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INTER-POPULATION VARIATION IN LIFE-HISTORY TRAITS OF A CHINESE 

LIZARD (TA KYDROMUS SEPTENTRIONALIS, LACERTIDAE) 

WEI-GUO DU1, XI A N G  JI1 AND YONG-PU ZHANG2 

'Hangzhou Key Laboratory.for Animal Sciences, School of Life  Sciences, Hangzhou Normal College, Zhej iang, People 's 
Republic of China 

2School of Life and Environmental Sciences, Wenzhou Normal College, Wenzhou, Zhejiang, People 's Republic of China 

Detecting inter-population differences in l ife-h istory traits i s  the fi rst step in exploring the 

proximate and ultimate causes of such variation. We measured maternal body size and reproductive 

output of the lacertid l i zard Takydromus septentrionalis from two i s land populations in eastern 

China to quantify inter-population variation. We captured female T. septentrionalis from the 

field and conducted a "common garden" experiment in the laboratory to measure their reproductive 

output. The study revealed major d ivergences in female body sizes, c lutch mass and egg mass, 

but no s ign i ficant difference in  these traits was found between the fi rst cl utch and the later 

clutches. This suggests that the inter-population d ivergences persi sted when the same groups of 

females were maintained in i dentica l  condit ions  in capt iv i ty .  In contrast, there were no inter

population d ifferences in s ize-adjusted fecundit ies, c lutch s ize and relative c lutch masses. 

Therefore, maternal body size plays an important role in determining female reproductive output 

in this spec ies, but it does not account for all variation in reproductive traits .  The egg size is less 

variable than the c lutch s ize in each population, which gives support to the optimal egg size 

theory. 
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INTRODUCTION 

Life-h istory traits are directly related to organismal 
fitness and hence are major targets of natural selection. 
Species differ substantially in l ife-history traits, reflect
ing both genetic and environmental effects. Even 
geographically separate populations of a single species 
can evolve different l i fe h istories depending on local 
ecological conditions ( Roff, 2002) .  As ectotherms, 
squamates are highly dependent upon c l imatic cond i
tions and have thus attracted considerable research on 
the contribution of the environment to l ife-history varia
tion ( D unham et al., 1 988;  Adolph & Porter, 1 993 ; 
Niewiarowski, 1 994; Angil l etta et al. , 2004) .  Whereas 
earlier studies on this topic focused on interspecific vari
ation in l i fe h istories (e.g. Tinkle et al. , 1 970; Dunham et 

al., 1 988), inter-population variation in l ife histories has 
been emphasized more recently (e.g. Forsman & Shine, 
1 995; Niewiarowski et al., 2004). The inter-population 
comparison may lend considerable insight toward our 
understanding of genetic and environmental causes of 
l ife-history variation and the evolution of l ife histories 
(N iewiarowski,  1 994; Angi l letta et al. , 2004; 
Niewiarowski et al. , 2004). To achieve this end, we need 
a broad col lection of data sets describing inter-popula
tion variation in l i fe histories of squamates .  However, 
such studies mainly focus on North American and Euro
pean species (e .g .  Dunham et al., 1 988 ;  Cast i l la  & 

Bauwens, 1 989; N iewiarowski, 1 994), whereas the infor
mation on Asian taxa is quite limited (but see Hasegawa, 
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Animal Sciences, School of Life Sciences, H angzhou Normal 
Col lege, 3 1 0036, Hangzhou, Zhej iang, People 's  Republic of 
China. E-mail: duweiguo@mail .hz.zj .cn 

1 994). Therefore, l i fe-history data on Asian species, 
even descriptive data, should be very useful in com
pletely understanding l ife-history evolution 111 

squamates. 
For inter-population studies of l ife hi stories, while 

the geographic pattern of I i fe-hi story variation such as 
latitudinal and altitudinal variations has attracted a 
great number of studies (Bal linger, 1 983; Dunham et 

al. , 1 988;  James & Shine ,  1 988;  Grant & Dunham, 
1 990), islands have been of spec ial interest to ecolo
gists because of the rapid adaptive shifts possib le in 
is land taxa with smal l and discrete populations, l iv ing 
under different cond itions and selective pressures 
(Case, 1 982). Compared with paral lel studies on geo
graph ical ly separated populations in the continent - for 
example, e levational comparisons (e .g .  Bal l inger, 
1 977; Grant & Dunham, 1 990) - inter-island compari
sons can reveal rn icrogeographic variation in I ife 
histories for populations with relatively low gene flow 
or migration among them. Several authors have quanti
fied inter- i sland variation in morphology and some 
ecological traits of snakes and l izards (e .g. Shine, 
1 987; Case & Schwaner, 1 993 ; Hasegawa, 1 994; King, 
1 997; Thorpe & M alhotra, 1 998); these studies sug
gested that the inter-island variation might stern from 
both genetic and environmental factors. 

The northern grass l izard Takydromus 

septentrionalis is a smal l (up to 80 mm snout-vent 
length [SYL]) s lender-bodied, long-tailed (up to 270 
mm) lacertid. Among the 16 or 1 7  species of grass l iz
ards from the genus Takydromus in the oriental and 
palearctic regions (Arnold, 1 997), T. septentrionalis is 
a later evolved spec ies ( Lin et al. , 2002 ), and is mainly 
distributed over a large area of eastern and northern 
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TABLE I .  Inter-population variation in seasonal reproductive output of the northern grass l izard, Takydromus septentrionalis. 
One-way ANOVA as well as ANCOVA with maternal SVL as a covariate were used to detect between-island differences in 
reproductive traits. Symbols immediately after F values represent significant level : NS=non-significant, ** = P<O.O I .  

Number of c lutches 
Seasonal fecundity 
Seasonal total egg mass (g)  

Beij i i sland 
(n=40) 

Mean ± SE 

2 .0±0.2 
5 .2±0.4 

1 .60±0. 1 1  

Adjusted 
mean±SE 

1 .9±0.2 
4.9±0.4 

1 .49±0. 1 1  

China (Zhao & Adler, 1 993) .  These insectivorous l iz
ards are primari ly diurnal and terrestrial ; females 
produce c lutches of 1 -5 e longate eggs from April to 
July (Ji et al., 1 998; Du, 2003 ). T. septenfrionalis has 
relatively smal l  energy reserves and therefore the en
ergy to produce a clutch of eggs mainly come from the 
current food intake ( Du et a l . ,  2003 ). The l izards are lo
cally abundant on two offshore is lands, Dongtou and 
Beiji, 1 3  km apart off the eastern coast of China. These 
two is lands have simi lar annual average air temperature 
and annual total precipitation (Zhej iang Bureau of M e
teoro logy). M icrohabitats for l izards are grassy areas. 
However, the grassy habitat is partly covered by pine 
trees (Pinus massoniana) on Dongtou is land, but is 
quite open on Beij i  is land. Therefore, this system pro
vides us with an excellent model to explore l ife-history 
variation in l izards between islands with simi lar c l imate 
conditions but different microhabitat features. Here we 
investigate I ife-hi story characteri stics of adult northern 
grass l izards from the two is lands. To determine 
whether or not local populations diverged from each 
other in these l ife-h istory traits, we recorded body size 
of the l izards and conducted a "common-garden" ex
periment to detect their reproductive traits. 

M ATE R I ALS AND M ETHODS 

On I 0 Apri l 1 999, we col lected 1 1 7 adult 
Takydromus sepfentriona/is (76 females and 41 males) 
from two offshore is lands, Beij i  i s land (27°3 5 '  N, 
1 20° I O' E)  and Dongtou island (27°50' N, 1 2 1 °28' E) ,  in 
Zhej iang province, eastern China. All  animals were 
caught by hand or noose and transported to Hangzhou 
Normal Col lege. Immediately after arrival, the animals 
were weighed (±0.00 1 g),  measured SYL (±0.0 I mm) 
and individually marked (toe-clipped). The l izards were 
randomly al located to terraria (60x40x30cm, each con
taining 9- 1 0  females plus 5-6 males) with sand and grass 
to mimic natural habitats where these l izards are found. 
A 60W light bulb suspended 1 5  cm above the floor pro
vided opportunities for behavioural thermoregulation 
from 0700 h to 1 700 h. Food ( larvae of Tenebrio 

molitor) and water (containing mixed v itamins and min
erals) were provided ad l ibitum. We palpated the 
abdomens of each female every five days, and any ani
mal with oviductal eggs was transferred to a smal l  glass 
terrarium (20x I 5x20 cm) fi l led with 2 cm-deep moist 

Dongtou island 
(n=27) 

Mean±SE Adjusted 
mean±SE 

1 .9±0.2 1 .9±0.2 
4.7±0.5 5 . 1 ±0.5 

1 . 1 4±0. 1 3  1 .24±0. 1 3  

ANOYA 
F

1 .14 

0.46NS 
0.7 1 NS 

6.42" 

ANCOYA 
F1.13 

o.004r-:s 

0.05NS 

O. l 9NS 

sand. Each smal l  terrarium was checked at least three 
times a day for freshly laid eggs. Al l  eggs were weighed 
(± 0.00 I g) promptly so as to minimize potential 
changes in mass due to water exchange. Postpartum fe
males were returned to their original terraria. The 
experiment was carried out between I 0 April and I 0 
July. 

We calculated relative c lutch mass ( RCM)  as the ra
tio of c lutch mass to maternal postoviposition mass 
( Sh ine, 1 980). The difference in RCM between 
populations was tested using an analysis  of covariance 
with c lutch mass as the variable and body mass as the 
covariate. L inear regression was used to detect the rela
tionship between maternal body size and reproductive 
traits. To detect divergence between populations and 
among clutches, we conducted analyses of variance 
CANOY A) for reproductive traits that were independent 
of maternal SYL and analys is of covariance 
(AN COY A) for variables correlated with maternal 
SYL. 

RES ULTS 

T I M ING OF OYI POSIT ION AND TOTAL SEASONAL 

FECUN DITY 

Females from the Beiji population laid their eggs af
ter being captured for 27.2±1 .4 days (11=49), which was 
earl ier than for Dongtou females ( 3 8 .0±2 .5 ,  n=27; 
F

174= 1 6.04, P<0.00 I ) . Total seasonal reproductive out
put of Beij i  females was higher than that of Dongtou 
females in terms of total egg mass, but no differences in 
number of c lutches or seasonal fecundity were found 
between the two popu lations (Table I ) . Because larger 
females produced more eggs, and a greater total egg 
mass (SYL vs total seasonal fecundity, r1=0.084, 
F 1 .74=6.82, P<O.O l ;  vs total seasonal c lutch mass, 
r2=0. 1 35 ,  F174= 1  1 .59, P<O.O I ) , we then reanalysed in
ter-population variation in fecundity after including 
maternal SYL as a covariate. This analysis ind icated 
that total c lutch size and total seasonal clutch mass at 
the mean SYL of 66.68 mm did not differ significantly 
between the two island popu lations (Table 1 ). 

F EM AL E  BODY SIZE AND RELATIVE CLUTCH MASS 

Female body size at maturity differed significantly 
between the two populations. The SY Ls of minimal re-



L I FE-H I STORY TRA ITS OF C H INESE L I ZA R DS 235  

70 
a 

6 9  49 
'E � E. 68 .c °' 
c: 
� 67 c '" � 66 3 27 0 � c: (/) 65 

64 
6.0 

b 5.8 
5.6 

� 54 "' "' .,, 52 E 
,.. u 50 0 CD 

48 
4.6 
4.4 

0.17 
c 

a 16 
"' "' .,, 

a 15 E 
.c 
.B 
:J a 14 u 
.� 
'(; 0.13 o; 
er 

0 12 
0.11 

Beiji Dongtou 

FIG .  I. Variation in maternal body size (A) ,  mass (8) and 
relative clutch mass (C) in the northern grass l izard 
Takydromus septentrionalis between 8eiji and Dongtou 
island populations. Graphs show mean values and associated 
standard errors. Numbers above the error bars in the upper 
graph are sample sizes, and apply to a l l  graphs within this 
figure. 

productive females on Beij i  and Dongtou islands were 
57 .5  mm and 54.5 mm, respectively. Sexual ly mature 
females from the Beij i  population were larger than those 
of the Dongtou population both for mean SVLs 
(F174= 1 5 .38 ,  P<0.00 1 ;  Fig .  I A) and body masses 
( F174 =22. 1 5 , P<0.00 l; Fig. I B). Relative c lutch mass 
(RC M )  also varied between populations, with the RCM 
of Beij i  females being higher than that of Dongtou fe
males (F173= 1 0.74, P<0.0 1 ; Fig.  JC) .  

CLUTCH S IZE, CLUTCH MASS AND EGG MASS 

C lutch s ize ,  c lutch mass and egg mass were posi
tively correlated with female SVL (clutch s ize, 
r1=0.347, F1 .74

= 1 0. 1 3 , P<0.0 1 ;  c lutch mass, r2=0.529, 
F,.74=28 .80, P<0.0000 I ;  egg mass, r2=0. l 1 4, F174=9.52, 
P<O.O 1 ) .  We thus used two-way AN COY A with SVL as 
a covariate to detect variations in  reproductive traits 
arising from inter-population and c lutch effects. The 
analysis  indicated that there was a significant difference 
in reproductive traits between the two populations 
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FIG.  2. Variation in c lutch size (A), egg mass (8) and clutch 
mass (C)  of the northern grass l izard Takydromus 
septenlrionalis between 8eij i and Dongtou island 
populations. Analyses of covariance were performed to 
detect the inter-population variation. Maternal snout-vent 
length was used as the covariate, which was set at 66.68 mm. 
Graphs show adjusted mean values and associated standard 
errors. Numbers above the error bars in the upper graph are 
sample sizes, and apply to all graphs within this F igure. 

(F3• 1 1 1
= I 8 .77, P<0.0000 1 ) ,  but not between the c lutches 

(F1. 1 1 1= 1 .04, P=0.38) .  To identify the source of inter
population differences in reproductive traits, we further 
performed individual analyses of covariance on the 
three traits. Whereas females from the two populations 
produced c lutches with s imi lar numbers of eggs 
(F1 •73 

=0. 1 1 ,  P=O. 75 ;  Fig. 2A), females from Beij i is land 
produced larger eggs (F173=43 .0 l ,  P<0.0000 1 ;  Fig. 28) 
and thereby heavier clutch mass (F173= 1 2.92, P<0.00 1 ; 
Fig. 2C) than did those from Dongtou island. Because 
the effects of maternal body size have been removed us
ing ANCOV A in our analysis, the significant 
inter-population difference in egg size was not entirely 
attributable to maternal body-size variation, though egg 
mass was highly correlated with maternal SVL.  The co
efficients of variation of egg size for the Be ij i and 
Dongtou populations were 1 2 .5% and 1 6 .0%, respec
tively, which was l ess variable than clutch size in both 
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populations (26.4% for the Beij i  population and 26.2% 
for the Dongtou population). 

D I SCUSS ION 

As reported previously for other repti le  species (e.g. 
Eumeces okadae, Hasegawa, 1 994), the northern grass 
l izard showed significant inter-island variation in a wide 
range of l ife-history traits. These variations were corre
lated with maternal body size both between and within 
populations; such correlation is  common in  l izards 
( Fitch, 1 985 ;  Dunham et al., 1 988;  James & Shine, 
1 988). Nonetheless, inter-island variation in  reproduc
tive traits per c lutch was not entirely attributable to 
maternal body-size differences: l i fe-history traits varied 
significantly among islands even after the effect of dif
fering maternal body sizes was removed from the 
analysis .  The current study found significant inter-is
land differences in  l i fe histories, but, as a descriptive 
study, there were not enough data to elucidate the u lti
mate and proximate causes of these variations in l i fe 
histories. To further clarify the causes for the significant 
inter-i s land variation in reproductive traits of T. 
septentrionafis, we would need to take account of the 
between-island differences in both genetic origins and 
environmental factors such as food availabi l i ty, preda
tor pressure and population density. I deal ly, reciprocal 
transplant experiments in the field could identify the re
spective effects of these factors on the reproductive 
traits of T. septentrionafis (Niewiarowski & 

Roosenburg, 1 993) .  
Given that variation in  adult body size accounted for 

much of the inter-population divergence in l i fe-history 
traits of T. septentrionafis, we need to consider the fac
tors that influence adult body sizes so as to completely 
understand l i fe-history variation within this species .  
Both genetic and environmental factors could affect 
growth rates and ages at sexual maturity (Reznick & 

Bryga, 1 987;  S inervo and Adolph, 1 989; Smith et al. , 

1 994 ), and in turn be responsible for such inter-popula
tion vanat1on in body size. For ectotherms, 
environmental influence plays an important role  in de
termining body size. Such environmental factors 
include temperature (Ashton and Feldman, 2003 ; 
Angi l letta et al. , 2004), prey availabil ity and size (Case, 
1 978 ;  M cLaughl in  & Roughgarden, 1 989; Wel lborn, 
1 995), the intensity of predation (Case, 1 982) and de
mography ( Ki ng, 1 989). As predicted by Case ( 1 982), 
E. okadae from the Izu i slands attained larger body 
sizes on is lands with low predation pressure than on 
those with high predation pressure (Hasegawa, 1 994 ) .  
Unfortunately, because of the absence of data on envi
ronmental and ecological parameters, we are currently 
not able to test these ideas in the is land populations of T. 
septentrionalis. 

The determinants of egg size reflect selective proc
esses such as the trade-off between c lutch size and 
offspring size, as well as proximate constraints includ
ing functional and energetic l imitation ( Fox & Czesak, 

2000; Sinervo et al. , 2000). Our study indicated that egg 
size has a relatively low level of variation compared 
with that of fecundity in both popu lations. This greater 
constancy in egg size than in clutch size accords well 
with optimality models (Smith & Fretwel l ,  1 974). The 
difference i n  egg size existed between the two 
populations after the effects of maternal body size were 
removed from the analysis, and persisted throughout a l l  
c lutches after the females had been kept in  an identical 
laboratory environment for a long period. This result 
suggests either that the difference in egg size is  coded 
genetical ly or that it is  influenced by events (food sup
p ly, temperature, etc . )  early in a female 's  l i fe and is 
thereafter resi stant to change. 
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CALLING SITES AND ACOUSTIC PARTITIONING IN SPECIES OF THE HYLA 

NANA AND RUBICVNDULA GROUPS (ANURA, HYLIDAE) 
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We analysed spatial and acoustic part i t ioning among four species of HJ1la belonging to two 

species-groups : nana (H. nana and H. sanborni) and rub icundula (H. e/ianeae and H. jimi). 

Field activit ies were conducted at three permanent ponds, from 1 998 through 200 I .  Four 

attributes of the cal l ing s ites were analysed : perch height, d i stance of the perch from the edge of 

the pond, type of perch (vegetat ion) and the individual ' s  position on the perch .  There was 

extensive overlap in the four cal l ing-site variables analysed. However, we found spatial 

segregation did occur in  ca l l ing site height and the d i stance of perches from pond edges. 

B ioacoust ic analyses revealed behav ioural d ifferences among species in ca l l ing activity, both 

t ime of onset and peak cal l ing in chorus. There was acoustic parti t ioning among species the 

fundamental frequency of the advert isement cal ls ,  pri ncipal ly as a function of the temporal 

structure (e .g .  note durat ion ,  rate of note repetit ion, duration and rate of repetit ion of the cal l ing 

pul ses). We propose that d i fferences in physical attributes of cal l ing site and in  characteri stics 

of calls al low these species to exist in sympatry. 

Key words: acoustic commun ication. calling site, niche breadth, treefrogs 

INTRODUCTION 

The study of closely related, sympatric spec ies is of 
spec ial interest in understanding the factors that influ
ence mate recognition systems and the evolution of 
reproductive isolat ion.  The observation that some eco
logical ly simi lar and phylogenetically related species can 
coexist has typical ly been explained by reduction of pos
sibi l i t ies for interspecific competition (Due llman, 1 978; 
Rossa-Feres & J im, 200 I ) . For anuran amphibians, call
ing site occupancy and attributes, location ofoviposition 
site and foraging area have been shown to be fundamen
tal ly important for resource partitioning (Crump, 1 974; 
Cardoso et al. , 1 989; Rossa-Feres & J im, 200 I ) . 

Studies of anuran communities have establi shed that 
breeding site location and the physical structure of the 
advertisement call are the most important factors in spe
cies segregation with in a single locale ( Duellman & 

Pyles, 1 983;  Cardoso et al., 1 989; Cardoso & Viel l iard, 
1 990; M artins & J im, 2003). Segregation of calling sites 
by synchronopatric species of anurans has been reported 
by several workers (Crump, 1 974; Hod I, 1 977; Duel lman 
& Pyles, J 983 ;  Heyer et al. , 1 990; Rossa-Feres & J im, 
200 1 ) ,  and may act as a mechanism of reproductive iso
lation and al low coexistence of several spec ies in the 
same environment. 

Simi larly, partitioning of the acoustic space, ach ieved 
by differences in the spectral and temporal attributes of 
male advertisement cal l s, is of great importance during 
the breeding season (Hod!, 1 977; Duellman & Pyles, 
1 983 ;  M arquez et al., 1 993 ; Grafe, 1 996; Grafe et al., 
2000). Differences in spec ies-specific male cal ls ,  cou-

Correspondence: I . A. Martins, Universidade de Taubate, 
UNIT AU.  Departamento de Biologia, Lab. de Zoologia-I BB,  
1 2030-1 80, Taubate, SP, Brazi l .  E-mail: i stama@uol.com.br 

pied with female abil ity to perceive such differences, is 
the main mechan ism of reproductive isolation among 
sympatric spec ies of anurans (Hod I, 1 977). However, 
closely related species can emit simi lar calls, and the 
spec ificity of the signal must arise from combi ned 
spectral and temporal parameters coupled with differ
ences in behaviour (Cardoso & Viel l iard, 1 990; 
Martins & Jim, 2003). Thus, in species that cal l in cho
ruses in the same environment, acoustic interference 
among spec ies may be reduced by using different fre
quency bands, as well  as through synchronization of 
the call temporal parameters, thus avoiding overlap be
tween individuals of di fferent species (Littlejohn, 
1 977). 

