a nti a g o	 de	 C u b a	a n d	G u a nt á n a m o	 Pr o vi nce	 d uri n g	J u ne	 2 0 1 0	a n d	 Se pte m ber	
2 0 1 1.	 O n e	f e m al e	 A. s. p al ar dis m at e d	 wit h	t w o	 m al es	i n	t h e	s a m e	t errit or y.	 F e m al es	 di g	 a	 h ol e	 wit h	t h eir	s n o uts,	
o vi p osit	si n gle	 e g gs,	 a n d	 c o ver	t he m	 wit h	s u bstr ate .	 We	 m o nit ore d	 ei g ht	 e g gs	i nc u b ate d	i n	sli g htl y	 m oist	 ver mic ulite.	
T he	 mi ni m u m	i nc u b ati o n	ti mes	 were	 5 4 3 6 9	 d a ys	( v ar yi n g	 wit h	te m per at ure).	J u ve niles	 us u all y	are	c ol ore d 	li ke	a d ults,	
bri g ht	 gree n	 wit h	 w hite	s p ots	 o n	t he	 b o d y,	 p ale	 p os tl a bi al	 b a n ds,	 a n d	s u pr asc a p ul ar	stri pes.

K e y w or ds :	cr o w n- gi a nt,	c o p ul ati o n,	 o vi p ositi o n,	 h atc hli n g
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S t u di es of A n olis liz ar ds	 h a v e	i n di c at e d	 a n	i m p ort a nt	r ol e	
f or	 n at ur al	 s el e cti o n	 a cti n g	 o n	 m or p h ol o g y	( L os os	 an d	

d e	 Q u eir oz	 1 9 9 7,	 C als b e e k	 a n d	 S mit h	 2 0 0 7)	 a n d	 p h ysi ol -
o g y	 ( C als b e e k	 a n d	 Irs c hi c k	 2 0 0 7,	 C als b e e k	 et	 al.	 2 0 0 8).	
Diff ere n ces	i n	 b o d y	size	 are	t h o u g ht	t o	refle ct	 dif fere n ces	i n	
mi cr o h a bit at	 us e,	 a n d	 ar e	i m p ort a nt	tr aits	i n	t h e	 e c o m or -
p h ol o gi c al	 di v ersifi c ati o n	 of	 a n ol es	( B utl er	 a n d	 L o s os	 2 0 0 2,	
B utl er	 et	 al.	 2 0 0 7).	 E n vir o n m e nt al	f a ct ors	s u c h	 as	 t e m p er a-
t ure,	 p h ot o peri o d,	 preci pit ati o n,	rel ati ve	 h u mi dit y,	 a n d	f o o d	
a v ail a bilit y	 ar e	i m p ort a nt	i n	 t h e	 c o or di n ati o n	 of	 s e as o n al	
r e pr o d u cti ve	 pr o c ess es	 a n d	 als o	 m a y	 h el p	 e ns ur e	t h at	 a n ol es	
will	 h at c h	 at	t he	 m ost	 a p pr o pri ate	ti me	 of	 ye ar	t o	 gi ve	t he m	
t heir	 best	c h a nce	 at	s ur vi v al	( D o mí n g uez	et	 al.	 2 0 10).
  A n olis	liz ar ds	 h a ve	l o w	fec u n dit y,	 wit h	 o ne	e g g	 per	 o vi p o-
siti o n	a n d	se ver al	cl utc hes	 per	se as o n	(re vie we d	i n	 He n ders o n	
a n d	 P o well	 2 0 0 9).	 H o we ver,	 of	t he	 6 4	 c urre ntl y	re c o g nize d	
s p e ci es	 of	 C u b a n	 a n ol es	( R o drí g u ez- S c h etti n o	 et	 al.	 2 0 1 3),	
t h e	r e pr o d u cti v e	 c y cl e	is	 k n o w n	f or	 o nl y	s e v e n	(A. allis o ni , 
A. all og us , A. h o m olec his, A. b artsc hi , A. l uci us , A. p orc at us , 
A. s agrei ;	see	 D o mí n g uez	 et	 al.	 2 0 1 0	 a n d	refere nces	t herei n).	
Re g ar di n g	 o vi p ositi o n,	s o me	a ut h ors	 h a ve	 des cri be d	 i ntr as pe-