Our study examined the calling site characteristics 
and the acoustic characteristics of the advertisement 
cal l  of four species of Hy/a belonging to the nana 
group (H. nana and H. sanborni) and the rubicundula 
group (H. elianeae and H. jimi). These closely al l ied 
spec ies share several phenotypic and ecological char
acteri stics :  body size, breed ing season, types and 
patterns of calls and strategy of occupying their envi
ronment. Therefore they comprise a good system for 
studying the factors impl icated in the coexi stence of  
sympatric species. 

M ETHODS 

STUDY S ITES 

Field activities and recordings were carried out in 
three permanent ponds in open areas in Botucatu, Sao 
Paulo State, Brazi l .  

Environment i. A large pond, 1 20 x 50 m, its edges 
covered predominantly by herbaceous vegetation 
(Poaceae and Cyperaceae) .  Location 22°53 '  S and 
48°29' W, altitude 860 m. 
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Environment I f . A large pond, 100 x 70 m, a 
headwater marsh in cerrado (savanna) vegetation. The 
shoreline vegetation consists of herbaceous plants 
(Poaceae and Cyperaceae) and bushes (Asteraceae and 
Melastomataceae). Location 22°57' S and 48°27' W, al
titude 8 1 0  m. 

Environment Ji f .  A small pond, 50 x 20 m, with her
baceous vegetation (Poaceae) along the shore, and 
dense emergent vegetation (Cyperaceae). Location 
22°50' S and 48°25' W, altitude 780 m. 

CALLING SITE 

Field observations were carried out throughout the 
breeding season (August through March), during a four
year period from 1998 to 200 1 .  During the breeding 
season of each year, ponds were visited weekly, begin
ning at sunset ( 1700 hrs) and ending when the activity of 
the species decreased (2400 to 0200 hrs ). 

To characterize the calling sites, each pond was tra
versed along its perimeter. For each individual found, 
the type and height of the perch, the location of the 
perch in relation to the distance from the pond edge 
(outer - perches on land outside of the pond margin -
and inner - typically calling from emergent or floating 
mats of vegetation within ponds), and the individual's 
position (parallel or perpendicular) in relation to the 
perch were recorded. 

The degree of overlap in the variables of the calling 
sites was calculated using the Morisita-Horn (C1) simi
larity index (Krebs, 1989) for the frequency data by 
category. Multidimensional overlap was determined by 
considering all variables simultaneously. We consid
ered the species as highly overlapping when the CH 
value was above 0.70, as partly overlapping when the 
C11 was between 0.50 and 0.70, and as non-overlapping 
when the CH was lower than 0.50.  

The niche breadth for the calling site variables (type 
and height of the perch, distance from the pond edge and 
position in relation to the perch) was calculated by Lev
in's index (Krebs, 1989): B=Y2/SN 2, where B=Levin 's J 
measure of niche amplitude, Y=total individuals sam-
pled and N.=number of individuals found using the 

J 
resource j .  We considered as generalists those species 
for which the values of B were higher than 2.36 for at 
least two calling site variables (Rossa-Feres & Jim, 
2001 ) .  

To compare interspecific characteristics of occupa
tion and height of the perch and of the distance of the 
perch in relation to the pond edge (outer and inner), the 
non-parametric Kruskal-Wallis test was used, since data 
deviated significantly from a normal distribution 
(Kolmogorov-Smirnov test). 

B I OACOUSTIC ANALYSIS 

The times when calling activity began and when it 
peaked (chorus) were recorded, noting: ( 1) individuals 
during the first 30 minutes after the beginning of calling 
activity (initial call - between 1 800 and 1 830 hrs), and 
(2) individuals calling in chorus, at a mean of two hours 

after beginning their calls. To study intra- and 
interspecific interactions, individuals at the beginning 
of their calling activity and during chorus calling were 
compared, and possible differences in both behaviour 
and spectral and temporal structure were examined. 

The calls were recorded under field conditions with a 
digital (DAT) recorder (Sony TCD-D8) and an ana
logue cassette recorder (Sony TCM-S64Y) coupled to 
external semidirectional (ME 66) or cardioid (ME 64) 
Sennheiser microphones. All recorded calls were edited 
with a sampling rate of 44, 1 00 Hz and 16 bits per sam
ple in the mono pattern. The bioacoustic analyses were 
performed on a microcomputer using the program 
Cool Edit 96 (Syntryllium Software Corporation), with a 
20,000 Hz sampling frequency. The 256 points option 
(Fast Fourier Transform, FFT) and, when necessary, the 
1 024 points option were used, mainly in determining 
fundamental frequencies. 

Six traits of the advertisement calls of the species 
were quantified: frequency band width, fundamental 
frequency (=dominant frequency), note duration, note 
repetition rate, pulse duration and pulse repetition rate. 
For the analyses and bioacoustic interpretations, the 
terms used follow Martins & Jim (2003). 

The spectral and temporal intra- and interspecific 
traits of the advertisement call of the four species of 
Hy/a, initial calling and chorus calling, were compared 
statistically using analysis of variance (ANOV A) to test 
for significant differences in means of pairs of species, 
and afterwards complemented by the Student-Newman 
-Keuls test (BioEstat 3 .0; Ayres et al. , 2003) .  For analy
sis of the correlation between the air temperature and 
rate of call repetition, Spearman's correlation coeffi
cient (r,) was used, with a 5% significance level (Zar, 
1999). 

RESULTS 

CALL ING SITE 

Two groups of three or four species occurred in 
sympatry: in environments I and III ,  H. nana, H. 
sanborni and H. elianeae; and in environment 11,  H. 

nana, H. sanborni, H. elianeae and H. jimi. 

Males of H. nana called from lower heights, mean 
height 30  cm (70%, n=330; Fig. 1 ), and occupied 
perches at the inner edges of the ponds (Fig. 2). This 
species showed a preference for calling in emergent 
vegetation (71 %, n=29 l; Fig. 3), on leaves and stems, 
with the body situated parallel to the perch (56.5%, 
n= 122) .  

Most H. sanborni were calling at perch heights be
tween 20 and 60 cm (73%, n=l 16). The males perched 
on leaves of herbaceous and emergent vegetation, with 
the body perpendicular to the perch (69.47%, 11=66) 
and on the edge (Figs. 1-3) .  

Mean perch height differed significantly between the 
species of the nana group (Kruskal-Wallis, H=77.0; 
P<0.05): males of H. nana called at a mean height of 
27.04± 15.89 cm (n=47 l ), and H. sanborni at 
43.  77± 18.83 cm (n= 1 30). 
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• Hn (n=471)  
� Hs (n=130) 
o He (n=138) 
D Hj (n=238) 

F IG .  I .  Frequency d istribution of the perch heights of Hyla 
nana ( Hn), Hyla sanborni (Hs), Hy/a elianeae (He)  and Hyla 
Jimi ( Hj ), near Botucatu, Sao Paulo. 
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• Hn (n::370) 
� Hs (n=115) 
D He (n=124) 
D HJ (n::219) 

FIG.  2 .  D istribution of frequencies of occupation of the 
cal l ing site in relation to d istance from the outer and i nner 
edges of the pond, among Hyla nana ( Hn),  Hyla sanborni 
( Hs), Hy/a elianeae ( He) and Hy/a Jimi ( Hj ) ,  near Botucatu, 
Sao Paulo. 
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Twe or perches 

FIG. 3. Relative frequency of the types of perch used as the 
call ing site among Hyla nana (Hn), Hy/a sanborni (Hs), Hyla 
elianeae ( He) and HylaJimi ( Hj) ,  near Botucatu, Sao Paulo. 

TABLE I .  N iche amplitude, calculated by Levin's index, for 
the four variables of the cal l ing sites of Hyla nana (Hn), Hy/a 
sanborni (Hs), Hy/a elianeae (He) and Hy/a Jimi (HJ), near 
Botucatu, Sao Paulo. 

Variables 

Perch height 

Type of perch 

D istance of the 
perch from the 
edge of the pond 

Position on 
the perch 

Hn 

5 .05 

3 .96 

9 .57 

1 .97 

Hs He HJ 

6 .30 3 . 84 5 . 8 1 

2 .98 3 .58  3 .35  

3 . 1 8  5 .60 3 . 34 

1 .74 2 . 00 1 .57  

Males of H.  elianeae preferentially called from 
lower heights, mean height 10 cm ( 46.4%, n=64; Fig. 
I ) . There was no apparent preference for distance of 
calling sites from the outer and inner edges of the pond 
(Fig. 2). The individuals were observed on the ground, 
among the vegetation (39.7%, n=54; Fig. 3). When they 
were perching, the males called from leaves of herba
ceous vegetation, with the body parallel or 
perpendicular to the perch (50%, n=32). 

I ndividuals of H.jimi mostly called from heights be
tween 20 and 50 cm (77. 7%, n= 185; Fig. 1 ). There was a 
preference for calling sites around the pond (Fig. 2), on the 
thin stems of grasses or sedges (44%, n=l07;  Fig. 3), with 
the body perpendicular to the perch (76%, n= 102). 

The mean perch heights of H. elianeae and H. jimi 

dif fered significantly (Kruskal-Wallis, H=32. 54; 
P<0.05) .  The preferred calling height of H. elianeae 

was 27. 1 1±3 1 .22 cm (n=l 38), and of H. jimi, 
40.47± 17.33 cm (n=238). 

The mean height of calling perches did not differ sig
n i ficantly between H. sanborni and H. jimi 

(Kruskal-Wallis H= 1.53, P>0.05), or between H. nana 

and H. elianeae (Kruskal-Wallis H= 1 .03, P>0.05). The 
mean distance of the occupied perch from the inner 
pond edge was significantly different between H. nana 

and the other species, and between H. sanborni and H. 

elianeae (Kruskal-Wallis H=l 60.9, P<0.05).  In regard 
to the mean distance of the perches from the outer pond 
edge, there was no significant difference (Kruskal
Walli s H=0.48, P>0.05) between H. elianeae and H. 
jimi. The other species differed significantly (Kruskal
Walli s H= I 28.0,  P<0.05) when they occupied sites 
outside the pond. 

The four species were generalists in relation to the 
occupation of the calling site (Table l ). There was ex
tensive overlap in height of calling site and position on 
the perch (Table 2). Among the species of the nana 
group, the degree of overlap was high only in relation to 
perch type; for the species of the rubicundula group, 
there was overlap in occupation of the perches in rela
tion to the distance from the pond edge. The 
multidimensional analysis of the calling sites demon
strated that only two pairs of species showed high 
overlap (Table 2). 

For each of the calling site variables, the grouping 
analyses resulted i n  different patterns of similarities 
among the species (Fig. 4a-d). The greatest similarity in 
the multidimensional analysis of calling sites was ob
served for H. sanborni and H. jimi (Fig. 4e ). 

B IOACOUSTICS 

The advertisement calls of these four species of Hyla 

are composed of simple notes, pulsed and emitted in 
consecutive series. The males of these species call fre
quently in large choruses, forming reproductive 
aggregations around the ponds. The spectral and tempo
ral characteristics of the advertisement calls of H. nana, 

H. sanborni, H. elianeae and H. jimi are presented in 
Table 3 .  
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TABLE 2 .  N iche overlap, calculated by the Morisita-Hom similarity index (CH) for four cal l ing site variables among Hy/a nana 
(Hn), Hy/a sanborni (Hs),  Hyla e/ianeae (He) and Hylajimi (HJ), near Botucatu, Sao Paulo. 

Species 

Hn/Hs 

Hn/He 

Hn/Hj 

Hsi He 

Hs/Hj 

He/HJ 

HS 
Hj 
Hn 
He 

I I I 
1 .0 0.9 0.8 

Hs 
Hn 
He 
H" 

� I  
1.0 0.9 0.8 �tJ (c) 

Hs 
Hj 

I I I 
1 .0 0.9 0.8 

He 
Hj 
Hs 
Hn 

I I I 
1 .0 0.9 0.8 

Hs 
Hj 
Hn 
He 

I I I 
1 .0 0.9 0.8 

Perch height Type of perch 

0 .766 0.72 1 

0.634 0.274 

0.76 1 0.343 

0.444 0.520 

0 .970 0.553 

0 .532 0 .509 

(a) 

I I I I I I I I 
0.7 0.6 0.5 0.4 0.3 0.2 0.1 o.o 

�-t 
I I I I I I I I 

0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 

I I I I I I I I 
0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 

I (d) 

I I I I I I I I 
0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 

(e) 

I I I I I I I I 
0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 

FIG. 4. Similarity of the dimensions of the cal ling site among 
Hyla nana (Hn), Hyla sanborni (Hs), Hyla elianeae (He) and 
Hylajimi (HJ), near Botucatu, Sao Paulo. (a) Height, (b)  type 
of perch, ( c) position on the perch, ( d) distance of the perch 
from the pond edge, and (e) similarity of the four variables 
together. 

Distance of the perch Position M ultidimensional 
from the edge on the perch overlap 

of the pond 

0.492 0 .876 0 . 7 1 1 

0.433 0.992 0.486 

0 . 1 84 0 .8 1 4  0 .505 

0 .599 0.929 0 .526 

0 .574 0.993 0 .737 

0.725 0.880 0 .579 

The four species of Hy/a have calls with close fre
quency bands, except for H. sanborni, which has calls 
with higher frequencies. The species of the nana group 
have bands with wider mean frequencies, between 
2 ,950 and 5,950 Hz,  whereas the species of the 
rubicundula group have narrower frequency bands, be
tween 2,400 and 4,900 Hz. In both species groups, the 
notes of the advertisement calls have a fundamental fre
quency with energy concentration above 3,000 Hz. All 
the advertisement calls have sound characteristics 
suited for short or medium distances. 

The frequencies band width of the advertisement 
cal ls of the four species overlapped. The smallest de
gree of overlap was recorded for H. sanborni and H. 
elianeae (Fig. 5). For the species of the nana group and 
the rubicundula group, the fundamental frequency was 
shown to aid in acoustic partitioning among the species 
(Fig. 5). The fundamental frequency (=domi nant fre
quency), the band where most of the energy of the notes 
is concentrated, was shown to be one of the factors that 
aided in partitioning the acoustic space. In spite of the 
low degree of overlap observed between H. nana and H. 
jirni (Fig. 5), there was a significant difference 
(ANOYA, F=l 1 .5, P<0.0 1 )  between the fundamental 
frequencies of all the species. 

The temporal parameters of the advertisement call 
were important factors which that the species in parti
tioning acoustic space. Without phonotaxis experiments 
we really do not know how these species partition 
acoustic space, at least insofar as what is important to 
what conspecific and heterospecific males and females 
might actually respond to. The intraspecific characteris
tics of the advertisement call during the beginning of 
calling activity and chorus activity revealed significant 
differences (ANOVA, P<0 . 0 1 )  in note duration (Fig. 
6a), pulse duration, rate of note repetition (Fig. 6b), and 
rate of pulse repetition in H. nana, H. sanborni, H. jirni 
and H. elianeae. 

I n  the interspecific analyses of the emissions of the 
advertisement call at the beginning of calling, there was 
no significant difference between the rate of repetition 
of the notes of H. sanborni and H. elianeae (ANOY A, 
F=0 .82, P>0.0 1 ), or of H. sanborni and H. jirni 

(ANOYA, F=l .66, P>0.0 1 ) . Note duration, rate of 
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TABLE 3. Characteristics of the six advertisement call variables for the four species of Hy/a studied near Botucatu, Sao Paulo. The 
temporal bioacoustic parameters of the advertisement call are presented for songs at the beginning of calling activity and during the 
chorus. The data represent the mean±one standard deviation and (range) .  

Hy/a nana Hy/a sanborni Hy/a elia11eae Hylajimi 
(11=73 ) (11=58 )  (11=5 1 )  ( 11=49) 

Frequency bands (Hz)  2950--4850±50 3860-5950±300 2400-4380± 1 40 3000--4900±200 
(2600-5500) 

Fundamental frequency (Hz) 3985± 1 29 

Note duration (ms) In itial call 44.4±9.2 
(26-6 1 )  

Chorus 20. 5±2.3 
( 1 6-26) 

Pulse duration (ms) In itial cal l  2 .54±0.6 1 
(2-3 ) 

Chorus 2 .7±065 
(2--4) 

Note repetition rate (notes/sec) Initial call 1 . 1 4±0.3 1 
(0 . 77-2 .0 1 ) 

Chorus 4 .73±0.87 
(2 .  75-6 .5 1 )  

Pulse repetiti on rate (ms) Initial call 3 .98±0.85 
(3-5 ) 

Chorus 4.06±0.66 

( 3-5 ) 

5800 I Max 
N' � Min 
e. 5200 c:::J Mean+SO >. � Mean-SO 
� 4600 

[] Mean 
� @ ..... � ;;s 4000 
'= 

� � � 3400 

..... 

H. nana H. sanbo1 11i H. elim1eae H. jimi 

FIG.  5. Fundamental frequencies of the advertisement calls of 
Hy/a na11a, H. sa11borni, H. elia11eae and H. jimi, near 
Botucatu, Sao Paulo. 

pulse repet1t1on and pulse duration d iffered signifi
cantly among the species during the beginning of call ing 
activity (ANOV A, P<O.O I ) . 

During chorus call ing, the interspecific analyses re
vealed significant differences among the four species 
(ANOV A,  P<O.O I )  in all the temporal variables of the 
advertisement cal l .  

There was a positive correlation between a i r  tem
perature and the rate of note repetition during the chorus 
for H. nana (r,=0 .62;  P<0.00 I ;  n=73), H. sanborni 

(r,=0 .78 ;  P<0 .00 I ;  n=5 8)  and H. jimi (r,=0.80; 
P<0.00 I ;  n =49). For H. elianeae there was no correla
tion between the rate of note repetition and air 
temperature (r,=0.29; P>O.O I ;  n=S 1 ) .  There was no cor
relation for any of the four species between rate of note 
repetition and air temperature during the beginning of 
call ing activity (P>0.05) .  

(3600-6450 )  (2350--44 70) (2900-5 1 00) 

5 1 65± 1 36 3396± 1 57 4069± 1 49 

3 8.2±9 .8  1 6 .6±2 .6  34. 1 ±6.4 
(26-65 )  ( 1 0-23 )  (26--4 7) 
30 .8±5 .5 1 8 .4±2 .9 52 . 1 ±9.2 
(20-43) ( 1 2-26) (37-72 ) 

4 .55±0.86 3 .48±0.84 5 .2± 1 .07 
(3-6) (2-6 ) ( 3-6 ) 

4 .02±0.94 4 . 89±0.82 6± 1 . 1  
( 3-6 ) (2-6) (3-6 ) 

1 .4 1 ±0.44 1 .32±0.3 1 .6±0.3  
(0 .44-2.08)  (0 .72- 1 .88 )  (0 .92- 1 .98) 

3 . 67±0. 7  3 . 1 2±0.45 2 .64±0.5 1 
(2 .25--4. 76) (2 .6--4.02) (2 . 1 --4.93)  

6 . 84±0.69 4. 52±0 . 7 1  1 1 . 37±0.96 
(6-8) (3-6 ) (9- 1 2 )  

7 .54±0.49 4. 89±0.82 1 5 .57± 1 .23 

(6-9) (3-6) ( 1 2- 1 8)  

80 
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FIG. 6. (a) Note duration (ms) and (b) note repetition rate (s) 
of the advertisement cal l  of Hy/a 11ana, H. sanbor11i, H. 
elia11eae and H. jimi ( Hj ) ,  near Botucatu, Sao Paulo, at the 
beginning of call ing activity and during calling in chorus. 

DISCUSSION 

CALLING S ITE 

Habitat type can be an evolutionari ly conservative 
characteristic among c losely related species, so that 
they tend to share simi lar l i fe hi story attributes in the 
same habitat, but in s l ightly different locations; i .e .  they 
are spatial ly separated ( Heyer et al. , 1 990). According 
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to MacNal ly ( 1 985), spatial segregation may occur not 
only through occupying different habitats, but through 
differences in the behaviour of the species. 

The data obtained in the present study for the occu
pation of call ing sites by species of the nana group are 
similar to those presented by other workers in different 
regions ( Barrio, 1 962; Bernarde & Anjos, 1 999;  

Bernarde & Kokubum, 1 999; Rossa-Feres & Jim, 200 1 ;  

Bertoluci & Rodrigues, 2002).  Ecological information 
about the spec ies of the rubicundula group is scarce 
(Jim, 2002; Martins & Jim, 2004) .  

In  spite of the overlap recorded for at least one of the 
cal l ing site variables, there were differences between 
the species groups in how they occupied their cal l ing 
sites. The species of the nana group differed in height 
and distance from the pond edge. In the areas where 
they occurred in sympatry, males of H. sanborni tended 
to call from a higher position than did males of H. nana. 
Distance from the pond edge was the cal l ing-site vari
able which made possible the greatest spatial 
segregation between the two species. The males of H. 
nana cal led predominantly towards the middle of the 
pond, whereas H. sanborni was recorded further out, 
near the edge. 

In the rubicundula species group, the segregation oc
curred in relation to the height and type of the perch. 
Males of H. jimi cal led from a higher position than did 
males of H. elianeae. The differences in occupation of 
the perch were closely related to height. Most males of 
H. elianeae were observed on the ground, while males 
of H. jimi predominantly perched on sedges. 

Comparing the species of the nana and rubicundula 
groups, we observed that there was great simi larity be
tween H. sanborni and H. jimi in the occupation of the 
cal l ing site, showing the greatest degree of overlap. The 
mean perch height was simi lar in the two species. Hyla 

sanborni occupied the region near the pond edge, and 
H.jimi establ ished itself further out from the pond edge. 

The species which showed the greatest degree of seg
regation in the occupation of the ca l l ing s ite was H. 

elianeae. This species has wide behavioural p lasticity. 
In  environment I I ,  where H. elianeae coexists with H. 

sanborni, H. nana and H. jimi, the males of H. elianeae 

cal l  on the ground, whi le the other species cal l  from 
perches. In environments I and I I I ,  where it coexists 
with H. nana and H. sanborni, individuals of H. 

elianeae cal l from perches; although they differ from H. 

nana and from H. sanborni in that they use perches lo
cated farther from the pond edge. 

Ptacek ( 1 992), analysing the use of cal l ing sites in H. 

chrysoscelis and H. versicolor, observed that the most 
important difference between their cal l ing sites was 
perch height, and that this partitioning of cal l ing site 
according to perch height may be important in prevent
ing mismatings between these two species. Given 
( 1 990) found l ittle evidence for differences in 
microhabitat use by two species of Rana; however, he 
recorded a differential use in the location of the call ing 
site in relation to distance from the pond edge between 
the species. 

The ecological simi larities among the species studied 
here may be related to adaptive convergence, or may be 
a consequence of the h igh degree of relatedness. 
Zimmerman & Simberloff ( 1 996) argued that 
phylogenetically c lose species share morphological and 
behavioural characteristics, because of the brief time 
since their speciation event. From this viewpoint, the 
observed s imi larity in occupation of the ca l l ing site 
among the species analysed near Botucatu can be inter
preted as an interaction between the availab i l ity of 
environmental resources and the l imitations imposed by 
the evolutionary history of the taxonomic groups. 

Rossa-Feres & Jim (200 I ) , studying a community of 
anurans in a temporary environment, observed that in 
regard to one behavioural variable in cal l ing site use -
position on the perch - overlap was greater between 
closely related species. In the present study, this vari
able showed the greatest overlap. Nevertheless, this 
high degree of overlap was not observed for the most 
closely related species, but rather between a species of 
the nana group and one of the rubicundula group (H. 
sanborni and H. jimi). An important aspect to be con
s idered is that although the species studied are c losely 
related to each other within the groups, the two groups 
are also closely related, as opposed to the situation stud
ied by Rossa-Feres & Jim (200 I ), who did not analyse 
two closely related species groups. 

The most important variables for the coexistence of 
the species studied were height, type of perch and dis
tance of the cal l ing site from the pond edge. Analysing 
the distribution of frequenc ies along the gradients of the 
resources analysed, we found that the species occupied 
a wide range of gradients. Within this range, however, 
each species showed a specific preference for the use of 
avai lable resources (cal l ing site variables), which dif
fered among the species. These differences were often 
subtle, resulting in close ecological s imilarity between 
two species, such as between H. sanborni and H. jimi. 

BIOACOUSTICS 

The wide variety and abundance of some sympatric 
related species of tropical anurans have attracted atten
tion for studies of interspecies coexistence and their 
interactions in partitioning acoustic space (Duellman, 
1 967; Hod!, 1 977;  Duellman & Pyles, 1 983;  Cardoso & 

Vie l l iard, 1 990; M arquez et al., 1 993 ;  Schwartz & 

Wells,  1 983,  1 984). When many individuals are signal
l ing within an actively partitioned space, the details of 
the acoustic interactions can be complex.  Additional 
complexities are imposed by changes in the conditions 
of social interactions and the presence of noises that in
terfere with the s ignals .  The acoustic space in a 
community of anurans is characterized precisely by 
these complexities (Schwartz, 200 I ) . 

Call ing is the main isolation mechanism among spe
cies that occupy the same type of environment. 
Nevertheless, sympatric species can have similar cal ls, 
and the specificity of the signal must be established by 
combined spectral and temporal parameters ( Hod!, 
1 977) .  
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L ittlejohn ( I  977) suggested mechanisms through 
which acoustic interference can be reduced: ( l )  use of 
different frequency bands by different species; (2)  spa
tial segregation, each species using specific calling sites 
within the environment; ( 3 )  temporal acoustic segrega
tion, synchronization and different temporal structures 
of the notes, avoiding overlap; and ( 4) different patterns 
of specific codes. 

For the species of Hy/a analysed in th is study, fre
quency band width was not a parameter that promoted 
acoustic i solation, because of the overlap in the fre
quency range. The fundamental frequency d iffers 
significantly among the species, indicating acoustic par
titioning and representing different channels of sound 
communication among them. 

Cardoso ( 1 98 I )  observed that the dominant fre
quency of the song was different in most of the species 
that he studied, indicating acoustic partitioning among 
species in the region where the h ighest energy of the 
song was concentrated. 

According to Littlejohn ( 1 977) ,  the frequent occur
rence of superposition of the same frequency band in 
different anuran species is  a result of selection process 
and ecological pressures, which act on the species and 
become evident in morphological characteristics such 
as body size. This relationship between body size and 
the frequency band of the calls was confirmed by 
Duellman ( 1 967). Blair ( J 964) observed that body size 
and the size of the vocal apparatus affect the frequency 
used by anurans. Marquez et al. ( 1 993)  assumed that 
similar-appearing species have common anatomical and 
physical factors, and that such factors would determine 
the close similarity in the use of acoustic and spatial re
sources. For the populations of the species studied here, 
body size did not differ very much, all of them being 
small ( 1 5-26 mm), and using simi lar frequency bands 
( Martins & Jim, 2003, 2004). 

Communication is  a dynamic process, in which a sig
nal emitted by one indiv idual can influence the 
behaviour of another (Schwartz, 200 1 ) .  Frequently, in
dividuals call ing in large chorus groups change the 
rhythm of their cal ls in response to the calls of other, 
nearby males, in order to preserve the integrity of their 
signals and reduce acoustic interference, in addition to 
aiding in location of males by females and in maintain
ing spacing between conspec ific individuals (Wells ,  
1 977 ,  1 988;  Passmore & Telford, 1 98 1 ;  Schwartz, 
1 987) .  

ln  the present study, the species of the nana group 
showed a wider frequency band width than did the spe
cies of the rubicundula group. The use of narrow 
frequency bands, as observed for H. elianeae and for H. 
jimi, can increase communication efficiency by mini
mizing interference from the environment (Straughan, 
1 973) ,  and by this means can reduce competitiveness 
among the species. According to Cardoso ( J 98 1 ) ,  sound 
communication in open areas may favour those species 
that have calls in wide frequency bands, as recorded in 
the present study for H. nana and H. sanborni, because 

this greater frequency spread al lows for more opportu
nity for adaptation, if there is competition for 
communication channels. 

The temporal structure of the calls of the species 
studied was shown to be a strong mechanism for effect
ing partitioning of acoustic space, al lowing coexistence 
in similar habitats during the same activity periods. The 
variables of pulse duration, rate of pulse repetition, note 
duration and rate of note repetition differed signifi
cantly among the species, mainly during chorus activity, 
when the competition for acoustic space is  greatest in 
the aggregations of individuals. 

The overlap in temporal parameters observed among 
the species occurred at d ifferent moments of calling ac
tivity. The rhythm of note emission by individuals in 
chorus was an important factor in partitioning the 
acoustic space, and can be considered as yet another pa
rameter of species recognition. 

H od! ( 1 977) ,  studying an anuran community in 
Amazonia, noted that the songs of four species in which 
the frequency spectra overlapped were strongly differ
entiated in temporal structure. Cardoso & Yiel l iard 
( 1 990) observed that in five synchronopatric species of 
hylids that emitted simultaneous sound signals on the 
same frequency band, acoustic space was partitioned by 
means of differentiation of the temporal structures. 

The pa1titioning of spatial and acoustic occupation 
among the species studied cannot be explained s imply 
through isolated analysis of a single variable, but rather 
by the interaction among all the variables present. These 
combinations of variations in the characteristics of the 
different environments occupied allow for many possi
b i l ities for adjustments in the use of spatial and 
bioacoustic resources by the species (Jim, 2002), as ob
served in the present study. Nevertheless, even if two 
species show overlap in one or more dimensions of their 
niches, there will always be some specific aspect that 
makes possible coexistence between sympatric, 
phylogenetically related species. 
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EFFECTS OF TEMPERATURE ON HATCHING SUCCESS IN FIELD INCUBATING 

NESTS OF SPUR-THIGHED TORTOISES, TESTUDO GRAECA 

C .  D IAZ- PAN IAGUA 1 , A . C .  AN DREU 1 A N D  C .  KE L LER1 .2 

'Estacion Biol6gica de Donana-CSJC, Sevilla, Spain 

2Present address: fnstitulo Nacional de Pesquisas da A mazonia - INPA , Dep. Ecology, Manaus - A M. Brazil 

Spur-thighed tortoises, Testudo graeca, in south-western Spain lay 3 -4 c lutches in shallow 

nests from Apri l  to June. I n  the present study the incubation temperature of nests laid i n  field 

enclosures in  Apri l ,  May and June was mon itored over four years. Mean dai ly temperature 

throughout incubation averaged 27 .9°C, but d isplayed a wide dai ly range, with average maximum 

values around 4 1 °C ( also in nests where hatching success was >O),  and an absolute maximum of 

almost 50°C. Early (Apri l )  nests di splayed lower mean dai ly temperatures than intermediate 

( May) and l ate (June) nests, al though a l l  nests reached s imi lar high temperatures during the 

hottest month (Ju ly) .  I ncubation temperatures were affected by nest vegetation cover. Incubation 

length varied from 67- 1 29 days. Because the length of incubation was negatively correlated with 

nest temperature, early nests had longer incubation periods than intermediate and la te nests. 

H atching success averaged 6 1  % and was mainly affected by variables related to maximum 

temperatures. Thus unsuccessful nests ( i .e .  no eggs hatching) were assoc iated w ith h igher 

temperatures or longer exposure to h igher temperatures. Differences in hatching or nest success 

were not related to the nesting month, but m igh t  have been influenced by the location of the nest. 

Lethal temperatures for embryo development were frequently reached during July,  therefore 

vegetation cover of the nest is l ikely to play an i mportant role in avoiding deleterious nest 

environments. 

Key words: chelonia, incubation temperature, nesting, reproductive success 

INTRODUCTION 

Reptile eggs are highly influenced by their nest envi
ronment, mainly soi l moisture and temperature. While 
flexible shelled eggs require the absorption of water from 
the surroundings to complete development, embryos of 
hard shel led eggs are relatively independent of variation 
in substrate moisture, relying mostly on the water sup
plied by the female at oviposition (Packard, 1 999; Tracy 
& Snell, 1 985 ;  Congdon & Gibbons, 1 990) .  Tempera
ture, however, significantly affects both types of eggs. 
Thermal tolerance l imits of embryos are known to range 
between 22 and 35°C in most reptiles for incubation at 
constant temperatures in the l aboratory. However, field 
incubating embryos may withstand short periods of tem
peratures below and above these 1 imits ( Ewert, 1 979;  

Congdon & Gibbons, 1 990) .  I ncubation temperature 
strongly influences embryo development and growth 
rates, thus conditioning the length of the incubation pe
riod (Gutzke et al., 1 987;  Packard & Packard, 1 98 8 ;  

Deeming & Ferguson, 1 99 1  ) . Fast embryonic develop
ment is  associated with a less efficient metabol ism, 
producing large res idual yolks ( Deeming & Ferguson, 
1 99 1  ) . I ncubation temperature of eggs kept under labora
tory conditions also affects sex determination (e .g .  
P ieau, 1 972, 1 982; Janzen & Pauksti s, 1 99 1 ;  Bul l ,  
1 980), as well as  other hatchling phenotypic traits, be
haviour and survival (e.g. Deeming & Ferguson, 1 99 1 ;  

Janzen, 1 993;  Cagle et al. , 1 993;  Bobyn & Brooks, 1 994; 

Correspondence: C.  Diaz-Pan iagua, Estac ion Biol6gica 
Dofiana, Apdo. I 056, 4 1 080 Sevi l la, Spain. E-mail: 
poli@ebd.csic.es 

Spotila et al., 1 994; Shine et al., 1 997 ;  Elphick & 

Shine, 1 998;  Wilson, 1 998;  Packard et al. , 1 999; Rhen 
& Lang 1 999). The variation of temperature in natural 
nests has been described in some species of repti les 
[e .g.  Emys orbicularis (Pieau, 1 982), Chelydra 

serpentina (Packard et al. ,  1 985 ), Emydura macquarii 

(Thompson, 1 988) ,  Chrysemys picta (Cagle et al., 
1 993),  Sphenodon punctatus (Thompson et al. , 1 996), 

Chelodina expansa ( Booth, 1 998) ,  Chelonia mydas 

and C. caretta ( Kaska et al., 1 998) ,  Amphibolorus 

muricatus (Harlow & Taylor, 2000), Bassiana 

duperreyi (Shine, 2004), Cyclura cychlura ( I verson, 
2004)] . Natural incubation temperatures are known to 
affect embryo survival (Thompson et al., 1 996), as 
well as sexual differentiation of embryos (Pieau, 1 982, 

Harlow & Taylor, 2000), and may be used to predict 
sex-ratio at hatching (Hanson et al. , 1 998, Marcovaldi 
et al., 1 996) .  Although temperature may frequently 
reach lethal levels for embryos in wild nests, only a 
few studies have analysed the effect of incubation tem
perature on hatching success in field incubating nests 
(Shine & Elphick, 200 I ;  Shine, 2004, Thompson, 
1 996, Congdon et al., 1 987) .  Nest temperatures in the 
field may vary throughout the nesting season, as well 
as among localities and years. Differences in incuba
tion temperature throughout the nesting season affect 
the timing of hatching and the developmental trajecto
ries of embryos, eventually affecting hatchling 
phenotype (Shine, 2004). 

In this study we describe the variation of incubation 
conditions in field nests of Testudo graeca in a popula
tion of south-western Spain. Each year females in this 
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population produce 1 -4 clutches of 1 -7 hard shelled 
eggs, laid in shallow nests of about 8 cm depth, usually 
under some degree of vegetation cover (Diaz-Paniagua 
et al. , 1 996). A demographic analysis indicated that egg 
and/or juvenile survivorship are usually low, while oc
casional episodes of successful recruitment 
significantly contribute to revert otherwise declining 
population growth tendencies ( Diaz-Paniagua et al. , 

200 I ) . Within this framework, the assessment of the 
factors that influence hatching success is  paramount to 
the understanding of the mechanisms affecting the dy
namics of the population and the determination of 
effective management measures. 

Previous studies on egg incubation of this species un
der laboratory conditions have showed that sex 
differentiation is  temperature dependent , with a pivotal 
temperature of 30 . 5±0. 5°C (P ieau, 1 975) .  Hatching 
success, the period from hatch ing to emergence, and 
hatchl ing morphology have been described from field 
incubating nests of T. graeca in a previous study ( Diaz
Paniagua et al., 1 997) .  Because rigid egg shel ls prevent 
the loss of large amounts of water to dry surroundings 
(Packard & Packard, 1 988), the eggs of T. graeca are 
assumed to be mostly influenced by incubation tempera
ture, and therefore this study is centred on the variation 
of the thermal environment of field incubating nests. 
Our objectives were ( l )  to describe the variation of in
cubation temperature for c lutches laid at different 
moments of the nesting season and in different years, 
and (2) to analyze the relation between the profile of in
cubation temperature and hatching success. 

MATERIAL AN D M ETHODS 

We monitored hatching success and incubation con
ditions in 56 Testudo graeca nests in four d ifferent 
years: 1 996, 1 997, 1 999 and 2000 (Table I ) . Every year 
we captured female tortoises during the nesting season, 
from mid-March or early April to June. Female capture 
was random, thus some of the clutches both among 
years as well as among nesting periods within the same 
year were from the same female. The presence of ovi
ductal eggs was determined through X-raying (see 
Diaz-Paniagua et al. ( 1 996) for details on the X-raying 
procedure) .  Egg-bearing females were kept in indi
vidual field enclosures of approximately I 0 m2 located 
within the natural nesting area of Testudo graeca in 
Dofiana National Park (SW Spain). Al l  enclosures in
cluded natural vegetation (mainly shrubs of 
Stauracanthus genistoides, and Halimium 

halimifolium), under which free ranging tortoi ses usu
ally lay their eggs ( Diaz-Paniagua et al. , 1 996) .  
Vegetation cover was not measured in the enclosures, 
but every female had the choice between shaded and 
unshaded spots in its enclosure for egg-laying. A l l  fe
males were weighed dai ly after the end of their activity 
period. Egg laying was assumed when a weight loss oc
curred approx imately equivalent to the total mass of the 
eggs detected on radiography (mean egg mass from 
Diaz-Paniagua et al., 1 996) .  The enclosure was then 

TAB L E  I .  Number of nests (n), mean hatching rate and nest 
success for each nesting period of Testudo graeca in the four 
study years. 

Year Nesting n H atching Nest 
period Rate success 

(%) (%) 

1 996 early I 50 .0 1 00 
intermediate 5 95 .0 1 00 
late 6 75 .0 83 .3  
a l l  nests 1 2  8 1 .3 9 1 .7 

1 997 early 7 72.4 1 00 
intermediate 
late 8 74.6 87 .5  
al l nests 1 5  73 .6 93 .3  

1 999 early 6 55 . 5  83 .0 
intermediate 5 50.0 80.0 
late 3 3 .0 1 00 
al l  nests 1 2  49.7 83 .0 

2000 early 5 48.4 80.0 
intermediate 9 45 .9 55 .6  
late 3 33 . 3  3 3 .3 
all nests I 7 44.4 58 .8  

All years early 1 9  60. 1 89.0 
intermediate 1 9  59.4 74.0 
late 1 8  64.4 77.8 
all  nests 56 6 1 . 3 80.0 

thoroughly searched for the nest site through palpation 
by one or two persons. A l l  females were released at 
their original capture sites after oviposition. 

Forty-five nests were fitted with a temperature data
logger placed among the eggs ( 1 1 in 1 996, 7 in 1 997, 1 1  
in 1 999 and 1 6  in 2000), usually 2-3 days after egg-lay
ing. I ncubation temperature was recorded at 30-minute 
intervals using Onset Stowaway data-loggers in 1 996-
1 997 and Onset Tidbit data-loggers in 1 999-2000. All 
data loggers were checked for consistency in tempera
ture recording prior to use in the field and after data 
launching. After introduction of the data-logger nests 
were covered with a wire grid of about 1 5cm x 20 cm, to 
prevent other females from digging at the same point. 
Vegetation cover above each nest was classified in a 
gradient from 0- 1 00%, considering the percentage of 
shade vertically projected over a 50  cm diameter circle 
centred on the nest. Temperature in nests with vegeta
tion cover >0.5 was compared with that of nests with 
lower or no cover. 

In the first week of July, after all females had 
oviposited, nests were manipulated after Diaz-Paniagua 
et al. ( 1 997) in order to control egg p ipping and 
hatchling emergence. F rom I "  August onwards we 
monitored the nests daily by l ifting the sand bag in order 
to record the date of egg pipping. 

We defined the hatching date of each nest as the day 
when pipping of the first egg was observed. Accord
ingly, the incubation period was here defined as the 
number of days elapsed between the day of egg-laying 
and the day of first egg pipping. 
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To determine the temperature profile of each nest we 
used the temperature records from nest detection ( usu
ally 1-2 days after oviposition) to the day of first egg 
pipping. For nests in which no egg hatched, we consid
ered the data recorded up to 15 September. For 12 nests 
detected 7- 16 days after the estimated nesting date, 
mean, maximum and minimum daily nest temperatures 
during these first days were predicted through multiple 
regression, using complete temperature data sets from 
other simultaneously incubating nests as independent 
variables. In all cases regressions had R2>90%. 

For each nest we calculated the following param
eters: ( I )  mean ( meanTd), maximum (maxTd) and 
minimum (minTd) daily temperature; (2) the average of 
meanTd (xmeanTd), maxTd (xmaxT) and minTd 
(xminT d )  for the whole incubation period; (3) minimum 
(T111 ;.), and maximum (T111") temperatures for the whole 
incubation period; (4)  the number of days in which the 
mean daily temperature was over 20, 25, 30 and 35°C 
( nTmean>20' nTmean>2s. nTmean>3o' nTmean>35 ' respectively) and 
the corresponding average mean temperatures for these 
days (xmeanTmean>ZO ' xmeanTmean>ZS ' etc.); (5) the number 
of days with maximum temperature over 30, 35, 40 and 
45 °C (nT111ax>JO' nT1110,>35, nT111ax>40, nT1110,>45 , respectively) 
and the corresponding mean maximum temperatures for 
these days (xmaxTmax>JO' xmaxTmax>JS' etc.); (6) the 
number of days with minimum temperature over 20 and 
25°C (nTmin>zo and nTmin>ZS' respectively) and the corre
sponding mean minimum temperatures for these days 
(xminTmin>20' xminTmin>2s). 