cifi c	( N o v o	 R o drí g u ez	 1 9 8 5,	 Estr a d a	 a n d	 N o v o	 R o drí g u ez	
1 9 8 6;	 Sil v a	et	al.	 1 9 8 2;	 Estr a d a	 1 9 8 7,	 1 9 9 3;	 R o bi ns o n	 2 0 1 4)	
a n d	i nters pe cifi c	( Alf o ns o	et	 al.	 2 0 1 2)	 c o m m u n al	si tes.
	  Cr o w n- gi a nt	 a n ol e	 e c o m or p hs	 h a v e	 e v ol v e d	 m ulti pl e	
ti m es	 a cr oss	t h e	 Gr e at er	 A ntill es	( C u b a:	A n olis b ar ac o ae , A. 
e q uestris, A. l ute og ul aris , A. n o blei , A. pig m ae q uestris , A. s m all-
w o o di ;	 His p a ni ol a:	A. b ale at us , A. b ar a h o n ae , A. ric or dii ; 
J a m aic a:	A. g ar m a ni ;	a n d	 P uert o	 Ric o:	A. c u vieri , A. r o ose velti ; 
see	 R o drí g uez- Sc hetti n o	 1 9 9 9,	 He n ders o n	 a n d	 P o well	 2 0 0 9,	
L os os	 2 0 0 9).	 A n olis s m all w o o di 	 S c h w artz	 1 9 6 4	( Fi g.	 1 A3 C)	
h as	 b e e n	f o u n d	i n h a biti n g	 b ot h	l o wl a n d	 a n d	 u pl a n d	 ar e as,	
s e mi- d e ci d u o us,	 e v er gr e e n,	 g all er y,	 a n d	 r ai n	f or ests,	 m a n-
gr o v es,	 a n d	 c off e e	 pl a nt ati o ns	( R o drí g u ez- S c h etti n o	 1 9 9 9,	
H e n d ers o n	 a n d	 P o w ell	 2 0 0 9).	 T his	s p e ci es	 h as	l ar g e	 h o m e	
r a n g es	 a n d	 m ulti pl e	i n di vi d u als	 ar e	r ar el y	 o bs er v e d	t o g et h er	
( Fläsc he n drä ger	a n d	 Wijfels	 1 9 9 6,	 2 0 0 9);	 h o we ver,	 males	a n d	
fe m ales	 c a n	 be	 o bser ve d	t o get her	 d uri n g	t he	 bree di ng	se as o n	
( V H,	 pers.	 o bs.;	 Fi g.	 1 D).	 C ol or ati o n	i n	 n at ure	c a n	 v ar y	i n di-
vi d u all y	a n d	 ge o gr a p hic all y	( R o drí g uez- Sc hetti n o	 1 9 9 9),	a n d	
occ asi o n al	 dee p- gree n	i n di vi d u als	 h a ve	 bl ue	s p ots	 o n	t he	 d or -
s u m	( Fi g.	 1 E).
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	 Copulation	 time,	oviposition,	or	hatching	have	been	
reported	 for	 some	Greater	Antillean	 crown-giant	 species	
(summarized	in	Henderson	and	Powell	2009).	In	this	paper,	
our	aim	is	to	describe	these	natural	history	data	for	Anolis 
smallwoodi	 from	 semi-arid	microhabitats	 in	 southeastern	
Cuba.