N esting dates were grouped in three categories (here
after referred to as nesting periods): ( 1) early nests 
(eggs laid in April); (2) intermediate nests (eggs laid in 
May); and (3)  late nests (eggs laid in June). The hatch
ing rate per nest was calculated as the number of eggs 
hatched divided by the total number of eggs. Nest suc
cess was defined as a discrete variable (0 = no eggs 
hatched in the nest; 1 = at least one egg hatched in the 
nest) indicative of viable incubation conditions, apart 
from other factors that could affect hatching rate (e.g. 
egg infertility). 

The correlation of incubation length with tempera
ture variables was analyzed individually and using 
multiple regression. We compared temperature vari
ables (groups 2 and 3, see above) among nesting periods 
and years using ANOV A. Nest success was compared 
among years and nesting periods using the x2 test. ln 
order to assess which temperature variables mainly af
fected hatching success, we analyzed the individual 
correlation of temperature variables (groups 2 to 6, see 
above) with hatching rate, and then compared the sig
nificantly correlated variables among successful and 
unsuccessful nests using ANOY A. The significance 
level for comparisons was adjusted to P=0.003 1 follow
ing a Bonferroni correction. 

To assess the influence of incubation temperature 
variables on hatching rates we carried out a logistic re
gression analysis in which nest success was the response 
variable, and temperature parameters were predictor 

variables. In a first approach, the regression was calcu
lated for only one temperature parameter at a time, and 
in a second step we calculated regressions for two com
bined parameters among those presenting significant 
individual relations with the response variable .  Only 
uncorrelated variables were combined in the second 
analysis. 

RESULTS 

VARIATION OF INCU BATION TEM PERATURE 

Tortoises nested from early April to the end of June. 
The yearly nesting season, as represented by the se
quence of recorded nesting dates of monitored tortoises, 
differed significantly among years (F3 52=3 .96, 
P=0.0 129). The sample size for each nesting period 
(Table 1) reflects the actual monthly availability of fe
males in the fie ld in each year and was related to 
climatic differences among years. For example, in 1996, 
exceptionally low early spring temperatures generally 
delayed the onset of the nesting season to mid-May. 

Tortoise nests experienced a wide variation in daily 
as well as whole-period temperature progression (Fig. 
1 ). I ncubation temperature averaged 27 .9°C. Very high 
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F I G .  I .  Evolution of mean, maximum and min imum 
temperature in field incubating nests of Testudo graeca in 
Dofiana National Park (pooled data for nests monitored in 
1 996, 1 997, 1 999 and 2000). The grey horizontal bar at the 
bottom indicates the span of hatching dates. 
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TABLE 2 .  Incubation period ( in days) and mean incubation temperature (xmeanTd, i n  °C) for nests monitored over different 
nesting periods (early, intermediate, late and overal l )  and years. Numbers are the arithmetic mean ± SD, fol lowed by the range ( in 
parenthesis). 

Year Overall Early Intermediate Late 

INCUBATION PERIOD 
1 996 95 .3± 1 0.8  (79- 1 1 7) 1 1 7 .0 99.2± 1 .6 (98- 1 02) 87 .0± 8.3 (79- 1 00) 
1 997 1 00.0±22 .6 (67- 1 29)  1 1 8 .6± 1 4.5 (89- 1 29)  8 1 .4± 9 .7  (67-90) 

1 999 1 1 0 .0± 1 2.9  (93- 1 28)  1 2 1 .6±5.4 ( 1 1 4- 1 28)  99.8± 1 .7 (98- 1 02)  93 

2000 1 07 .6± 1 9.3  (76- 1 3 1 )  1 1 7 .8± 1 6.3  (90- 1 3 1 )  1 03 . 8± 1 6.2 (87- 1 26) 76 
Al l  years 1 02 .9± 1 8 .6  (67- 1 3 1 )  1 1 9 . 1 ± 1 2 . 1  (89- 1 3 1 )  1 0 1 .0±9.3 (87- 1 26) 83 .9±9 . 1 (67- 1 00) 

INCUBATION TEM PERATURE 
1 996 28.0± 1 . 3 (26.3-30.5 )  26.4 28 . 1 ±0.9 (27.3-29.8) 28.3± 1 .5 (26.3-30 .5 )  

1 997 27.8± 1 .4 (25 .3-29. 1 )  26.0± 1 .0 (25 .3-26.7) 28 .5±0.5 (27 .7-29 . 1 )  
1 999 28.0±2.0 (23 .5-30.4) 27.8± 1 .6 (26.2-30.0) 29. 1 ± 1 . 3 (27 .5-30.4) 23.5 

2000 27.7± 1 .6 (24.9-29.2) 26.5± 1 . 5 (24.9-29.2) 28 .2± 1 .3 (25 .2-29.2) 29.0±0.3 (28 .8-29.2) 
Al l  years 27.9± 1 .6 (23 .5-30 .5)  27.5± 1 .6 (24.3-30.3 ) 28 .4± 1 .2 (25 .2-30.4) 28 . 1 ± 1 .7 (26 .3-30 .5)  

temperatures were reached in the nests during the hot
test month (July). In I 0 nests we recorded T111., values 
over 45°C . The h ighest recorded temperature was 
49.8°C, in July in a nest where no egg hatched. How
ever, T111., = 4 7 .4°C was recorded in another nest where 
hatching success was >O. Nest temperature exhibited a 
wide dai ly range, with a mean range of 1 3 .4 °C. T111 ;,, 
never dropped below 1 0°C. In general, early, intermedi
ate and late nests were characterized by different 
incubation temperature regimes, although all of them 
were exposed to simi larly high temperatures during the 
hottest month (July) .  Overall early nests displayed 
lower temperatures than later nests (Table 2). Consider
ing the whole incubation period, nests from different 
nesting periods differed significantly in xmeanTd 
(F2.42 

=6.20, P=0.0044 ), Tm;n (F2AI = 1 0 .29, P<0.0002) 
and xminT<l (F2.4 1=5 .20, P<O.O  I ), early nests exhibiting 
lower values than intermediate and late nests for all 
three parameters. In contrast, all nests reached similar 
maximum temperatures. Considering only incubation 
during July, the only month in which nests from all nest
ing periods were incubating during the whole month, no 
significant di fference was found in xmeanTd among 
nests from different nesting periods. The daily average 
of xmeanTd for all nests varied significantly among 
years CFrno = I  0.87, P<0.0005) ,  which was mainly due 
to higher mean daily temperatures in nests in 1 999. 

Until the first half of May rneanTd stayed under 24°C. 
During this period mostly early nests were incubating. 
Early nests started incubation around l 9°C (Fig. I ) . I n  
the second half of May, when incubation of most inter
mediate nests started, meanTd values cl imbed to around 
26°C. Until the end of May minTd values stayed be
tween 1 6  and 20°C, while maxTd only rarely surpassed 
30°C. In June, when incubation of late nests began, 
meanT11 c l imbed from 26-27°C to 27-29°C in the first 
and second halves, respectively. In July and August 
meanT11 stayed between 29-30°C, while minTd and 
maxTd values were steadily over 20°C and 33°C, respec-

tively. I n  July maxTct frequently reached over 40°C 
(highest maxTd=49 .8°C) . By the end of August, when 
eggs of most early and intermediate nests had already 
hatched, incubation temperatures started to decrease, 
keeping levels similar to June throughout the remaining 
incubation time of most late nests. 

Tortoise nests were frequently located close to or un
der the cover of shrubs, which partially shaded them. 
Vegetation cover of the nests was negatively related to 
xmeanTd (r=-0.409, P=0.0079). Nests where vegetation 
cover was less than 50% shade (46% of the nests) 
reached significantly h igher temperatures than nests 
with more than 50% shade (F

1 .39
=9.26, P=0.0042). Only 

1 0% of the nests had no cover at all (0% shade), while 
1 5  % were completely covered ( 1 00% shade) under a 
dense shrub. 

HATCH ING DATE AND I NCUBATION LENGTH 

The hatching date differed significantly among nest
ing periods CFrn= l 5 .24, P=0.000 1 ), but not among 
years. The earliest hatchings occurred in the first half of 
August, and were from early and intermediate nests 
(which did not differ significantly), while eggs from late 
nests started to hatch significantly later, towards the end 
of August (Tukey post-hoe test). Most early and inter
mediate eggs hatched unti l the end of August, while late 
eggs hatched in the second half of September ( Fig. I ) . 

Incubation periods ranged between 67 (a late nest in 
1 997)  and 1 29 days (an early nest in 1 997) and de
creased significantly from early to late nests 
(F

2.43
=45 .07, P<0.000 1 )  (Table 2). No significant dif

ferences were observed among years. 
The length of the incubation period was significantly 

and negatively correlated with T111;,, (r=0.580, 
P=0.0003 ) ,  xminTct (r=-0.46 1 ,  P= 0 .006), xmeanTd 
(r=-0. 375  , P=0 .02) and positively correlated with 
nT1110.,,>20 (r=0.68 1 ,  P<0.000 I )  and nTm;n>20 ( 1=0.388, 
P=0 .02) .  A s imi larly good predictive value was ob
tained for the two functions: I ncubation length = 46.03 -
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1 .67 xmeanTct + 1 .09 nTmcan>lO (R
2=0.669) and Incuba

tion length = 58 .88 - 2 .627xminTd + l .08nT111ean>lO 
(R2=(0.669). 

INFLUENCE OF INCUBATION TEMPERATURE ON 

HATC HI NG AND NEST SUCCESS 

Overall hatching rate was 61 %, and although a lower 
percentage was registered in nests from 1 999 and 2000, 
we did not find significant differences among years nor 
nesting periods, despite the lower values registered for 
1 999 and 2000 (Table I ) . Nest success did not differ sig
nificantly among years or nesting  seasons. We recorded 
values over 80% in all seasons of the four study years 
except in intermediate and late nests in 2000, when no 
eggs hatched in six of 1 2  nests . 

The comparison of successful and unsuccessful nests 
mostly revealed sign ificant differences in variables re
lated with maximum temperatures (xmaxTct, Tmax and 
xmaxTmax>30) and with the number of days with high tem-
peratures (nTmean>20' nTmcan>2s ' 

nTmean>3o' 
nT min>20' 

nTmax>3s ' 
nTmax>40), suggesting that egg mortality was associated 
with the higher temperatures experienced by unsuccess
ful nests (see Table 3 ) .  Simi larly those variables related 
to maximum temperatures were significantly and nega
tively correlated with hatching rates (Table 3 ) . The 
highest correlation coefficients were obtained for Tmax ' 
xmaxTmax>Jo. nTmax>40 and nT111ax>Js ' 

and all had significantly 
h igher values in unsuccessful nests compared to suc
cessful ones. The number of days with maximum 
temperature >40°C was almost three times higher in un
successful nests than in successful ones. 

Among the logistic regression equations for predic
tion of successful and unsuccessful nests using 
individual variables only nTmean>25 and T111., obtained 
correct classification >90% (Table 4). The predictive 
abi l i ty of these two variables increases to up to 95% in 
combination with nTmean>Js' T111 ;11 and X,11;11T min>20. 

TABLE 4. Results of logistic regression analysis using nest 
success rate as response variable and incubation temperature 
variables as explanatory variables for nests of Testudo graeca 
monitored in Dofiana National Park (see M aterial and 
M ethods for defini tions of variable names). 

ONE VARIABLE 

nTmcan>2s 
T max 

Two VARIABLES 

n Tmcan>25 *n Tmcan>JS 
n T mcan>2s *Trnin 
T max .  xminTrnin>20 
Tmox ' xminT0 
T max • nTmin>2s 

R2 

0.435 

0.490 

0.377 

0 .386 

0.4 1 2  

0.403 

0.406 

Correct 

predictions 

(%) 

Variable 

coefficients 

Intercept V I  V2 

9 1  .4 20.08 -0.22 

90.3 45 .  70 - 1 .02 

95 .5  

95 .5  

93 .0 

90.7 

90.5 

20.99 -0.22 2 . 1 9  

2 1 .97 -0.22 -0.07 

9.92 - 1 .0 1  1 .5 6  

3 1 .48 - 1 . 04 0.70 

45.95 - 1 . 03 0.07 
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DISCUSS ION 

VARIATION OF INCUBATION TEMPERATUR E  

The main period of  egg-laying of Testudo graeca i n  
Doiiana occurs from the beginning of April unti l the 
first half of June, with only a few nests recorded at the 
end of March and during the second half of June ( Diaz
Paniagua et al. , 200 1 ). This protracted nesting season 
allows female tortoises to lay up to four clutches in a 
year (Diaz-Paniagua et al. , 1 996) . 

Ambient temperature gradually increases throughout 
the nesting season of T. graeca, so that eggs laid in dif
ferent months are exposed to different temperature 
regimes. Notably, early nests were incubated at lower 
temperatures than intermediate and late nests during ap
proximately the fi rst third of their incubation period, 
whi le during the two remaining thirds of incubation 
nests of di fferent months are exposed to s imilar tem
peratures. This adaptation to a wide range of thermal 
incubation environments enables tortoises in south
western Spain to attain a h igh clutch frequency before 
the summer inactivity period ( Diaz-Paniagua et al. , 

1 995) .  
Reptiles excavate their nests in the soi l ,  and depend

ing on the depth, incubation temperature may be more 
or less influenced by the diurnal cycle of sun radiance 
and heating/cool ing cycles of the ground (Packard & 

Packard, 1 988) .  Therefore, species with shallow nests 
have a wider daily variation in temperature than species 
nesting in deep holes ( Ewert, 1 979).  The location of the 
nests on bare or vegetated ground also affects the varia
tion of incubation temperature ( Ewert, 1 979; Congdon 
et al. , 1 987;  Janzen, 1 994; Wi lson, 1 998; Weisrock & 

Janzen, 1 999).  T. graeca in Doiiana National Park lay 
eggs in shallow nests with an average depth of 8 cm. 
Frequently the nests are partially shaded by a shrub, but 
they are also dug in bare ground ( Diaz-Paniagua et al. , 

1 996). Nest temperature experienced a wide variation 
throughout the day, as wel l  as throughout the whole i n
cubation period. Mean incubation temperature in the 
field was about 28°C, a value frequently recorded for 
development of repti le eggs ( see e .g .  Ewert, 1 979;  
Packard & Packard, 1 988),  but nest temperatures fre
quently reached values above the reported tolerance 
l imits for rept i le  eggs (33-3 5°C, according to Ewert, 
1 979; Congdon & Gibbons, 1 990; Packard & Packard, 
1 988) .  H owever, thermal tolerance l imits have been de
scribed for constant incubation conditions in the 
laboratory, while embryos developing in the field are 
known to withstand short periods of temperatures above 
or below thermal l imits (Congdon & Gibbons, 1 990; 
Packard & Packard, 1 988;  Ewert, 1 979).  Simi lar high 
and fluctuating incubation temperatures are also l i kely 
to be found for other Testudo species arround the Medi
terranean, although detai led description of field 
incubation temperature in other populations has not yet 
been reported. 

HATC H ING DATE AND INCUBATION L ENGTH 

Embryo development is  accelerated by increasing 
temperature (Packard & Packard, 1 988 ;  Congdon & 

Gibbons, 1 990; Deeming & Ferguson, 1 99 1  ). Embryos 
from early T. graeca nests were exposed to relatively 
low temperatures during the initial phase of incubation, 
and are l ikely to have had very slow or even no develop
ment during this period, which is  supported by the fact 
that hatching dates of eggs from early nests did not dif
fer significantly from those of nests laid in May.  I n  
contrast, late nests were exposed to  relatively higher 
temperatures during the whole incubation period, which 
resulted in faster embryo development. 

We have found no evidence that incubation condi
tions of early, intermediate and late nests affect 
hatching rates in di fferent ways. However, eggs from 
early nests had slower early development and longer in
cubation time, which may be expected to influence 
hatchl ing phenotype. In a previous study we detected 
that hatchlings from latest nests had better physical con
dition than hatchlings from earlier nests ( Diaz-Paniagua 
et al. , 1 997), probably because their higher mean incu
bation temperature was related to higher metabol ic  
efficiency during development (Packard & Packard, 
1 988) .  

As a consequence of decreasing incubation length 
from early to late nests the hatching season was much 
shorter ( 45 days) and synchronized than the nesting sea
son (80 days). This may be adaptive in south-western 
Spain, for it prevents hatchling emergence to extend 
into autumn. On the other hand, emergence from the 
nest may be delayed for several days (Diaz-Paniagua et 

al. , 1 997), which probably enables hatchlings to over
come periods of harsher summer cl imate. 

INFLUENCE OF INCUBATION TEMPERATURE ON 

HATCHING RATE AND N EST SUCESS 

Overal l ,  3 9% of eggs did not hatch in this study, 
while 20% ofnests were total failures (no egg hatched). 
H atching and nest success rates were unrelated to nest
ing period and years, and are thus unlikely to be 
associated with a particular tendency in thermal incuba
tion regime. Unsuccessful nests had significantly higher 
values for all variables related to maximum tempera
ture, indicating that total nest fai lure was caused by 
excessively high temperatures during incubation. This 
result suggests that lethal temperatures for embryo de
velopment may frequently be reached in the soi l in 
Doiiana, mainly during July. Some chelonians locate 
their nests under canopy vegetation cover, close to 
standing water or in deep holes to avoid extreme tem
peratures during incubation (Wi lson, 1 998;  Morjan, 
2003; Weisrock & Janzen, 1 999; Kolbe & Janzen, 
2002) .  For Kinosternon baurii, a small aquatic turtle 
with shal low nests, a s imi lar influence of maximum 
temperature on embryo mortality was described. K. 
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baurii apparently selected nest sites close to vegetation 
and avoided open sites. Embryo mortality was h igher in 
nests located in open sites, which reached higher maxi
mum temperatures over longer periods than covered 
nests (Wi lson, 1 998).  

In Doflana National Park protection from lethal tem
perature peaks in shallow nests can be provided mainly 
by locating the nests under the shade of vegetation, 
where nest temperature was significantly lower than in 
unshaded nests. This is  probably why most tortoises in 
Doflana locate their nests at the base of shrubs (Diaz
Paniagua et al. , 1 996). Nest success and hatching rate 
decreased from the first to the last study year. Even 
though these differences were not statistically signifi
cant, they suggest that the study design - females 
confined each year in the same small enclosures - might 
have artificially influenced hatching success. The dete
rioration of vegetation within the enclosures during the 
four study years due to natural drying of shrubs and cu
mulative tortoise burying activity probably constrained 
the availabi lity of adequate nesting sites. 

The association of nest failure with h igher maximum 
temperatures and the relation among temperature and 
vegetation cover suggests that microhabitat structure is 
important for the successful incubation of T. graeca in 
Doflana. Juven i le survival is  general ly low in this popu
lation ( Diaz-Paniagua et al., 200 1 ) , but high hatching 
success has also been observed ( Diaz-Paniagua et al. , 

1 997) .  The stabi l ity of the T. graeca population in 
Doflana National Park depends on high adult survival 
but also on sporadic  h igh j uven i le recruitment bouts 
(Diaz-Paniagua et al. , 200 1 ) . In this sense, the persist
ence of h igh hatching success rates may enhance 
population stabil i ty and this may be achieved by con
serving a habitat m icrostructure that enables that a 
sufficiently high proportion of nests do not reach lethal 
incubation temperatures. The same might be applicable 
to other T. graeca populations, which inhabit regions of 
very hot and dry late spring and summer cl imate around 
the Mediterranean. The Doflana National Park popula
tion is effectively protected, as is  its habitat. However, 
many other T. graeca populations have been suffering 
severe habitat loss or deterioration (Andreu et al. , 2004; 

Bertolero & Cheylan, 2004; Zwartepoorte, 2004; Bour, 
2004a,b,c; Leontyeva, 2004; Shacham, 2004) .  A conse
quence of that may be that, even where populations are 
sti l l  able to subsist, ideal conditions for egg incubation 
may have been compromised. 
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COUNTING VENTRAL SCALES IN ASIAN ANILIOID SNAKES 

DAVID J . GOWER A N D  JONATHAN D. ABLETT 

Department of Zoology, The Natural History Museum, London, UK 

The anteroventral scalation patterns of 48 specimens (24 species)  of Asian ani lio id  snakes 

( Anomoch i l idae, Cyl indrophi i dae, U ropelt idae) were examined. Scales were p inned and X

rayed to a l low the position of the neck j oint to  be determined. Asian ani l i oids have a pattern of 

anteroventral scalation that prevents appl i cation of the standard Dowling system for i dentifying 

the first (anteriormost) ventral scale. No repeated pattern i s  found between anteroventral 

scalation and the position of the neck joint .  Between four and e ight  post-mentum m idventral 

scales l i e  anterior to the neck joint ,  with intraspecific variation occurring by up to two scales. 

Variat ion in  the posit ion of the neck jo in t  i s  probably caused by variation in  scalation and 

preservation ,  and perhaps ontogeny, w ith fewer midventral scales anterior to the neck joint in 

larger speci mens. We recommend that counts of Asian ani l io id ventral scales for taxonomic  

purposes include al 1 m idventral scales between the mental and anal scales. For precise comparisons 

of precloacal vertebral numbers among Asian ani l io ids and other snakes, d issections or X-rays 

are required. 