Materials and Methods
Study area and focal populations.4We	conducted	fieldwork	
from	June	2010	to	September	2011	at	100031500	h	along	
the	coastline	between	Santiago	de	Cuba	and	Guantánamo	
Provinces	in	southeastern	Cuba.	Dominant	vegetation	con-
sisted	 of	 xerophytic	 scrub,	microphyllous	 evergreen	 for-
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Fig. 1. Anolis smallwoodi smallwoodi	on	the	southeastern	coast	of	Cuba.	A:	Adult	female	perching	face-down	on	a	tree	trunk.	B:	Adult	male	jumping	on	a	
branch	of	Dichrostachys cinerea.	C:	Adult	female	captured	on	a	tree	trunk,	arrow	indicate	the	blueness	of	the	nuchal	crest.	D:	paired	couple	during	the	breed-
ing	season.	E:	Adult	female,	note	the	strong	yellow	coloration	on	the	head,	blue	coloration	around	the	suprascapular	stripe,	and	blue	spots	alternating	with	
the	bright	green	coloration	on	dorsum.	Photographs	from	southeastern	Santiago	de	Cuba	province:	Verraco	(A,	C3E)	and	Siboney-Jutici	(B).	Photographs	
by	Veronika	Holanova	(A,	C3E)	and	Yasel	U.	Alfonso	(B).	
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est,	dry	microphylous	forest,	and	coastal	hyperxeromorphic	
semidesert	scrub	(Capote	and	Berazaín	1984,	Reyes	2006).	
We	surveyed	 four	 localities	 for	mating	behavior	 (copula-
tion)	in	Anolis smallwoodi (A. s. smallwoodi	in	Santiago	de	
Cuba	Province:	Juraguá,	19.936805º	N,	75.670188º	W,	36	
m	asl;	Verraco,	19.907291º	N,	75.575775º	W,	23	m	asl;	A. 
s. palardis	in	Guantánamo	Province:	Baitiquirí,	20.030244º	
N,	74.880822º	W,	25	m	asl;	Yacabo	Abajo,	20.052266º	N,	
74.699741º	W,	11	m	asl).
	 In	most	instances,	we	observed	copulation	while	using	a	
monocular	Nikon	Fieldscope	at	distances	of	13337.4	m.	We	
describe	mating	behavior	involving	three	phases:	precopula-
tion,	copulation,	and	postcopulation.	We	measured	the	dura-
tion	of	each	stage	with	a	digital	chronometer	(±	0.1	s).	Means	
are	presented	±	one	standard	deviation.

Ovipositioning behavior in captivity.4Captive	 individuals	
observed	during	oviposition	belong	to	the	private	collection	
of	Veronika	Holanova	in	Prague,	Czech	Republic.	Anoles 
were	maintained	in	pairs	inside	terraria	(50	x	50	x	80	cm)	
with	approximately	5	cm	of	mixed	lignocel	and	sand	(propor-
tion	2:1)	as	a	substrate.	Branches	were	placed	vertically	and	
horizontally	inside	terraria.	Giant	anoles	prefer	wide,	verti-terraria.	Giant	anoles	prefer	wide,	verti-Giant	anoles	prefer	wide,	verti-
cal	branches	for	daily	activities	and	thin,	horizontal	branches	
for	sleeping	at	night	(VH,	pers.	obs.).	Live	plants	(e.g., Ficus 
benjamina)	from	the	leaves	of	which	anoles	lick	water	also	
were	placed	in	terraria.	The	back	wall	of	each	terrarium	was	
covered	with	cork	bark.
	 Temperature	was	regulated	with	40-watt	bulbs	in	ceramic	
shades.	Light	was	provided	with	fluorescent	tubes	(2	x	25	watt)	
above	 the	 terraria.	Daytime	temperatures	 ranged	between	
26328	°C	(35	°C	directly	under	the	bulb)	and	nighttime	tem-
peratures	never	dropped	below	22	°C.	Terraria	were	misted	
daily	with	water.	Each	oviposited	egg	was	weighed	(Ew)	and	
measured	(EL:	egg	length;	EW:	egg	width).	After	hatching,	
neonates	were	measured	(TL:	total	length,	SVL:	snout-vent-
length,	HL:	head	length)	and	weighed	(NW:	neonatal	weight).	
Measurements	were	taken	with	a	digital	caliper	(Mitutoyo	
CD-20DC,	Sakato,	Japan;	precision,	±	0.01	mm)	and	mass	
with	a	Kern	440-33N	electronic	balance	(±	0.01	mg).

Results
Copulatory behavior.4We	observed	eight	mating	events,	three	
involving	A. s. smallwoodi and five A. s. palardis.	During	the	
May-to-September	breeding	season,	most	observations	were	
of	pairs	(usually	a	single	male	and	female	on	the	same	tree).	
Males	copulated	exclusively	with	those	females	located	within	
their	territories	(YUA	and	VH,	pers.	obs.).	Only	one	female 
A. smallwoodi palardis mated	with	multiple	(two)	males	in	the	
same	territory	(see	details	below).
	 Males	initiated	the	precopulatory	phase	by	closely	fol-
lowing	receptive	females	that	usually	submitted	to	a	male9s	

advances	when	he	climbed	onto	her	back.	At	that	point,	males	
made	a	sudden	lateral	movement	and	grasped	the	female,	
effectively	rendering	her	immobile	(Fig.	2A).	The	male9s	grip	
on	the	female9s	dorsum	differs	between	the	two	subspecies;	
it is middorsal for A. s. smallwoodi	(Fig.	2B)	and	more	ante-
rior for A. s. palardis	(Fig.	2C).	Subsequent	preparation	for	
penetration	was	expeditious,	with	male	tail	and	hindlimb	
overlapping	the	female9s	tail	(Fig.	2B3C).	Precopulation	took	
7.11	±	3.78	min	(A. s. smallwoodi)	and	5.47	±	3.5	min	(A. 
s. palardis).	The	male9s	grasp	of	the	female	was	maintained	
throughout	copulation.
	 The	copulatory	phase	began	when	females	responded	
to	intromission	by	making	an	abrupt	movement.	Mating	
was	similar	between	subspecies;	neither	moved	the	body,	
although	females	performed	some	slow	lateral	head	swings.	
Copulatory	 duration	was	 similar	 in	 both	 subspecies	 (A. 
s. smallwoodi:	44.2	±	23.5	min;	A. s. palardis:	40.6	±	20.1	
min).	The	postcopulatory	phase	began	with	the	separation	
that	occurs	without	any	sudden	movements.	Females	initi-
ated	separation	with	elevation	of	their	hindlimbs	to	facilitate	
extraction	of	the	hemipenis.	After	separation,	lizards	invari-
ably	moved	upward	until	one	or	both	were	concealed	among	
the leaves.
	 We	observed	one	case	of	multiple	copulation	of	Anolis 
smallwoodi palardis	involving	a	pair	223	cm	high	on	a	tree	
trunk.	Mating	behavior	and	duration	were	similar	to	others	
observed	for	this	subspecies.	However,	after	separation,	the	
adult	male,	seemingly	unaware	of	the	presence	of	another	
adult	male,	moved	higher	into	the	canopy	while	the	female	
remained	in	the	same	initial	position	without	any	male	pro-
tection.	A	nearby	male	(ca.	420	cm	away	and	137	cm	above	
the	ground	 in	 a	bush)	opportunistically	 entered	 the	 first	
male9s	territory	and	successfully	copulated	with	the	female	
that	 apparently	 remained	 receptive.	The	period	between	
separation	after	the	first	copulation	and	the	beginning	of	the	
second	copulation	was	123	min.	Mating	behavior	for	the	sec-
ond	mating	was	similar	to	others	observed	for	the	subspecies,	
but	durations	were	relatively	short	for	both	precopulation	
(2.5	min)	and	copulation	(29.7	min).	After	separation,	the	
female	climbed	upward	into	the	canopy	and	the	second	male	
jumped	from	the	trunk	to	another	tree.

Oviposition behavior in captivity.—Paired males and females 
(all	Anolis smallwoodi smallwoodi)	initiated	courtship	behavior	
in	March.	After	a	short	<chase,=	copulation	lasted	10330	min.	
(Fig.	3A3B).	Females	ready	to	lay	eggs	descended	from	elevated	
perches	to	the	substrate,	where	they	dug	a	few	<test=	holes	appar-
ently	searching	for	a	site	with	optimal	temperature	and	humid-
ity.	When	satisfied	with	a	location,	a	female	digs	a	hole	with	her	
snout,	lays	an	egg	and	rolls	it	in	substrate	material	(Fig.	3C).	
When	the	egg	is	covered,	she	buries	it	using	her	snout	and	fore-
limbs	before	climbing	onto	an	elevated	perch.	The	entire	process	
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takes	about	20	min.	Males	usually	copulate	with	females	the	
same	day	she	lays	an	egg.	Females	always	lay	a	single	egg	(Fig.	
3C).	Measurements	for	eight	eggs	were	2.59	±	0.45	g	and	2.54	
±	0.12	cm	by	1.33	±	0.08	cm.	Well-fed	females	can	lay	an	egg	
every	seven	days	during	the	March3September	breeding	season.
	 Eggs	were	 incubated	 in	 slightly	moist	vermiculite	at	
temperatures	of	27329	°C.	The	minimum	incubation	time	