Key words : methodology, morphology, Serpentes, scalation, Uropeltidae 

INTRODUCTION 

In a highly influential and widely cited paper, 
Dowling ( 1 95 1 )  proposed a standard system for identify
ing the anteriormost ventral scale in snakes. As Dowl ing 
recognised, the posteriormost ventral is  readily identified 
as the scale adj acent to the anal scale(s), but the 
anteriormost ventral is  not so obvious (see also Peters, 
1 964 : 3 78) .  In the majority of alethinophidians, enlarged 
anterior chin shields are separated from wider scales by a 
number of small gular scales that are often i rregular and 
not present in a single midventral l ine. Dowling 's system 
identified the first ventral as the anteriormost wider mid
l ine scale that is directly in contact with the first row of 
dorsal scales. Wide scales lying between this first ventral 
and smal ler gulars were termed "preventrals" by 
Rasmussen & Howell ( 1 982; see also Largen & 

Rasmussen, I 993 : 3 1 7) . As well as being consistent and 
repeatable across different workers, the first ventral was 
described by Dowl ing as corresponding to the first verte
bra behind the neck joint of the axial skeleton, at least in 
ten colubrid genera. Thus, given that the vast majority of 
alethinophidians have a 1 :  1 correspondence between 
vertebrae and ventral scales (Alexander & Gans, 1 966), 
the numbers of ventral scales counted using Dowling's 
system equals the number of precloacal vertebrae. 

In some groups of snakes, the anteroventral pattern of 
scalation does not correspond to that described by 
Dowling, and Dowl ing ' s  system cannot clearly be ap
p lied. In this paper, we examine the anterior ventral 
scales of one of these groups, the anilioids, comprising 
the South American Ani l i idae, and the Asian 
Anomochli idae, Cylindrophi idae and Uropeltidae (sensu 
McDiarmid et al. , I 999). Anil ioid monophyly is not well 
supported, but all but one species (the sole ani l i id ,  

Correspondence: D. J .  Gower, Department of Zoology, The 
N atural H i story Museum, London SW7 5BD,  UK. E-mail: 
d.gower@nhm.ac.uk 

Anilius scytale) are included in the more probably 
monophyletic (Gower et al., 2005) "Asian anil ioids", 
which are the focus of this study. 

P REVIOUS STUDIES 

A precise methodology is  generally not presented in 
even the more sign ificant of previous studies reporting 
ventral counts in Asian ani l ioids (e .g.  Boulenger, 
1 890; Wall ,  1 92 1 ;  Smith, 1 943 ; Constable, 1 949; 
Rajendran, 1 985) .  Beddome ( 1 886) did not describe a 
method for counting, but did describe ventral scales as 
occurring right up to the mental scale or immediately 
behind the first infralabials ( if  these meet behind the 
mental)  in several genera of U ropeltidae. B achman 
( 1 985)  employed the same method in presenting ven
tral counts for Cylindrophis maculatus. In some cases, 
new counts made (by DJG) of individual specimens al
low us to infer that previously reported ventral counts 
have included all midventral scales between the mental 
and anal scales (e .g.  at least some of the counts pre
sented by Gunther, 1 864). H owever, there are some 
discrepancies between counts given by other previous 
workers (without an explicit  method) and counts made 
by one of us (DJG) that include all midventral scales 
between the mental and anal scales. For example, the 
type specimen of Rhinophis fergusonianus was origi
nally described as having 1 84 ventrals ( Boulenger, 
1 896) but we count 1 96, and Silybura shortii was 
originally described as having 1 34 ventrals (Beddome, 
1 863) but the four syntypes (McDiarmid et al. , 1 999) 
have 1 3  7- 1 4 7 .  Other possible systems for identifying 
the anteriormost ventral in Asian ani lioids where this 
has not been clearly described include the first scale 
that is  wider than long (e.g. see Schmidt & Davis, 
1 94 1 )  or the first m idventral scale that is  the same 
width as other undoubted (more posterior) ventrals 
(e.g. see Thompson, 1 9 1 4  ) .  It m ight be noted that very 
few taxonomic studies of Asian ani l ioids have been 
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FIG. I .  Outl ine figures (from camera lucida drawings) of the anteroventral scalation patterns in a range of Asian anil ioid snakes. 
Black bars indicate the position of the occipito-vertebral (neck) joint, as determined by pinning scales and X-raying specimens. 
The following taxa and specimen numbers (see Appendix 1 for further details) are i l lustrated, with total length of each specimen 
reported in  parentheses: A.  Anomochilus Leonardi BMNH 1 946. 1 . 1 7 .4 (274 mm); B. Cylindrophis lineolatus BMNH 1 90 1 .5 . 1 7 . 1  
(665 mm); C .  C. ruffus B MN H  87 .2 . 7 . 1 (4 1 5  mm); D & E .  C. maculatus DNM MW 1 762 & 1 797 (369 & 407 mm); F .  
Melanophidium wynaudense BMNH field tag MW 2542 (426 mm); G & H .  M.  punctatum BMNH field tags MW 269 1 & 2479 
(282 & 46 1 mm); I & J. M. bilineatum BMNH 74.4.29.698 & 699 (355 & 1 75 mm); K & L.  Brachyophidium rhodogaster BMNH 
1 923 . 1 0 . 1 3 .33 & 36 ( 1 1 6  & 1 84 mm);  M .  Teretrurus sanguineus 74.4.29.76 (2 1 5  mm);  N & 0.  Platyplectrurus trilineatus BMNH 
88. 1 .27 .38 & 39 (328 & 395 mm); P .  P.  madurensis BMNH 1 923 . 1 0. 1 3 .29-3 1 (36 1 mm);  Q & R. Plectrurus aureus BMNH 
89.7.6 .7 & 8 (350  & 2 1 5  mm); S. P.  canaricus BMNH 79.7 .4.6- 1 4  (379  mm); T. Uropeltis macrolepis BMNH 97.7 . 1 9.6 (257 
mm); U & V. U. dindigalensis BMNH 83. 1 . 1 2 . 6  & 7 (358  & 23 1 mm); W & X.  U. nitida BMN H  78. 1 . 1 1 .2 & 1 (290 & 295 mm); 
Y .  U. ocellatus BMNH 74.4.29.96 (300 mm); Z & AA. Rhinophis travancoricus BMNH field tag MW 2 1 9  & 2 2 1  ( 1 83 & 1 1 3 
mm); BB ,  CC & DD. U. phillipsi DNM M W ! 759; 1 76 1  & 1 757  (294; 1 84 & 3 1 8  mm); EE .  U. melanogaster BMNH 1 905.3 .25.66 
( 1 76 mm); FF. R. philippinus DNM MW 1 739 (246 mm); GG & H H. R. oxyrhynchus BMNH 95.6 .22 . 1 ;  233+5 (440 & 4 1 9  mm); 
II & JJ. Pseudotyphlops philippinus BMNH 1 955 . 1 .9.6 1 & 60 (385 & 203 mm). 
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publi shed since Dowling's ( 1 95 1 )  system was pro
posed. 

M ETHODS 

Forty-eight ethanol preserved specimens represent
ing all genera and a total of 23 spec ies of anomochi l ids 
(one species) ,  cyl indrophi ids (three species)  and 
uropeltids ( 1 9  species) were examined ( see Appendix 
I ) . Between four and eight fine entomological pins were 
inserted perpendicular to the long axis of the body, into 
anterior midventral scales in the estimated region of the 
neck joint, with adjacent pins generally spaced by one 
midventral scale. Pinned spec imens were subsequently 
X-rayed, and camera lucida drawings were made of an
terior m idventral scalation patterns .  The radiographs 
al lowed the position of the neck (occip ito-vertebral ) 
joint to be related to external scalation .  A total of 48 

specimens were pinned and X-rayed. Generally, two or 
three different sized specimens of each inc luded species 
were examined. 

RESU LTS 

Unl ike in most colubroids and other non-ani l io id 
aleth inophidians, As ian an il ioids do not have interven
ing scales obviously lying between the anterior scales of 
the midventral row and adjacent dorsal scale row ( Fig. 
I ) . Additionally, Asian anil io ids generally have fairly 
narrow ventral scales, less than twice as wide as adja
cent dorsal scale rows, which gradually narrow 
anteriorly onto the underside of the head. These 
midventral scales extend far anteriorly, up to the chin 
where they contact the mental scale or are separated 
from it by only a single pair of paramedian chin scales 
and/or the anteriormost infralabials. Thus, Dowling ' s 
system cannot be applied. 

There seems to be no read ily implemented way of 
recognising the position of the occ ipito-vertebral joint 
from external scalation in Asian an il ioids. ln our sam
ple, the number of midventral scales lying anterior to 
the occipito-vertebral jo int varied from four ( some 
Cylindrophis, Melanophidium, Rhinophis) to eight 
(only Pseudotyphlops) .  I ntraspecific variation was 
never more than two in our sma l l  samples. Variation 
probably correlates, in part, with variation in the pres
ence ( Cylindrophis, Melanophidium) or absence (other 
Asian anilioids) of a mental groove, intraspecific varia
tion in whether the anteriormost midventral scale 
contacts the mental or infralab ials (Fig .  I K, I I )  or is 
separated from them by at least one paramedian pair of 
scales ( Fig. l L, HH,  JJ ) ,  and variation in the length of 
the stalk of the occipital condyle,  which i s  markedly 
elongated in many uropel tids (e .g .  Rieppel & Zaher, 
2002) .  

For Asian anil ioids, attempts t o  identify the first ven
tral as the anteriormost midventral scale that is wider 
than long or the width of typical ( further posterior) ven
tral scales are both problematic because generally the 
midventral scales narrow anteriorly in a very gradual 
manner (Fig. 1 ) ,  and the exposed width of ventral scales 

varies as specimens are manipulated because of mobi le 
scale imbrication. 

In all cases where two or more specimens of substan
tial different lengths were examined (e.g. Fig. I D  & E,  
G & H, I & J , N & 0, U & V, Z &  AA, CC & DD, GG & 
HH,  I I  & JJ), the larger spec imens had fewer midventral 
scales lying anterior to the occipito-vertebral joint. 

D I SCUSS ION 

[n the vast majority of extant snakes, there is a I :  I 
correspondence between vertebrae and ventral scales, 
in agreement with knowledge of dermis-vertebral rela
tions during ontogeny (A lexander & Gans, 1 966). Thus, 
establ ishing standard methods for identi fying the 
anteriormost ventral scale and making repeatable 
counts of ventral scales is important for two kinds of 
comparisons that can be made : ( I )  among conspecifics 
and closely related species, and (2 )  among different ma
jor l ineages of snakes. The former is important in 
assessments of variation for species- and population
level systematics, while the latter informs broader 
studies of snake phylogeny and evolution. 

We detected some ontogenetic variation in the align
ment of the occ ipito-vertebral joint and anterior 
mid ventral scales ( see Fig. I ) , but it is  unclear whether 
this reflects ontogenetic reduction in relative head 
length, or is simply a result of preservational differences 
or is even an artefact of our small sample size. 

Asian anilioids have a I :  1 correspondence between 
vertebrae and ventral scales (Alexander & Gans, 1 966 -
contra Bellairs & Underwood, 1 95 1  ), so that a secure 
method for al lowing the position of the occipito-verte
bral joint to be determ ined from external scalation 
would al low precise comparisons of vertebral numbers 
with most other I ineages of snakes without recourse to 
X-ray or internal examination. However, based on our 
results, there seems to be no repeatable system for iden
t ifying the anteriormost midventral scale that 
corresponds with the occipi to-vertebral joint in Asian 
an i l ioids .  In l ight of this, we make two recommenda
tions: ( I )  for comparisons at lower levels (espec ially at 
or below the genus),  ventral counts inc l ude all 
midventral scales between the mental and anal scales; 
(2) where workers choose not to fo llow our recom
mended system, the method should be described. 
Further, we make three addit ional observations: ( I )  in
dividuals of the same species with the same number of 
precloacal vertebrae might vary in ventral scale counts 
made using this method because of smal I amounts of 
intraspecific variation in precise scalation patterns; (2) 
for comparisons of numbers of body segments among 
genera of Asian an i l i oids, and among ani l ioids and 
other snakes, it must be borne in mind that ventral 
counts for anilioids made in the recommended manner 
wi l l  be ( up to eight) h igher than the number of 
precloacal vertebrae; ( 3 )  for prec ise comparisons of 
vertebral numbers among anil ioids and other snakes, 
specimens must be dissected or X-rayed. Comparisons 
among major li neages of snakes of numbers of 
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precloacal vertebrae based on a proxy of ventral scales 
counted using different methods will be biased in a rela
tively trivial (though directional, in at least some cases) 
manner. 

Our recommended solution of not excluding any 
midventral scales between the mental and anal is  con
sistent with some other studies that report ventral scale 
counts for Asian ani l ioids, whether described c learly 
(e.g. B achman, 1 985)  or not (e.g. Gunther' s, 1 864 count 
for the holotype of Uropeltis bicatenata). lntraspecific 
variation in ventral scale counts made using our recom
mended system for Asian ani l ioids might not correlate 
precisely with variation in precloacal vertebrae. This is  
largely because of intraspecific variation in  exact 
scalation patterns immediately behind the mentum. I n  
addition, variation in  the preservation of individuals is  
l ikely to cause some differences i n  how midventral 
scales align with the occipito-vertebral joint. This might 
be exacerbated for uropeltids, at least some of which 
have notably free movement of the anterior end of the 
vertebral column within the ' integumentary envelope', 
in association with a particular mode of burrowing 
(Gans et al. , 1 978) .  Thus, small variations in pre-verte
bral m idventral scale counts for Asian ani l ioids are 
probably not of wider relevance. 

Some snakes do not have a I : 1 correspondence be
tween vertebrae and ventral scales, for example 
acrochordids, some marine elapids, typhlopids and 
anomalepidids (Alexander & Gans, 1 966). Some of 
these and some additional taxa that do have a I :  I corre
spondence (e.g.  Anilius, leptotyphlopids) are 
superficially s imi lar to Asian ani l ioids in having 
anteroventral scalation patterns that do not permit  the 
implementation of Dowling's  ( 1 95 1 )  system. Novel ap
proaches to counting ventral scales were taken in some 
studies of these groups, for example Smith ( 1 926:  xvi) 
counted ventral scales in sea snakes "from the first en
larged (bituberculated) scale that can be found upon the 
neck". In other cases, ventral counts are not regularly 
recorded, for example middorsal scale counts are often 
the main or only longitudinal scalation count reported 
for scolecophidians (e.g. Gower et al. , 2004) . 

Almost all non-ani l ioid,  non-colubro id  
alethinophidians (pythons, boas and close relatives, 
possibly not a clade) have a scalation pattern that al lows 
Dowling's ( 1 95 1 )  system to be app lied, although we are 
not aware of how consistently this relates to the position 
of the occipito-vertebral joint. The Xenopeltidae resem
ble Asian ani lioids in not having any obviously 
intervening gular scales between the anterior midventral 
scales and the first dorsal scale row (personal observa
tion of Xenopeltis unicolor) . Xenophidion, 

ungaliophi ids and tropidophiids also have scalation pat
terns amenable to the application of Dowling's system. 
The latter, along with the monotypic Anilius (which has 
a pattern of anteroventral scalation superficially similar 
to Asian ani l ioids), might be the only extant 
alethinophidians to l ie  outside of a clade comprising 
Asian ani l ioids and all  other alethinophidians (e .g .  

S lowinski & Lawson, 2002; Wi lcox et  al. , 2002; Vidal 
& Hedges, 2004). Thus the most recent molecular 
phylogenetic  hypotheses for the major l ineages of 
snakes suggest that scalation patterns for which 
Dowling's  system can and cannot be applied are homo
p lastic. 
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APPEN D I X  I 

M ATERIAL OF A S I AN ANIL IO IDS P INNED, X-RA Y ED, 

AND EXAMINED 

BMNH - The Natural H istory M useum, London; 
DNM - Department of National Museums, Colombo, 
Sri Lanka. Taxonomy fol lows McDiarmid et al. ( 1 999).  
For those BMNH specimens renumbered after 1 946, the 
more recent number is  given. 

Anomochilus Leonardi (BMNH 1 952 . 1 .2 .63 ;  
1 946. 1 . 1 7 .4),  Cylindrophis lineolatus (BMNH 
1 90 1 . 5 . 1 7 . 1 ) , C. maculatus (DNM MW 1 762 & 1 797), 
C. ruffus (BMNH IV.23 .2 .b ;  87 .2 .7 . 1 ;  1 980.909),  
Melanophidium bilineatum (BMNH 74.4.29.698 & 
699), M. punctatum (BMNH field tag M W  24 79 & 
269 1 ), M. wynaudense ( B MN H  field tag M W  2542), 
Brachyophidium rhodogaster (BMN H  1 923 . 1 0. 1 3 . 33  
& 36;  1 936 .6 . 1 1 . 3 ) , Teretrurus sanguineus (two of  
B MN H  1 946. 1 . 1 6 .57-62), Plectrurus aureus (BMNH 
89.7 .6 .7  & 8 ) ,  P.  canaricus (two of BMNH 79 .7 .4.6-
1 4), Platyplectrurus madurensis (two of B MN H  
1 923. 1 0. 1 3 .29-3 1 ), P. trilineatus (BMNH 88. 1 .27.38 & 
39), Pseudotyphlops philippinus (BMN H 1 955 .  l .9 .60 & 
6 1  ), Rhinophis oxyrhynchus (BMNH 233+5; 95 .6.22. 1 ), 
R. philippinus (DNM M W  1 739,  1 754 & 1 756), R. tra

vancoricus (BMNH field tag M W  2 1 9  & 22 1 ), Uro

peltis dindigalensis (two of BMNH 1 946. 1 . 1 6.2-4), U. 
macrolepis (BMNH 97 .7 . 1 9 .6;  1 958 . 1 4.62) ,  U. mela
nogaster (BMNH 6 1 .6 . 1 1 . 1 -5 ;  1 905 .3 .25 .66-72), U. 
nitida ( B MN H  1 946. 1 . 1 6 . 30  & 3 1  ) , U. ocellatus 
(BMNH 74.4.29.95 & 96), U. phillipsi ( DN M  
MW 1 757; 1 759 & 1 76 1 ) . 
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CONSISTENTLY DIFFERENT LEVELS OF GENETIC VARIATION ACROSS THE 

EUROPEAN RANGES OF TWO ANURANS, BUFO BUFO AND RANA TEMPORARIA 
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1 Current address: Max Planck Institute for Limnology, Tropical Ecology Working Group, Pion, Germany 

We compared the genetic d iversit ies across e ight microsatel l ite loci  of two widespread 

anurans, Bufo bufo and Rana temporaria, at mult iple s ites across their western and central 

European ranges. Biifo bufo consistently exhibited less genetic d iversity than R.  temporaria. Our 

evidence infers that this d ifference i s  unl ikely to be a feature of the spec i fi c  marker loci  used, nor 

i s  it a probable consequence of the d ifferent phylogeographic h i stories of B. biifo and R. 

temporaria. No recent bottlenecks were observed in B. bufo or R. temporaria populations. B oth 

spec ies showed s imi lar levels of d ifferentiation across their European range as estimated by F

stati stics, but whereas R. temporaria exhibited isolation by d istance effects, B. bufo did not. We 

suggest that d istinct autecological features of the two species are the most l i kely explanation of 

the d iversity d ifferences, especia l ly more l imited h i storical gene flow among Biifo compared 

with Rana populat ions.  

Key words : amphibians, genetic diversity, interspecific variation, microsatel lites 

INTRODUCTION 

Genetic diversity is important to the long-term viabil
ity of populations (Amos & Balm ford, 200 1 ;  Hedrick, 
200 I ) . Although many factors can affect genetic diver
sity (Amos & Harwood, 1 998), effective population size 
and gene flow among populations or sub-populations are 
among the most important. Differences in either of these 
features can have substantial effects on comparative ge
netic diversities between species. We recently found that 
two broadly simi lar anurans (Buja buja and Rana 

tempararia) had very different genetic diversities when 
multiple populations in Britain were analysed across 
eight microsatellite loci (Brede & Beebee, 2004) . Al
though B. bufa had on average much larger census 
population sizes than R. tempararia, genetic diversity 
was consistently greatest in R. tempararia. This was po
tentially accounted for by different population structures. 
Buja buja had relatively few and isolated populations 
with l ittle gene flow among them, whereas R. tempararia 
had multiple small populations with extensive intercon
necting gene flow. 

However, other factors than current population struc
ture can affect levels of genetic diversity. Britain must 
have been colonized by both of these species in the im
mediately post-glacial period when there were land 
connections to mainland Europe (Vincent, 1 990) .  If 
founder numbers were much smaller for B. buja than for 
R. tempararia, this factor alone could have led to persist
ent lower genetic diversity in British B. bufa populations 
compared with those of R. tempararia. The potential role 
of founder effects in determining genetic diversity has 
been understood for a long time, but spec ific reports 
mainly relate to recently establ ished populations (e .g .  

Correspondence: T. J .  C .  Beebee, School of Life Sciences 
University of Sussex, Falmer, Brighton BN I 9QG, UK. £� 
mail: T.J.C.Beebee@sussex.ac.uk 

Merila et al. , 1 996; Cabe, 1 998;  Zeisset & Beebee, 
2003) .  Another possible explanation is  that there have 
been extensive recent declines, and subsequent bottle
necks, in B. buja but not R. tempararia populations. In 
this study we tested the hypotheses that differences in 
genetic diversity between the two study species may be 
a result of: ( I )  their different post-glacial colonization 
histories; or (2)  widespread recent population bottle
necks in the less diverse species. Our approach was to 
make a comparative study of the two species at multi
ple sites spread across their biogeographical ranges in 
mainland Europe. If founder effects contributed sig
n ificantly to the d ifferences in genetic diversity 
between them in Britain, we expected that such differ
ences would be absent from much or all of mainland 
Europe, though perhaps also present in Scandinavia. 
By contrast, if  differences were universal across the 
range there must be more general reasons based on dif
ferences in the ecology and population structure of the 
two species. Bottleneck tests should resolve whether 
these differences related to widespread recent declines 
in B. buja but not R. tempararia. Our study focused 
specifically on these two species, and was not intended 
to test more general hypotheses about postglacial 
founder effects, which would require a larger number 
of test organisms. 

We chose to use microsatel l ite markers as indicators 
of genetic diversity because they are the most polymor
phic currently available. However, this carries a 
potential d i sadvantage because it was necessary to 
compare different sets of loci in the two species. This 
could generate differences based on properties of the 
markers rather than of the species bearing them. We 
address this problem by making a quantitative com
parison of critical features of the microsatell ite loci in 
the two species that might differentially affect their 
mutation rates, notably the repeat motifs, mean allele 
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lengths, frequency o f  repeat interruption and relative 
abundances of rare and common alleles. 

MATERIAL S  AND M ETHODS 

SAMPLING ANURAN POPULATIONS 

Mainland European and I rish samples of B. bufo and 
R. temporaria were collected at breeding sites by col
leagues in various countries (Fig. I ) . Samples of the two 
species were not always from the same ponds, as all that 
was required was a representative genetic sample of 
each species from each region. Seven B. bufo and six R. 

temporaria populations were sampled altogether. The 
aim was to obtain a random sample ofup to 40 individu
als from each location, although this number was not 
always achieved (Table 1 ). The samples were either toe 
or muscle tissues from adults, or entire larvae harvested 
at stage 26 (Gosner, 1 960), and al l  were stored in 70% 
ethanol prior to DNA extraction. Larvae were collected 
by random netting at multiple localities within breeding 
ponds, to ensure that as far as possible a representative 
sample of the genetic variation in each population was 
obtained. This approach has been widely used in earlier 
studies with amphibians (e.g. Rowe et al. , 1 998) .  For 
comparative purposes, samples from up to seven British 
populations of both species used in a previous study 
(Brede & Beebee, 2004) were also included in some 
analyses (see Appendix I ) . 

M IC ROSA TELLITE GENOTYPING 

DNA was extracted from tissues using a Chelex 1 00 
protocol (Walsh et al. , 1 99 1 ) . Microsatell ite loci were 
amplified in the presence of [ a33 P]-dATP and locus-spe
c i fic primers previously developed for these species 
(Brede et al . ,  200 I ;  Rowe & Beebee, 200 1 ) .  Eight poly
morphic m icrosatel l ite loci (Bbu/µ 1 4, 1 5 , 39, 46, 47, 

FIG .  I .  Sampling site locations. I r, Ireland; UK, United 
Kingdom (two sites); Sw, Sweden; Ge, Germany; Au, 
Austna; I t, Italy; Fsw, south-west France; Fse, south-east 
France; Sps, southern Spain; Spn, northern Spain. Further 
detai ls are given in Table I .  open circles, R. temporaria 
alone; fi lled circles, B. bufo alone; triangles, R. temporaria 
and B. bufo 

54, 62, 63) were available for B. bufo and a further eight 
(Rtempµ I ,  2, 3, 4, 7, 8, 9, 1 0) for R. temporaria. Both 
sets of microsatel lites were dinucleotide [CA] repeats 
although two in B. bufo (Bbiifµ 1 4  and Bbiifµ39)  and 
three in R. temporaria (Rtempµ I ,  Rtempµ2 and 
Rtempµ 7)  had short interruptions within the repeat se
quences. PCR products were electrophoresed alongside 
an M 1 3  marker on standard sequencing gels (6% w/v 
polyacrylamide) and alleles were scored after visualisa
tion by autoradiography ( Rowe et al. , 1 997) .  

GENETIC ANALYSIS 

Tests for H ardy-Weinberg equi l ibrium and l inkage 
disequi l ibrium were performed using BIOSYS- 1 
( Swofford & Selander, 1 98 1 )  and G ENEPOP 3 . 1  
( Raymond & Rousset, 1 995)  respectively. Genetic di
versity estimates including expected (H ) and observed 
(H0) heterozygosities and allelic richne�s were carried 
out using B IOSYS- 1 and FST AT (Goudet, 1 995) .  Al
ie I ic richness estimates used samples w ith the same 
minimum sizes (n= l I )  for both species.  This was 
achieved by randomly selecting 1 1  of the 20 R. 
temporaria samples from Austria, a country from which 
only 1 1  B. bufo samples were available (Table I ) . Popu
lation bottleneck events were investigated using 
BOTTLENECK 1 .2 .02 (Cornuet & L uikart, 1 996). A 
two-phase mutation model in which the proportion of 
stepwise mutation (SMM)  was set at 70% was em
ployed in thi s  analysis .  As  with U K  populations, we 
found no significant differences between 70% and 90% 
SMM assumptions in the results of the bottleneck tests 
(Brede & Beebee, 2004). 

Pairwise estimates of Fs, together with their statisti
cal significance were obtained using FST AT, and 
patterns of isolation by distance using l inear geographic 
distances were compared for the two species using the 
I SOLDE program (with I 0,000 randomisations) in 
G ENEPOP 3 . 1 .  We also carried out assignment tests 
using the program GENECLASS (Cornuet et al. , 1 999) 
and the "probabi l ity of belonging" facil ity to estimate 
numbers of possible immigrants in each population. 
Runs used the frequency method with I 0,000 simulated 

TABL E  I .  European sampling sites and sample details. 

Sampling site B. bufo R. temporaria 

Austria (Vienna) 1 1  adults 20 adults 

Italy (Torino) 40 larvae 

Germany (Koblenz) 40 larvae 40 larvae 

South-east France (Chambery) 40 larvae 40 larvae 

South-west France ( Bordeaux) 40 larvae 

Northern Spain (Cantabria) 40 larvae 

South-west Spain (Sevilla) 30 larvae 

South Sweden (Skane) 24 adults 25 adults 

Ireland (Limerick) 40 larvae 

United Kingdom (Ainsdale) 40 larvae 40 larvae 

United Kingdom (Pelis) 40 larvae 40 larvae 
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individuals, a threshold of 0.0 I and the "leave one out" 
procedure, and assumed a constant frequency of0 .0 1  i n  
cases of  null alleles. 

Randomisation tests were performed using RT 2 . 1 
( Manly, 1 997) .  In this procedure, the observed mean 
difference between two samples is  compared with the 
distribution obtained by randomly allocating data val
ues to the two samples.  Significant d ifferences (at 
P=0.05) in a two-tailed test are inferred if the observed 
mean is  in either 2 .5% tail of the distribution fol lowing a 
large number (at least 1 000) of data randomizations. 
Standard stati stical analyses (Wi lcoxon S igned Rank 
tests and correlations) were carried out using the 
ST A TI STfX 7 analytical software package 
(Tallahassee, USA). Estimates of He were arcsin trans
formed and all data sets were tested for normality before 
analysis with parametric methods (Pearson moment 
correlations). 

RESULTS 

M ICROSATELL ITE  LOCI IN B. B UFO AND R. TEMPORARIA 

The microsatell ite loci used for this study were first 
compared among 400 individuals of each species (250 
from seven British populations and 1 50 from six Euro
pean populations) chosen at random from the totals of 
>450 samples available for each species. Because dif
ferent loci were used in the two spec ies, statistical 
assumptions based on independent sampling from the 
same distribution do not strictly apply. Nevertheless, it 
was useful to make comparisons based on a simplifying 
assumption that the loci are indeed equivalent as diver
sity indicators provided that the results are interpreted 
with caution. We used randomization tests for this pur
pose. Mean numbers ofrepeats in the microsatell ite loci 
(unweighted averages across all al leles) were 9.9 for R. 

temporaria and 8.4 for B. bufo. These differences be
tween the species were not significant by randomization 
tests in which >28% of 1 0,000 permutations yielded 
larger differences between the species than those actu
ally observed. The proportion of loci with interrupted 
repeats was higher in R. temporaria (0 .38)  than in B. 
bufo (0.25 ) .  Permutation tests indicated no significant 
differences between species in the mean proportions of 
alleles present at < 1  % frequency (0.25 for B. bufo, 0.30 
for R. temporaria) or at >I 0% frequency (0. 1 9  for B.  
bufo, 0. 1 5  for R. temporaria) .  The distributions of allele 
frequencies in the two sets of loci were therefore 
broadly simi lar. 

G ENETIC D IVERSITY IN EUROPEAN POPULATIONS OF B. 

B UFO AND R. TEMPORARIA 

The sample data were first tested for compliance 
with Hardy-Weinberg equil ibrium. The B. bufo locus 
Bbµ63 was omitted from three populations (south-east 
France, south-west France, and Spain) due to difficul
ties with scoring alleles. One B. bufo population (Spain) 
showed significant discordance from H ardy-Weinberg 
equ i l ibrium at four of the remaining seven loci after 

Bonferroni correction. Three of the eight Spanish R. 

temporaria loci were also out of Hardy-Weinberg equi
l ibrium after Bonferroni correction, in this case possibly 
because the samples were collected from three separate 
ponds. In all the remaining assessments, only single loci 
deviated significantly from H ardy-Weinberg equ i l ib
rium after Bonferroni correction in three B. bufo 
populations (south-east France, south-west France, 
I taly) and four R. temporaria populations (south-east 
France, Germany, Ireland, Sweden) .  In all cases the de
viations were an excess of homozygotes. Potential 
causes of these deviations include sampl ing bias, in 
which sibl ings were over-represented, and the presence 
of null alleles. We have no rigorous way of distinguish
ing between these alternatives, but in the Spanish 
populations of both species, where multiple loci  showed 
deviations, null alleles are arguably the less l ikely ex
planation. Random netting around the ponds was 
designed to minimize over-representation of a few kin 
groups, but may not have eliminated it altogether. The 
tests for linkage disequi l ibrium showed six pairs out of 
252 combinations of loci to be significant after 
Bonferroni correction in the B. bufo data set, whilst in 
the R. temporaria data set eight pairs of 224 combina
tions were significant after Bonferroni correction. 
L inkage disequil ibrium was randomly distributed 
among populations and pairs of loci, and we therefore 
concluded it was due to chance effects (such as sam
pling sibs) rather than being of biological significance. 

Within the mainland European populations, the esti
mated average He for B. bufo was 0.6 1 2  (range 0.43 1 -
0. 748), with an average allelic richness of 3 . 8  l alleles/ 
locus (range 2.2 1 - 4.83) .  European R. temporaria had 
an estimated average He of 0.687 (range 0 .6 1 5  - 0.  745 ) 
with an average allel ic richness of 5 .47 alleles/locus 
(range 4.6 1 - 6. 1 2) .  F ig. 2 shows in more detail that Eu
ropean R. temporaria populations tended to have higher 
genetic diversities than European B. bufo populations. 
With the same caveats l isted above concerning the inter
pretation of statistics not sampling the same distribution 
( i . e. with d ifferent loci in the two species), 
randomization tests indicated that 95% of 1 0,000 per
mutations yielded smaller d ifferences in mean He 
between European populations of the two species than 
the mean d ifference (>0.08) actually observed. 
Randomisation tests further showed that essentially 
1 00% of 1 0,000 permutations yielded smaller differ
ences in mean allelic richness than the mean difference 
( 1 .66) actually observed. Brit ish B. bufo populations 
(n=7) had slightly lower mean expected heterozygosi
ties and allelic richness than European populations 
(n=7), but in neither case were the differences signifi
cant when tested w ith the group comparison 
permutation test ( 1 ,000 iterations) in FST AT (for het
erozygosity, P=0 .530 ;  for al lel ic richness, P=0.329) .  
Exactly the same situation also he ld  for R.  temporaria 

(heterozygosity P=0.878 ;  al lel ic richness P=0 .278)  
when comparing seven B ritish and six European 
populations. Genetic diversities of all the European and 
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British B .  bufo and R .  temporaria populations analysed 
here and in previous studies (Brede & Beebee, 2004) 
are summarized in Appendix 1 .  

Within the European populations, there was no sig
nificant correlation between mean H and al lel ic 

e 

richness for B. bufo (1=0.497, P=0. 1 72 )  unless the 
Spanish sample, with very low al le l ic richness, was 
omitted and after which r =0.7 1 2, P=0.048. By contrast 
there was a significant correlation between He and al
lelic richness for the full set of European R. temporaria 

samples (r=0.789, P=0.020). 
In  bottleneck tests, four of the seven European B. 

bufo populations showed heterozygote excess at >50% 
of the loci using a 70% stepwise mutation model, but of 
these only one population (south-east France) was sig
nificant (P=0.039).  A similar pattern was seen in the R. 
temporaria populations where four of six populations 
showed heterozygote excess at >50% of loci and once 
again only one population ( I reland) was significant (P = 

0.023) .  However, after Bonferroni corrections for mul
tiple comparisons no population of either species 
showed evidence of a significant recent bottleneck ef
fect. S imilar results were obtained with h igher levels 
(up to 90%) of SMM in the BOTTLENECK analyses. 

POPULATION STRUCTURE 

The genetic data were analysed to determine whether 
differences in population structure related to differ
ences in diversity between the two species. Pairwise 
estimates of Fs, among populations of both species, 
from the six localities across Europe where both were 
sampled in reasonably c lose proximity, are shown in 
Table 2 .  Mean Fs, estimates across al l populations were 
0.200 for R. temporaria and 0. 1 67 for B. bufo. All the 
Fs, estimates were significantly greater than zero for 
both species. There was no significant difference in F51 
estimates between the species when pairwise estimates 
were compared (Wilcoxon S igned Rank test, n= 1 5 , 
P=0. 1 1 8) ,  and there was no correlation of the pairwise 
estimates between R. temporaria and B. bufo among the 
sample localities ( Mantel test with I 0,000 permuta
tions, P=0.529) .  However, whereas R. temporaria 
demonstrated s ignificant isolation by d istance effects 
( Mantel test, P=0.04), B. bufo did not (Mantel test, 
P=0. 1 1 ) .  

Assignment tests were complicated by the fact that 
larvae, which were the only samples avai lable from 
most populations, cannot migrate between ponds. Only 
hybrid F I  individuals were potentially detectable in 
these cases. Another problem was that no local potential 
sources of immigrants were sampled. Overall ,  the pro
portion of individuals that could not be ascribed to the 
population in which they were sampled with P>0.05 
was surprisingly h igh and not significantly different for 
both species (mean 0.20 for B. bufo and 0.24 for R. 

temporaria) .  Interestingly, the mean proportions for the 
two populations where adult ti ssues were available 
(Austria and Sweden) showed higher proportions of po
tential m igrants (0 .45 for B. bufo, 0.44 for R. 

temporaria) than for those with larvae (0. 1 6  for B. bufo, 
0.20 for R. temporaria). However, most individuals of 
both species in most populations were not ascribed un
equivocally to a single population either at the default 
threshold (0.0 I )  or at a threshold of 0. 1 .  

D I SCUSS ION 

G ENETIC D IVERS ITY DIFFERENCES B ETWEEN SPECIES 

The results of this  study show that R. temporaria 

populations across Europe generally maintained greater 
genetic diversity than B. bufo populations (F ig. 2, Ap
pendix 1 ) . This does not support the hypothesis that 
founder effects generated the differences in diversity 
between these species in Britain, but points to a more 
fundamental cause throughout their geographical 
ranges. No previous studies of genetic diversity across 
the range have been reported for B. bufo, but other work 
on European R. temporaria populations using eight 
microsatell ite loci ( including three of those we em
ployed) yielded data broadly similar to ours (Palo et al., 
2004). Their results from 29 populations gave an aver
age of 24.8 al leles (range = 9-34) per locus with 
average H, estimates between 0 .35-0.72. In  the present 
study with 1 3  populations we found an average of 2 1  
alleles (range = 7 - 30) per locus and average He esti
mates between 0 .60 1 -0 .745 .  For B. bufo from 1 4  
populations we found an average of 1 6.7  alleles (range 
= 1 1 -2 1 )  per locus and average He estimates between 
0.43 1 -0 .748. Only one other European anuran has been 
investigated with respect to genetic diversity at 
microsatell ite l oc i  across its geographical range. 

TABLE 2. Pairwise F estimates. Numbers show mean 
S t  

F" estimates across all loc i .  Above diagonal, B. bufo; below diagonal, R. 
temporaria. 

U K  UK Austria SE France Germany Sweden 
(Ainsdale) (Pel is) 

U K  (Ainsdale) 0. 1 1 3 0 . 1 35 0. 1 94 0.037 0 . 1 69 
U K  (Pel is) 0 . 1 44 0. 1 86 0.27 1 0.069 0 . 1 60 
Austria 0.20 1 0 . 1 99 0.240 0. 1 1 3 0.232 
SE France 0. 1 56 0. 1 6 1  0 . 1 7 1  0. 1 84 0.297 
Germany 0.2 1 9  0 . 1 48 0 . 1 79 0.22 1 0 . 1 1 7  
Sweden 0.293 0.260 0 . 1 99 0.2 1 1 0.24 1 
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F IG .  2 .  Geneti c  diversity of European B. bufo and R. 
temporaria populations. (a) Frequency distributions of mean 
expected heterozygosities; (b) frequency di stributions of 
mean allel ic richness. Solid bars, R. temporaria; open bars, 
B. bt!fO. 

Beebee & Rowe (2000) showed that across eight loci, 
1 1  B. calamita populations had a mean of 1 3 .9 (range = 
I 1 -2 1 )  alleles per locus and mean expected heterozy
gosities between 0.43 1 -0 .748, broadly s imi lar to the 
two species studied in the present paper. 

Because different loci were compared between the 
two species, an alternative explanation of our results is 
that the B. bufo microsatellites were inherently less vari
able than those of R. temporaria. We think this  unlikely 
for several reasons. Firstly, the loci were broadly simi
lar with respect to repeat motif, repeat numbers, total 
numbers of alleles and distributions of allele frequen
cies.  Secondly, a h igher proportion of R. temporaria 

loci contained interruptions among the repeats than was 
the case with the B. bufo loci .  This factor should predis
pose the R. temporaria loci to lower mutation rates than 
those of B. bufo (Jin et al. , 1 996), leading to the oppo
site result ofour findings. Thirdly, a simi lar relationship 
between the two species is  apparent on the basis  of ear
l ier allozyme studies. I n  Britain, H itchings & Beebee 
( 1 998) found a mean observed allozyme heterozygosity 
of 0 .035 and mean allele number per locus of 1 . 36  
across 27 loci in four rural B.  bufo populations. By com
parison, in the same sampling area, H itchings & Beebee 
( 1 997) found a mean allozyme heterozygosity of 0 .073  
and mean allele number per locus of 1 . 83 across 1 9  loci 
in five rural R. temporaria populations. Sixteen loci 
were common to both species. These differences in het
erozygosity and allele numbers were both h ighly 
significant, with P<0.000 I (Wilcoxon signed rank tests) 

in both comparisons. Twelve of the allozyme loci were 
polymorphic in both species when sampled across 1 2  
British populations. Again mean heterozygosity in R. 

temporaria (0 . 1 77)  was significantly higher than that of 
B. bufo (0.048) by the Wi lcoxon rank sum test 
(P=0 .034) with these common loc i .  Difference in mean 
numbers of alleles per locus ( 4 . 1 7  in R. temporaria, 

2. 1 7  in B. bufo) was close to significance in these com
mon loci (P=0.052).  

A further possible explanation of interspecific differ
ences in genetic diversity is that one of the two species 
has experienced widespread recent dec lines and/or 
population bottlenecks. However, tests using the BOT
TLENECK program gave no indication of such 
differences. This was simi lar to the situation in Britain 
(Brede & Beebee, 2004). I t  remains possible, of course, 
that sensitivity to detect such effects was too low or that 
bottlenecks occurred too far back in time (>4 Ne genera
tions) to be detected by the heterozygosity excess 
method used in this analysis ( Luikart & Cornuet, 1 998) . 
The bottleneck test also assumes closed populations, 
and this may not always be true of R. temporaria be
cause local gene flow among ponds might be substantial 
(Brede & Beebee, 2004). 

POPULATION STRUCTURE 

Comparison of pairwise F51 estimates among the sites 
where both species were sampled in reasonably close 
prox imity indicated similar levels of differentiation at 
this geographical scale, where populations were sepa
rated by hundreds of ki lometers. This contrasts sharply 
with local F51 estimates among ponds in southern Eng
land where inter-site migration is  possible over short 
time scales. In these circumstances the F estimates for St 
B. bufo were s imi lar to the larger scale estimates re-
ported here, whereas those for R. temporaria were some 
five-fold lower (Brede & Beebee, 2004). This supports 
the hypothesis that population structure, with much 
higher historical rates of gene flow among local demes 
in R. temporaria compared with B. bufo, contributes to 
overall d ifferences in levels of genetic diversity be
tween these species. The simi lar levels of differentiation 
observed at the larger geographical scale may reflect the 
effects of occasional, relatively substantive barriers to 
movement of both species, such as mountain ranges or 
major river systems. The lack of isolation by distance in 
B. bufo, but its occurrence in R. temporaria, also sup
ports a more fragmented population structure with 
genetic differentiation dominated more by random drift 
effects (rather than gene flow) in  B. bufo than in R. 

temporaria. The assignment tests, however, did not sug
gest that in current populations there are more first 
generation migrants in R. temporaria than in B. bufo. 

Unfortunately the relatively low power of the tests with 
our data to ascribe a high proportion of individuals to a 
unique population strongly limits any interpretation of 
migrant designations. It may be that more loci are re
quired to carry out this type of analysi s with high 
confidence. 



270 E .  G .  BREDE AND T .  J . C .  B E E B E E  

The lack o f  correlation between the pairwise F,, esti
mates for each species across the European sampling 
sites may reflect different phylogeographic histories of 
R. temporaria and B. bufo. Our sampling was insuffi
c ient to generate credible postglacial colonization 
histories for either species. For R. temporaria Palo et al. 