was	 54369	 days	 (varying	with	 temperature).	Three	 eggs	
were	infertile,	but	measurements	for	four	hatched	neonates	
were	2.6	±	0.11	g	and	13.8	±	0.32	cm	(SVL=	4.61	±	0.15	
cm,	HL=	1.54	±	0.03	cm).	Juveniles	usually	are	colored	like	
adults,	bright	green	with	white	spots	on	the	body,	pale	postla-
bial	bands,	and	suprascapular	stripes.	We	began	feeding	neo-
nates	two	days	after	hatching.	They	accepted	a	wide	range	

Fig. 2.	Mating	behavior	in	Anolis smallwoodi	in	southeastern	Cuba.	Arrows represent the male grasp	position.	A3B:	A. smallwoodi smallwoodi	and	C: A. 
smallwoodi palardis. Photographs	by	Yasel	U.	Alfonso	(A3B)	and	Joseph	Burgess	(C).
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of	insects	(e.g.,	crickets,	grasshoppers,	flies,	and	beetle	larvae	
(Fig.	4C3D).

Discussion
Copulatory behavior.4Reproductive	behavior	is	not	well	doc-
umented	for	Greater	Antillean	crown-giant	anoles.	Reviews	
by	 Rodríguez-Schettino	 (1999),	Henderson	 and	 Powell	
(2009),	and	Losos	(2009)	included	pertinent	information	for	
only	some	species	(i.e.,	Anolis baleatus, A. baracoae, A. baraho-
nae, A. cuvieri, A. equestris, A. garmani, and A. pigmaequestris).	
The	mating	behavior	of	three	Cuban	crown-giants	for	which	
we	have	some	information	(A. baracoae, A. luteogularis, and 
A. noblei)	is	similar	in	some	aspects	to	that	of	A. smallwoodi. 
All	have	been	observed	in	pairs	(usually	one	male	and	one	
female	on	the	same	tree)	and	precopulation	usually	is	initi-
ated	when	a	male	follows	a	female	from	behind	and	ends	with	
the	male	grasping	and	largely	immobilizing	the	female	(YUA,	
pers.	obs.).
	 Our	observations	 also	 suggest	 that	Anolis smallwoodi 
exhibits	behavior	similar	to	that	of	other	Greater	Antillean	
crown-giants	 (Losos,	2009	and	 references	 therein).	Rios-
López	and	Puente-Colón	(2007)	observed	multiple	sleeping	
pairs	of	A. cuvieri	and	suggested	that	this	might	be	indica-
tive	 of	 pair-bonding.	Rodríguez-Schettino	 (1999)	 noted	
that	courtship	and	mating	in	A. equestris and A. luteogularis 
occurred	in	tall	trees,	and	that	only	one	or	two	individuals	of	
the	latter	occupy	a	single	tree.	Apparently,	crown-giants	have	

large	home	ranges	and	two	individuals	are	rarely	seen	together	
(Fläschendräger	and	Wijfels	1996,	2009).
	 The	duration	of	copulation	varies	considerably	among	
some	species	of	anoles	(Jenssen	1996).	It	can	be	lengthy	in	
many	species	and,	in	at	least	some	species,	duration	seems	to	
vary	consistently	among	males	(Crews	1973,	Tokarz	1988)	
and	appears	to	be	greater	later	in	the	breeding	season	(Stamps	
1975,	Tokarz	1999).	In	Jamaican	A. garmani,	Trivers	(1976)	
recorded	an	average	duration	of	25	min.	For	other	Greater	
Antillean	anoles,	mean	duration	varies	from	a	few	seconds	to	
more	than	an	hour	(e.g.,	A. sagrei,	3.8	min;	A. bremeri,	64.9	
min; A. valencienni,	2	min;	A. websteri,	±1	sec;	Regalado	and	
Garrido	1993;	Henderson	and	Powell	2009;	Losos	2009	and	
references	therein).
	 Male	anoles	(non-crown-giant	species)	usually	mate	with	
multiple	females	in	their	territories,	and	those	males	with	
larger	territories	(presumably	supporting	more	females)	suf-
fered	more	paternity	 loss	to	extra-pair	copulations	(Losos	
2009	and	references	therein).	Our	observation	of	multiple	
copulations	in	one	female	A. smallwoodi palardis	might	be	an	
example	of	cryptic	mate	choice,	wherein	females	mate	mul-
tiple	times	over	an	extended	period	and	subsequently	select	a	
specific	male9s	sperm	to	fertilize	the	egg	(Losos	2009).	Female	
A. garmani	position	themselves	in	exposed	places,	perhaps	
rendering	mating	males	highly	visible	to	other	nearby	males	
or	to	solicit	males	so	that	the	female	may	choose	among	them	
(Trivers	1976,	Hicks	and	Trivers	1983).	Extra-pair	copu-