(2004), using mitochondrial DNA sequences and 
microsatell ites, provided clear evidence of two distinct 
lineages, one in eastern and the other in western Europe, 
and suggested northerly colonization routes during the 
postglacial warming. No comparable study has yet been 
made on B. bufo. Partial support for a south-west 
France/Iberian refugium for this species, and for a Ger
manic clade derived from Balkan/Italian refugia, has 
been found with both morphometric data and allozyme 
analyses ( H emmer & Bohme, 1 976; Llischer et al. , 

200 1 ) . 
In conclusion, our studies indicate a very widespread 

and consistent difference in the genetic diversities of 
two anurans with broadly similar natural histories and 
geographical distributions. Autecological d ifferences 
between B. bufo and R. temporaria seem more l ikely to 
explain this difference than chance events in their popu
lation histories. In particular, the preference of B. bufo 

for permanent ponds often results in a lower density of 
breeding sites in the landscape than is  the case for R. 

temporaria. This may result in lower gene flow between 
ponds in B. bufo than in R. temporaria. Also, we have 
found that ratios of effective:census population size are 
much lower in B. bufo than in R. temporaria, perhaps 
because the former but not the latter species has a sex 
ratio at breeding sites highly skewed in favour of males 
(Brede & Beebee, 2006).  Taken together, these features 
( low gene flow and low effective population sizes) 
might be expected to generate lower genetic diversity in  
B.  bufo compared with R. temporaria. 
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APPENDIX l :  Genetic diversity across eight microsatellite loci within B. bufo and R. temporaria populations. 

Population Average He ( S . E) Average Ho (S .E )  Average Allelic Richness 

BuFO suFo 
Austria 0.600 (0 .040) 0 .5 1 6  (0 .055) 3 .62 

SE France 0.624 (0.093) 0.595 (0. J O I )  4.60 

SW France 0.43 1 (0 . 1 1 9) 0.420 (0. 1 20)  3 .53 

Germany 0.662 (0.04 l )  0.635 (0.056) 4.05 

Italy 0.748 (0.03 I )  0.625 (0. I 00) 4.83 

Spain 0.599 (0. I I 3 )  0 .6 1 4  (0 . 1 24) 2 . 2 1  

Sweden 0.6 I 8 (0.072) 0 .509 (0.097) 3 .00 

A insdale (UK) 0 .568 (0.052) 0 .509 (0.054) 3 .27 

Crematorium (UK) 0.568 (0.036) 0.503 (0 .055) 3.09 

Pelis (UK) 0.609 (0 .04 I )  0 .535 (0.045) 3.62 

Salttleetby (UK) 0 .623 (0 .04 I )  0.580 (0 .038 )  3 .50 

St  Annes (UK) 0 .4 I I (0. I 00) 0.40 I (O .  l 1 2) 2 .24 

Whitelands (UK) 0.622 (0 .038) 0 .586 (0 .034) 3 .33  

Withdean (UK) 0.647 (0 .044) 0.6 I I (0 .065) 3 .00 

RANA TEMPORARIA 

Austria 0.7 I 9 (0 .055) 0.6 I 2 (0 .080) 5 .44 

SE France 0. 745 (0.035 )  0.699 (0 .04 I )  5 . 76 

Ireland 0 .642 (0.055 )  0 .6 1 8  (0 .06 1 )  4.6 1 

Germany 0.6 1 5  (0.053 )  0.576 (0.062) 5.2 I 
Spain 0.702 (0 .072) 0.64 1 (0.080) 6. 1 2  

Sweden 0. 702 (0.054) 0.605 (0.062) 5.69 

Ainsdale (UK) 0.60 I (0.090) 0 .586 (0.089) 4.56 

Crematorium (UK) 0.682 (0.053 )  0 .645 (0.054) 5 .  I 2 

Pelis (UK) 0.659 (0.093) 0.595 (0 .090) 5 .46 

St Annes (UK) 0.732 (0.060) 0.64 I (0 .056) 5 .99 

Halesworth (UK) 0.694 (0.045) 0 .594 (0.07 I )  5 .04 

Whitelands (UK) 0.668 (0.048) 0.528 (0.064) 4.97 

Withdean (UK) 0.687 (0.046) 0 .740 (0 .064) 5 .32 
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RESOURCE PA RTITIONING OF SYMPATRIC NOROPS (BETA ANOLIS) IN A 

SUBTROPICAL MAINLAND COMMUNITY 
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During an approximately four-week period the ecology and interrelationships of sympatric 

anoles (Norops spp . ,  Beta A no/is) was studied at a lowland forest s i te in Bel ize .  The primary aim 

was to investigate aspects of niche overlap and resource partit ioning among species in a typical 

main land forest community by quantifying the di mensions of morphology, structural habitat and 

microc l imate. Through characterization of each ecologi cal niche we aimed to determine how 

these l izards parti tion the complex resource base and habi tat in which they co-exist . Anole 

spec ies at the study s ite c learly appear to parti tion environmental resources along the three major 

resource axes of microc l imate, habitat structure, and probably also prey s ize, as originally 

defined by Pianka ( 1 974) .  Two of the species also show evidence of sexual s ize d imorph ism, 

indi cating that the ' tota l '  n iche of these species i s  further divided into two ' sub-niches ' 

corresponding to each sex. Further experimental manipulations are requ ired, however to 

demonstrate conclusively whether interspec ific compet i t ion alone is responsible for structural 

patterns within anole communit ies such as this,  and also to define the function of d ifferential 

suscept ib i l ity among species to parasites. In the case of three species, a positive correlation 

between the number oflamel lae on the fourth toe of the hind foot and perch height was observed, 

supporting the notion that lame I la number i s  h igh ly adaptive for an arboreal l i festyle and related 

to habitat use. 

Key words : ecological niche, l izard, sexual dimorph ism, toe-pad morphology 

INTRO DUCTION 

Ano/is is a speciose and ecologically diverse clade of 
Neotropical l izards that has been described as "a model 
system for address ing biological questions" (Nicholson, 
2002) .  Several aspects of their biology are responsible 
for this unique distinction. They are often relatively com
mon, and are also of sufficient size to allow direct 
observation both in the field and in more contrived envi
ronmental conditions where they respond relatively well  
(e.g. Leal et al. , 1 998).  In  addition, Ano/is communities 
are typical ly composed of several, often closely related 
species that successful ly coexist in the same ecosystem, 
presenting numerous opportunities for geographical 
comparisons, experimental man ipulation, and detai led 
studies of interspecific behaviour. Such is the potential 
of an oles in helping to improve our understanding of eco
logical relationships and community structure in l izards 
that they have been the subject of numerous field studies 
(e.g. Fitch, 1 973,  1 975 ;  Talbot, 1 976, 1 979; Corn, 1 98 1 ;  
Guyer, 1 986; Pounds, 1 988; Vitt et al., 2003 ; D'Cruze, 
2005) .  

Communities of l izards that are composed of several 
species can often be observed to partition environmental 
resources along the three major axes of prey size, micro
cl imate, and habitat structure ( Pianka, 1 974). These have 
indeed proven to be important measures that segregate 

Correspondence: N. C. D 'Cruze, Department of Biological 
Sc iences, Imperial Col lege of Science, Technology and 
Medicine, London SW7 2A Y, UK. E-mail: 
cruzecontrol@gmai l .com 

sympatric taxa and have been used in many other stud
ies re lating to anoles (e .g .  Rand, 1 964; Schoener, 
1 968; l rschick et al. , 1 997).  Understanding the basis of 
resource partitioning within a complex fauna, how
ever, is compl icated by the fact that the ' total '  niche of 
each spec ies can often be further divided into two ' sub 
niches ' corresponding to each sex ( Butler et al. , 2000) .  
Anoles vary cons iderab ly in the extent of sexual d i
morphism (Stamps et al. , 1 997) ,  di fferences in s ize 
between males and females ranging from striking to 
practically absent. lntraspec ific differences in resource 
use must therefore also be considered in order for re
source partitioning at a higher community level to be 
fu l ly comprehended. 

A distinctive feature ofanole morphology is the ex
panded subdigital toe-pad, which exhibits variation 
among species in both the degree of expansion and 
number of lamellae (Savage, 2002) .  Earl ier studies 
have repeatedly demonstrated positive correlations be
tween toe-pad size or the number of toe-pad lamel lae 
wi th increas ing perch height (Col lette, 1 96 1 ;  
Moermond, 1 979; Glossip & Losos, 1 997), suggesting 
that variation in these characters is highly adaptive for 
an arboreal l ifestyle and related to habitat use. 

The major aims of this study were to ( I )  define the 
extent of inter- and intraspecific resource partitioning 
among ano les in  a subtropical main land community 
along the main resource axes outlined by P ianka 
( 1 974), and (2 )  to determine whether the particular 
ano le species found therein demonstrate a positive cor
relation between the degree of arborea l i ty and the 



274 N .  C. D 'CRUZE AND P.  J. STAFFORD 

number of subdigital lamellae. In this study the name 
Norops i s  used to distinguish the former beta section of 
Ano/is as suggested by N icholson (2002), which fol lows 
the classification advocated by Guyer & Savage ( 1 986; 
1 992). For other recent assessments of relationships in 
th is  complex group see also Glor et al.  (200 I )  and 
N icholson et al. (2005) .  

MATERIALS AND M ETHODS 

Fieldwork was conducted at  the Las Cuevas Re
search Station, a lowland (ea .  500 m) sub-humid forest 
site in the provincial d istrict of Cayo, Bel ize ( 1 6°44' N ,  
88°59' W).  S ix  species of  Norops are known from the 
general area of this locality (Stafford & Meyer, 2000), 
of which the following five were recorded: N. capita, N. 
Lemurinus (=N. bourgaei), N. rodriguezii, N. 

tropidonotus and N. uniform is. Observations were made 
between 22 May and 1 2  June 2004, at the beginning of 
the summer rainy season. Searches were conducted 
throughout the day and evening, but l izards were seen 
only during the day. Most were caught by hand or net in 
leaf l itter near trails, on the surface of broad leaves of 
creeping vines, stems of vines, buttresses of trees, or on 
the trunks of trees. Observations were recorded from a 
distance of 5-1 0 m, with intervening vegetation used as 
a screen in order to minimize any possible detrimental 
effect on natural behaviour caused by human presence. 
Habitat variables were measured at the point where l iz
ards were sighted, and mean perch height and diameter 
were gathered fol lowing the guidelines outl ined by 
Losos & Irschick ( 1 996) .  In addition, the following 
other data were recorded for each individual : habitat 
type, time of day, whether the perch site was located in a 
generally wet or dry position, and whether the perch site 
was located in dense, shaded vegetation or in more 
brightly lit peripheral situations on the perimeter. Habi
tats were categorized into three principal groups as 
described for the area by Penn et al. (2004); broadleaf 
seasonal forest ("Class 2"), broad leaf semi-evergreen 
forest ("Class 3"), and broad leaf semi-evergreen forest 
( lowland) ("Class 4a") .  M icrohabitats included ( 1 )  
ground, (2)  tree buttresses or roots, ( 3 )  tree trunks and 
(4) twigs and branches. 

For each species the fol lowing morphological vari
ables were recorded: sex (determined by appearance of 
dewlap, colouration, and extent of swel ling at base of 
the tai l ), snout-vent length (SVL),  body mass, number 
of lamellae underlying the fourth toe of the hind-foot, 
and lengths of the forel imb, hind-limb and tai l .  Length 
of the forel imb and hind-limb were measured as the dis
tance from the insertion point of the l imb to the longest 
toe of each foot. Tail lengths from l izards with broken or 
damaged tails were not included. These same morpho
logical traits have been used in other, similar studies of 
anole ecology and shown to be highly informative 
( l rschick et al., 1 997). Descriptive statistics and statisti
cal analyses were computed using SPSS 1 1 . 5  for 
Windows (SPSS Inc. ,  2002) .  Means±SE are given with 
a.::;0.05 accepted as significant, and to examine whether 

variables remained statistically correlated once the ef
fect of size was removed, residuals were also used from 
regressions of each variable against SYL (Macrini  et 

al. , 2003 ).  
In  order to determine if any pattern was apparent in 

the ordination of results, and thus i l lustrate the general 
extent of niche separation among species, the data col
lected from captured individuals was assessed using 
non-metric multidimensional scaling. Sample sizes 
were restricted to 1 0  specimens (5 males and 5 females) 
of each species in order to aid visual interpretation and 
to ensure that sample numbers remained equal. Assess
ment focused specifically on the adult population with 
analysi s  restricted to the largest 1 0  individuals of each 
species. The characters used were SYL, n umber of la
mel lae, perch height, perch width, and proportional 
ratios of tail length (e.g. tail length divided by SYL),  
forelimb length, and hind-limb length. Values for each 
character were standardized before analysis to z-scores 
with a mean ofO and standard deviation of 1 ,  and the or
dination of specimens along two NMMDS dimensions 
was plotted. A two-dimensional NMMDS solution was 
sought because the alternative hypothesis suspected the 
existence of three simi larity-based groupings. 

Correlations and non-parametric tests were carried 
out using standard statistical procedures rather than 
phylogenetic comparative methods ( Purvis & Rambaut, 
1 995;  Freckleton, 2000). These were chosen for several 
particular reasons. Firstly, lrschick et al. ( 1 997) demon
strated for a very simi lar set of anole species ( several of 
the same species) that no phylogenetic effect exists for 
the ecological and morphological variables used in this 
study. Macrini et al. (2003) did not use phylogenetic 
comparative methods when investigating s imilar anole 
species based on these findings. In addition, Losos 
( 1 999) stated that phylogenetic comparisons may not 
always be necessary as closely related species are not 
necessarily s imi lar ecologically or morphologically. 
Most importantly, the use of phylogenetic comparative 
methods is rendered difficult by the fact that our under
standing of anole relationships, especial ly main land 
species, is sti l l  incomplete (N icholson, 2002) .  

RESU LTS 

Data were collected for a total of 83 l izards repre
senting al l  five species. However, only Norops 

lemurinus, N. rodriguezii, N. tropidonotus and N. 
uniformis occurred in sufficient numbers to allow the 
col lection of meaningful data. Fig .  1 shows that male 
l izards were more abundant (or alternatively more con
spicuous) than females with regard to these four 
species. Due to the l imited sample size, data gathered 
for N. captio was not used in any analysis ,  and not all 
data gathered for the other species were included. De
spite efforts to increase the sample size of N. 
rodriguezii and N. capita these species were least abun
dant. Al l  species were most active during late morning 
and early afternoon with few observations before I 0.00 
hr and after 1 8 .00 hr. 
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N. tropldonotus N. rodriguuli 

Species 

F I G  1 .  Sex ratios (adult) of captured lizards. 

DIFFERENCES IN H ABITAT OCCUPATION 

One method of examining interspecific spatial differ
ences among species is to l i st them according to the 
various habitat categories (as defined by vegetation 
types) i n  which they are observed, in  the hope that "at 
least partial two-dimensional allopatry can be demon
strated" (Schoener, 1 968) .  If this concept is applied to 
the three principal vegetation classes recognized for the 
area by Penn et al. (2004), a clear pattern emerges (Ta
ble 1 ) . Norops lemurinus was the most widespread and 
abundant of the four species, and was found in all four 
vegetation types. I t  was the only species observed in  
broadleaf semi-evergreen forest ( lowland) vegetation 
("Class 4a" of Penn et al. , 2004 ) . Norops tropidonotus 

was abundantly present in  two of the three vegetation 
types. Norops uniformis and N. rodriguezii were also 
found in two of the three vegetation types, but only 
rarely s ighted in C lass 3 vegetation. Al l  four species 
were c lassed as abundant in  Class 2 type vegetation. 
Thus the question of how these anole species coexist at 
Las Cuevas, despite the number of different vegetation 
types present, can be simplified by addressing the w ider 
issue of coexistence in  a broadleaf seasonal forest. If a 
detailed study is made of microhabitat preferences 
within thi s  general vegetation type, then the degree of 
restriction for each species within the range of vegeta
tion available wil l  be possible to determine. 

Table 2 presents observations regarding the perch lo
cation of individual l izards, and shows that N. 

tropidonotus and N. uniformis are predominantly terres
trial forms, the former being most commonly 
encountered on the ground and the latter on tree but
tresses or roots. However, these two speci es appear to 
show separation along the microclimate axis  as 95% of 
N. tropidonotus were sighted in dry conditions, whereas 
94% of Norops uniformis were sighted in generally 

mesic situations.  This evidence supports previous 
claims that N. uniformis appears to ecologically replace 
N. tropidonotus in wetter conditions (Stafford & Meyer, 
2000). In addition, the two terrestrial species appear to 
have different preferences with regard to vegetation 
density, with 82% of N. tropidonotus having been found 
basking in relatively open situations (e .g. ,  at the edges 
of trai ls), and 7 1  % of N. uniforms in dense vegetation. 
Table  2 also indicates that N. lemurinus and N. 
rodriguezii are predominantly arboreal species, as the 
former was most commonly encountered on tree trunks 
and the latter on twigs and branches. Unlike the terres
trial species these arboreal forms do not appear to show 
the same degree of separation along the microclimate 
axis, as 67% of N. lemurinus and 9 1  % of N. uniformis 

were encountered in dry conditions. However, the two 
arboreal forms appear to have different preferences re
garding vegetation density, as 72% of N. lemurinus 

were first sighted in relatively open situations whereas 
9 1  % of N. rodriguezii were encountered in dense veg
etation. 

INTERSPEC IF IC  AND SEX-BASED VARIATION 

A l l  four species differed significantly in snout vent 
length (two-way ANOV A with species and sex as fac
tors: F7•32

=222.4, P=<0.005) ,  tai l length (two-way 
ANCOV A with species and sex as factors and SVL as 
covariate :  F =342 .7 ,  P<0 .005),  forel imb length 8,3 1  
(F8_3 1= 1 30.0, P<0.005,  hind l i mb length (F8,3 1= 1 75 .8 ,  

P<0 .005) and mass (F8,3 1=48 .5 ,  P<0.005) .  There was 
also a significant difference in perch height between the 
four species (F831=8.  l ,  P<0.005) and perch width 
(F8,3 1=5 .0, P<0.005) .  

Inspection of the mean ranks revealed that N. 
uniformis and N. rodriguezii obtained the same values 
for both mass and forelimb length. This suggests that 
differences between them may not be significant for 
some of the variables and therefore require further in
vestigation. Statistical analyses revealed that N. 
uniformis and N. rodriguezii differed significantly in  
hind-l imb length (two-way ANCOVA: F4• 1 5=

7 . l ,  

P=0.002) and tai l length (F4_ 1 5 =
8.2,  P=0.00 I ) , but not in  

forel imb length (F415=0.4, P=0.8 1 2 )  or overall snout
vent length (two-�ay ANOVA:  F3_ 1 6

=0 . 5 ,  P=0.709) .  
Variation among the four species in  morphological and 
habitat parameters are summarized in Table 3 .  

D ifferences in certain variables were apparent also 
between the sexes of two species, N. tropidonotus and 
N. lemurinus. Based on the largest five individuals of 

TABLE I .  D istribution of species at Las Cuevas according to principal vegetation type (as defined by Penn et al., 2004) . 
A=abundant relative to other areas where the species was seen. R=present but rarely seen. O=not observed. 

N. tropidonotus N. uniformis N. lemurinus N. rodriguezii 

Broad leaf: C lass 2, Seasonal forest A A A A 
Broad leaf: Class 3 ,  Semi-evergreen forest A R A R 
B road leaf: Class 4a, Semi-evergreen forest ( lowland) 0 0 A 0 

Total habitats where seen 2 2 3 2 
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TABLE 2.  Numbers of adult l izards observed at  Las Cuevas within specific microhabitat categories. 

N. tropidonotus 

males females 

Number on ground 1 3  1 0  

Number on tree buttresses or roots 6 3 

Number on tree trunks 2 0 

Number on twigs and branches 0 0 

Number on perimeter 1 7  1 1  

Number in dense foliage 4 2 

Number in wet conditions 1 0 

Number in dry conditions 20 1 3  

Overall sample size 2 1  1 3  

each sex, male N. tropidonotus snout vent lengths were 
sign i ficantly greater than those of females (males 
54.8±0.49, range 53-54 mm; females 50.2±0.37,  range 
49-5 1 mm; ANOY A :  F18=55 .684, P<0.005 ) . ,  whereas 
in N. lemurinus, female snout-vent lengths were sig
n ificantly greater than those of males (males 
63.2±0.20, range 63-64 mm; females 67.2± 1 .50, range 
65-73 mm; F1 •8=7.0 1 8, P=0.029). However, males and 
females of these species did not differ significantly in 
forelimb length, hind limb length, tai l length, or mass, 
and there was also no apparent difference between the 
sexes in either of the tested perch variables. 

TOE-PAD MORPHOLOGY AND DEGREE OF 

ARBOREALITY 

The number of lamel lae were sign i ficantly corre
lated with perch height for N. tropidonotus (rs =0.67,  

P<0.05) ,  N. uniformis (r5=0.66, P<0.05 ) and N. 

lemurinus (r5=0.66, P<0.05), but not for N. rodriguezii 

(r5=0.22, P=0.52) .  The number of lamel lae across all 
of the species studied in this community were signifi-

N. uniformis N. lemurinus N. rodriguezii 

males females males female male female 

1 

8 

2 

0 

3 

8 

I I 
0 

I I  

1 1 0 1 

4 0 2 2 0 

I 1 0  4 

0 0 0 4 2 

2 8 5 1 0 

4 3 2 6 4 

5 4 2 0 1 

1 7 5 7 3 

6 1 1  7 7 4 

cantly correlated with perch height (rs =O.  77, P<0.05), 

and when the effect of body size was removed, all corre
lations remained significant: Norops tropidonotus 

(r5=0.4 1 ,  P<0.05) ,  Norops uniformis (r5=0.67, 

P<0.05) ,  N. lemurinus (r5=0.64,  P<0.05) ,  all species 
(r5 =O. 78, P<0.05) .  