Fig. 3. A–B:	Positions	during	mating	in	Anolis smallwoodi	in	captivity.	C:	Female	burying	a	recently	laid	egg	(arrow)	using	her	forelimbs and snout. Note 
the	blue	coloration	of	this	adult	female.	Photographs	by	Veronika	Holanova.
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lations	have	been	reported	at	least	in	one	crown-giant	spe-
cies	(A. garmani;	Trivers	1976).	Hicks	and	Trivers	(1983)	
observed	49	copulation	events	in	A. garmani,	including	both	
resident	males	and	neighboring	males	(i.e.,	not	with	the	main	
resident	male	within	the	territory).

Ovipositioning behavior in captivity.4Courtship	behavior	
in	captivity	has	been	reported	for	some	Greater	Antillean	
crown-giants	(Henderson	and	Powell	2009).	Anolis baracoae 
can	mate	233	times	per	week,	and	courtship	involves	head-
bobbing,	dewlap	extension,	and	paired	couples	facing	down	
on	vertical	branches	(Holanova	and	Hribal	2004).	Appler	
(1963)	recorded	the	duration	of	copulation	for	A. cuvieri in 
captivity;	the	range	of	20390	min	is	more	variable	than	our	
observations	of	A. smallwoodi.	Female	anoles	produce	only	
one	egg	at	a	time	with	an	average	of	5325	days	between	eggs	
(Andrews	and	Rand	1974,	Andrews	1985).	Only	a	single	
egg,	usually	from	alternating	ovaries,	is	ovulated	at	a	time,	

but	females	can	retain	eggs	during	times	of	drought	and	thus	
sometimes	carry	as	many	as	three	eggs,	two	shelled	and	one	in	
the	oviduct	(Stamps	1976).
	 Egg	deposition	reported	herein	for	Anolis smallwoodi is 
similar	to	that	described	for	other	anoles.	Females	usually	
begin	by	selecting	a	potential	site,	probing	the	substrate	with	
the	snout,	digging	a	hole	into	which	an	egg	is	deposited,	and	
finally	covering	the	egg	with	the	substrate	(Losos	2009	and	
references	therein).	For	crown-giants,	Rodríguez-Schettino	
(1999)	observed	a	female	A. equestris	ovipositing	in	a	hole	
near	the	base	of	a	tree,	and	Panton	(1928)	described	a	female	
A. garmani	descending	a	tree	at	midday,	digging	a	small	hole	
with	her	snout,	and	laying	an	egg.
	 Egg	and	hatchling	sizes,	incubation	temperatures,	and	
minimum	incubation	 times	have	been	reported	 for	 some	
crown-giants	(Table	1).	Incubation	time	for	several	Caribbean	
species	can	range	from	3.536	weeks	under	laboratory	condi-
tions	(Greenberg	and	Hake	1990,	Sanger	et	al.	2008).	Our	

Fig. 4.	A:	Neonate	Anolis smallwoodi smallwoodi.	B:	Holding	a	neonate	outside	the	terrarium.	C:	Adult	feeding	on	larvae	of	Zophobas morio	(Tenebrionidae).	
D:	Adult	feeding	on	larvae	of	Pachnoda marginata	(Scarabaeidae)	inside	the	terrarium.	Photographs	by	Veronika	Holanova.
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results	are	generally	similar	to	those	previously	reported	for	
Caribbean	species,	although	Bech	(1986)	observed	one	cap-
tive female A. equestris laying	12	eggs	in	one	year	(compared	
to	one	egg	every	seven	days	during	breeding	season	in	A. 
smallwoodi).
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