MORPHOMETRIC ANALYSIS 

An ordination plot of seven variables (see Material 
and Methods) based on non-metric multidimensional 
scaling reveals the existence of four distinct c lusters 
(Fig.  2). These correspond to each of the four species at 
Las Cuevas for which sufficient data was obtained ( i .e .  
N. lemurinus, N. rodriguezii, N. tropidonotus, and N. 
uniformis).  Separation along the first dimensional ax is  
relates mostly to d ifferences between the species in 
perch height and number of lamellae. Separation along 
the second dimension primari ly separates the species 
from each other with regards to size, as this  axis is  re
lated to differences in SVL and the other morphological 
variables. Three data points corresponding to speci-

TABLE 3 .  Morphological and ecological data collected for anole species at  Las Cuevas, Belize. Data are mean±SE, range ( in  
parentheses), and sample size. 

Body Tail Perch Perch 
Species SYL Mass Length Forelimb Hind-limb Lamellae height diameter 

(mm) (g) (mm) (mm) (mm) number (mm) (mm) 

N. tropidonotus 50 .2±0.4 2 . 1 ±0.04 95 .2± I .  I 25 . 1 ±0. 1 6  47.4±0.4 24.4±0.2 76.2± 1 8 .8  75 .3± 1 6 .9 

(46-56) (2-3) ( 8 1 - 1 04) (23-27) ( 42-50) (23-28) ( I  0-440) ( 1 8-4 1 0) 

n=34 n=34 n=32 n=34 n=34 n=34 n=34 n=34 

N. uniformis 3 3 .5±0.5 1 ±0 43±0 .7  1 5 .3±0.5 28 .6±0.5 26±0.5  295 .9±50.9 275 .6±23 .6  

(30-39) ( 1 - 1 )  (40-5 1 )  ( 1 1 - 1 7) (25-32) (23-30) (30-720) (20-425 )  

n= 1 7  n= 1 7  n= l 5  n= l 7  n= l 7  n= l 7  n= l 7  n= 1 7  

N. lemurinus 63 . 1 ±0.9 3 . 5±0.2 1 35 .9±3 .0 28 . 1 ±0 .36 5 3 .2±0.7  3 7±0.2 63 1 .9±94.4 232±30.3 

(56-73)  (2-6) ( 1 03 - 1 50) (26-32) (49-60) (34-38) (40- 1 270) (30-370) 

n= 1 8  n= 1 8  n= 1 7  n=1 8  n=8 n= l 8  n= 1 8  n= l 8  

N. rodriguezii 34±0.9  1 ±0 38 .4±0.9 1 5 .7±0.3 26±0.4 34. 1 ±0 .6  885 .5± 1 56 .9 98.5± 1 8 .9 
(30-3 7)  ( 1 - 1 ) (3 1 -4 1 )  ( 1 5- 1 7) (25-28) (3 1 -37)  ( 1 70- 1 3 80) ( 1 5 -230) 

n= l l n= l l n= l 1 n= l l n= l l n= l l  n= l l n= l l  

N. capita 87 1 9  1 60 38  74 40 3 1 00 300 

(n= l ) (n= l )  (n= l )  (n= l )  (n= I )  (n= l )  (n= l ) (n= l ) 
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FIG 2. Ordination of specimens of N. lemurinus ( I ), N. 
rodriguezii ( 2 ), N. uniformis ( 3 ), and N. tropidonotus (4) 
based on results of mult i-dimensional scal ing analysis 
( Euc l idean distance model). For detai ls of characters used see 
text. 

mens of N. rodriguezii occur within or very c lose to the 
N. uniformis cluster; this is  because the two species are 
simi lar in size and the particular individuals concerned 
were observed close to the ground. Despite this  appar
ent overlap the ordination pattern nonetheless indicates 
a significant difference in the extent of niche separation 
between these two species. 

D I SCUSSION 

The four main spec ies of A no/is studied at Las 
Cuevas clearly appear to partition environmental re
sources along the major resource axes of habitat 
structure, microclimate, and probably also prey size. 
Although a specific analysis of diet was not undertaken 
(several unsuccessful field trials were attempted), stud
ies of other communities have indicated that prey size in 
anoles tends to be strongly correlated with body size 
(e.g. Roughgarden, 1 974). These niche dimensions are 
not independent (Pianka, 1 974), but together they sepa
rate pairs of ecologically s imi lar sympatric spec ies.  
Habitat structure appears to be the resource axis  along 
which the greatest degree of partitioning occurs. Each 
of the five species may be broadly categorized as either 
predominantly terrestrial or arboreal ,  but varied signifi
cantly in respect of preferred perch height and width . 

Both the terrestrial and arboreal microhabitats are 
occupied by two ecologically simi lar species that differ 
greatly in size. I t  is  thus l ikely that species coexisting in 
the same microhabitat are able to do so by targeting and 
consuming prey of d ifferent size and possibly type. 
However, specific dietary analyses are clearly required 
in order to determine if this is indeed the case. The arbo
real species appear to show greater partitioning of 
resources along this axis than their terrestrial counter
parts, conforming to trends observed in Caribbean 
communities (e.g. Losos, 1 994). 

The two terrestrial species show clear segregation 
along the m icroclimate axis. These species were rarely 
observed together, suggesting that partit ioning along 
this axis has developed to such an extent that they have 
become almost al lotropic, with overlap at ecotones ex
plaining sightings of the two species together (e .g.  
Rand, 1 964). I n  contrast to Caribbean communities 
( Losos, 1 994), these closely related forms differ signifi
cantly in body size. Resource partitioning in this 
main land community conforms to another trend ob
served in the Caribbean (Losos, 1 994) in that the more 
arboreal species do not show the same distinct level of 
partit ioning along the m icrocl imate axis. 

SEX-BASED VAR IATION 

The anole species studied at Las Cuevas do not show 
pronounced sex-based separation along either the 
microclimate or structural habitat resource axes. How
ever, the males and females of two species, N. 

lemurinus and N. tropidonotus, may differ significantly 
along the third prey size axis (ND'C pers. data based on 
anecdotal observations) .  Males of the terrestrial N. 

tropidonotus were found to be significantly larger than 
females; in highly territorial species such as this sexual 
selection may favour larger males because they typi
cal ly acquire larger territories containing more females, 
resulting in greater mating success (Rand, 1 964; 
Trivers, 1 976; Butler et al. , 2000). The more arboreal 
N. lemurinus also displays evidence of sexual size di
morphism, al though in contrast to N. tropidonotus, 
females were found to be significantly larger than 
males. In non-territorial systems, small male size may 
be favoured (Zamudio, I 998). However, field observa
tions suggest th is  scenario is doubtful and other 
selective pressures relating to prey size are more l ikely 
to be responsible. 

A possible explanation for the observed sexual size 
dimorphism in N. lemurinus and N. tropidonotus is that 
different habitats can vary greatly in their degree of vis
ibi l ity. As demonstrated by Butler et al. (2000) for 
Greater Antil lean spec ies, habitat structures favoured 
by the two species displaying prominent sexual size di
morphism are both relatively open with a high degree of 
vis ib i l ity, N. lemurinus being typically found on the 
trunks of trees and the terrestrial N. tropidonotus re
stricted mostly to open vegetation near paths and 
clearings (Table 2) .  Conversely, habitat structures fa
voured by the two non-dimorphic species are relatively 
dense, N. rodriguezii being typically found amongst in
terconnecting matrices of branches and twigs, and the 
terrestrial N. uniformis in  dense understorey vegetation 
(Table 2) .  Degree of visibil ity may therefore be impli
cated as a contributing factor towards the development 
of sexual size dimorphism, and this would benefit from 
further investigation 

TOE·PAD MORPHOLOGY AND HA BITAT USE 

Variation is evident in both the degree of expansion 
and number of lamel lae among the anol ine l izards at Las 
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Cuevas. A positive correlation between the number of 
lamel lae on the fourth toe of the hind-foot and perch 
height was observed for three species, and in agreement 
with G lossip & Losos ( 1 997), statistical ly robust rela
tionships were observed even when the effect of size 
was removed. As demonstrated in previous studies this 
suggests that variation in toe pad morphology is  highly 
adaptive for an arboreal l ifestyle and related to habitat 
use (e.g. Col lette, 1 96 1 ;  Moermond, 1 979;  Glossip & 
Losos 1 997;  Macrini et al., 2003 ). Species with more 
lamellae are potential ly able to uti l ise h igher perch sites 
because toe-pads with more lamellae have more setae 
and thus greater adhesive abil ity (Peterson, 1 983) .  Spe
cies that select higher perch sites may also need this 
greater adhesive abil ity either because they encounter 
smooth surfaces more frequently, or because the conse
quences of fal l ing are much greater ( Macrin i  et al. , 

2003) .  

DRIV ING FORCES B EH IND RESOURCE PARTITIONING 

I nterspecific interactions, specifically in  the form of 
competition, have been invoked as the causal basis for 
resource partitioning in communities of organisms since 
the studies of Gause ( 1 934) and Park ( 1 948) .  Losos 
( 1 994) stated that "ecological ly syntopic species com
pete strongly, creating strong selective pressure for 
species to diverge in resource use, thereby al lowing co
existence''. Rapid micro-evolutionary adaptation in  
response to  these shifts in resource uti l i ty is  typical ly 
bel ieved to ensue (Taper & Case, 1 992), and these 
"adaptive sh ifts" are known to occur along all three of 
the major axes highl ighted in this study (Losos, 1 994). 

Despite the wealth of ev idence supporting 
interspecific interactions as the major force behind re
source partitioning and structuring within Ano/is 

communities, are there any other processes that could 
be responsible for these patterns? Both predation and 
"intra-gui ld  predation" (Pal is  et al. , 1 989) have been 
largely dismissed as major factors in resource partition
ing ( Losos 1 994), leaving differential susceptibi l ity to 
parasites as a possible influential determinant of com
munity structure (e .g .  Grosholz, 1 992; Schal l ,  1 992). 

The larvae of trombiculid mites in particular are com
monly found on a wide range of repti le species in Belize 
(Stafford, pers. obs. ) .  Among the species of Norops 

studied, however, these smal l  parasites (typically rang
ing from 5 to 20 in number) were observed only in the 
deep ax i l lary pockets of N. tropidonotus and N. 

uniform is . The presence of mites on only two of the spe
cies may thus be altering competitive relationships and 
fac i l itating their existence in sympatry. Another poten
t ial ly influential and unknown factor that may affect 
ecological relationships among the ano les studied at Las 
Cuevas is the occurrence of other spec ies that were not 
directly observed. At l east one additional anole, N. 
biporcatus, is known from the general vicinity of this 
local i ty (Stafford, pers . obs . ) .  Norops biporcatus i s  a 
large (90 mm SVL), bright green, arboreal species that 
is more of a canopy inhabitant, and as well  as feeding on 

invertebrates is  known to include other anoles in its diet 
(Taylor, 1 956) .  

Results of this study are consistent with natural his
tory observations reported e lsewhere for the particular 
species concerned ( Lee, 1 996; Campbe l l ,  1 998;  Lee, 
2000; Stafford & Meyer, 2000), and main land commu
nities of these l izards in general (F itch, 1 973 ,  1 975 ;  

Talbot, 1 976, 1 979; Corn, 1 98 1 ;  Guyer, 1 986; Pounds, 
1 988) .  In order to draw inferences about the processes 
responsible for community structure and ecological di
vergence among anoles in this area, however, further 
studies are c learly required in combination with investi
gations of other mainland communities. Our principal 
results can be summarized as fol lows:  ( I )  five species of 
anole were observed at the study site and found to be 
broadly sympatric; (2) male l izards were more abundant 
(or otherwise more conspicuous) than females with re
gard to the four species for which sufficient data were 
obtained - Norops lemurinus, N. rodriguezii, N. 

tropidonotus, and N. uniformis; ( 3 )  these species c learly 
appear to partition environmental resources along the 
three major axes outlined by Pianka ( 1 974); ( 4) the spe
cies d iffered significantly in perch height and perch 
width; ( 5 )  two were predominantly terrestrial (N. 

tropidonotus and N. uniformis) and two were predomi
nantly arboreal (N. lemurinus and N. rodriguezii); (6) 

the two most terrestrial species differ in microclimate 
preferences and density of vegetation surrounding the 
perch site; (7) the two arboreal l izards show the greatest 
partitioning along the body size axis ;  (8) N. uniformis 

and N. rodriguezii are simi lar in body size but differed 
significantly in terms of resource use; (9) male N. 
tropidonotus were significantly larger than females in 
SVL;  ( I  0) female N. lemurinus were significantly larger 
than males in SVL;  ( 1 1 )  both species were commonly 
found in habitats that possessed a high degree of visibi l
ity, which may be a driving factor behind the evolution 
of sexual size dimorphism; ( 1 2) the number of lamellae 
on the toe-pad of the fourth toe (hind foot) was signifi
cantly correlated with perch height for N. tropidonotus, 

N. uniform is and N. lemurinus; ( 1 3 )  none of the correla
tions l i sted above were affected when the effects of 
body size were removed. 
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FOOD HABITS, ONTOGENETIC DIETARY PARTITIONING AND 

OBSERVATIONS OF FORAGING BEHAVIOUR OF MORELET'S CROCODILE 

(CROCOD YLUS MORELETII) IN NORTHERN BELIZE 
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We studied the food habits and size-related dietary patterns ofMorelet ' s  crocodi le ( Crocodylus 

moreletii) in freshwater wetlands of northern Bel ize ( 1 992-2000).  Crocodiles (n=420 )  were 

c lassified as hatchl ings, smal l  juveni les, large juveni les, subadults or adults based on total 

length. Stomach contents were obtained primarily by stomach flushing. Prey i tems included 

aquatic and terrestrial insects, arachnids, aquat ic  gastropods, crustaceans, fi sh, amphib ians, 

rept i les, b i rds, and mammals .  Based on the percent occurrence of recovered prey items, we 

concluded that the smallest size c lasses feed largely on insects and arachnids .  Large juveni les 

broadened their diet to inc lude aquatic gastropods, crustaceans, fish and non-fish vertebrates. 

I nsect and arachnid consumption decl ined sharply among subadults, and increas ing amounts of 

aquatic gastropods and fish were recovered from this size c lass. The adult diet consisted mainly 

of aquati c  gastropods, fi sh and crustaceans. D ietary diversity was greatest among large j uveniles 

and subadults. Conversely, hatchl ings and small  juveniles had the most spec ia l ized ( least 

d iverse) diet owing to a rel iance on insects and arachn ids.  Dietary overlap was greatest between 

adj acent s ize cl asses, and lowest between the smallest and largest size c lasses. We also provide 

field observati ons of prey-specifi c  foraging behaviours. 

Key words: crocodile, foraging ecology, ontogenetic dietary change, stomach flushing 

INTRODUCTION 

Morelet' s crocodile (Crocodylus moreletii) is a large 
crocodi l ian (total length [TL] to 4 1 0  cm; Perez-H igareda 
et al., 1 99 1 )  that inhabits freshwater wetlands throughout 
much of the Atlantic lowlands of Mexico, Guatemala and 
Belize (Groombridge, 1 987), and many aspects of its l ife 
history, including diet and foraging ecology, remain 
largely unknown (Platt, 1 996).  Platt et al. (2002) investi
gated the foraging ecology of hatch l ings ( <2 months 
old) .  Schmidt ( 1 924), Shreve ( 1 957) ,  Alvarez <lei Toro 
( 1 974) and Stafford et al. (2003) col lectively examined 
the stomach contents of 1 7  juveniles ranging from 29 to 
75 cm TL, and found turtle scutes, sna i l  opercula, fish 
scales, anuran bones, crustaceans and insects. Alvarez 
<lei Toro ( 1 974) recovered the remains of fish, turtles, 
and an opossum (Philander opossum) from the stomach 
of an adult, Sigler & Marina (2004) documented preda
tion by an adult on a young bracket deer ( Mazama 
americana), and Perez-Higareda et al. ( 1 989) compiled 
a checkl ist of vertebrate taxa consumed by a group of 
subadults and adults confined in a semi-natural lagoon. 
However, detai led field investigations have yet to be 

Correspondence: T. R. Rainwater, The I nstitute of 
Environmental and H uman Health, Department of 
Environmental Toxicology, PO Box 764, Jefferson, Texas, 
75657, USA. E-mail: thomas.rainwater@tiehh.ttu.edu 

conducted and more comprehensive dietary data for C. 

moreletii are lacking. Moreover, despite the recogni
tion that increasing body size exerts a strong influence 
on diet and foraging ecology in many crocodi l ians (e.g. 
Cott, 1 96 1 ;  Webb et al. , 1 982;  Platt et al., 1 990; 

Thorbjarnarson, I 993b ) ,  only Tucker et al. ( 1 996) 

have quantified intraspecific dietary niche overlap 
among different size classes. 

Studies of diet are fundamental to understanding the 
ecology of an organism (Rosenberg & Cooper, 1 990), 

and among crocodi l ians, diet has been demonstrated to 
affect body condition, growth, behaviour and repro
duction (Lang, 1 987;  Delany et al., 1 999) .  
Furthermore, behavioural patterns associated with 
hunting specific prey are poorly documented for most 
crocodi l ians ( Lang, 1 987;  Gans, 1 989), including C. 

moreletii (Platt, 1 996).  Field observation of foraging 
behaviour is  difficult because much foraging activity is 
nocturnal, crocodi les are often wary, and turbidity may 
obscure underwater behaviour (Magnusson et al. , 

1 987;  Thorbjarnarson, l 993a; Platt et al., 1 990). We 
present here the results of a dietary study of Morelet' s  
crocodile i n  freshwater wetlands of  northern Belize. I n  
this study we  characterize the diet of C. moreletii, ad
dress ontogenetic dietary differences, quantify dietary 
niche overlap among size classes and provide field ob
servations of prey-specific foraging behaviours. 
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STUDY AREA AND M ETHODS 

Fieldwork was conducted from 1 992 to 2000 at 
freshwater wetlands throughout northern Belize ( Belize, 
Cayo, Corozal and Orange Walk Districts), a region 
characterized by a l luvial floodplains and interfluvial 
swampy depressions and sinkholes (Alcala-Herrera et 

al. , 1 994). Natural wetlands are estimated to occupy up 
to 40% of the lowlands in  northern Belize (Alcala
Herrera et al. , 1 994), and general ly contain water 
throughout the year, although levels fluctuate (Darch, 
1 983) .  Freshwater wetlands are often heavily vegetated 
with Cladium jamaicense, Typha domingensis, 
Eleocharis spp. and Nymphaea spp. ( Darch, 1 98 3 ;  
Rejmankova e t  al. , 1 995) .  The cl imate of northern Be
l ize is  considered tropical with a mean temperature 
every month of > I 8°C. Annual rainfall  ranges from 
1 ,300 to 2,000 mm with a pronounced wet season occur
ring from mid- to late June through late November. 
Average monthly precipitation is  variable and ranges 
from a maximum of23 l mm in June to a minimum of3 l 
mm in March (Johnson, 1 983) .  Our study sites are de
scribed in greater detai l  e lsewhere (P latt, 1 996; 
Rainwater et al., 1 998;  Platt & Thorbjarnarson, 2000) .  

Crocodiles were captured at night with the aid of a 
headl ight. Smaller animals (TL:S I 00 cm) were taken by 
hand or dip net, and a noose-pole was used to capture 
larger (TL2: 1 00 cm) individuals .TL and snout-vent 
length (SVL;  tip of snout to anterior margin of c loaca) 
were measured, and each crocod i l e  was permanently 
marked for future identification by notching the dorsal 
edge of a unique series of caudal scutes (Jennings et al. , 

1 99 1  ). Crocodi les were released at the capture site 
within 1 2  to 24 hours. Crocodiles were classified as 
hatchl ings (TL<30.0 cm),  smal l  juveniles (TL=30 .0-
50.0 cm),  large juveni les (TL=50. I to I 00.0 cm),  
subadults (TL= l 00. 1 - 1 50 .0 cm) or adults (TL> 1 50 .0 
cm); these categories reflect size-age relationships 
(P latt, 1 996). 

Stomach contents were obtained using a modification 
of the stomach flushing technique of Taylor et al. 

( 1 978) .  A flexible PVC tube (exterior tube diam
eter= 1 .4, 1 .9 and 2 . 1 cm for crocodi les <45 ,  45- 1 20 and 
> 1 20 cm TL, respectively) was eased down the 
oesophagus and into the stomach, and water was slowly 
poured into the tube until the abdomen became visibly 
distended. Gently palpating the abdomen caused a mix
ture of water and stomach contents to surge into the 
tube. The crocodile was then inverted, the contents ex
pelled, and this mixture depos ited onto a fine mesh 
screen. This process was repeated (usual ly three to four 
times) until only water free of stomach contents was ob
tained. F lushing is a safe, highly effective technique that 
has been demonstrated to recover >95% of prey and 
most non-food items from crocodi l ian stomachs 
(Fitzgerald, 1 989). 

We also obtained stomach contents by di ssecting a 
small number (< I  0) of crocodiles that were k i l led by 
poachers, accidentally drowned in fishing nets, or found 

dead from unknown causes. Stomach contents were 
sorted and prey items identified to the lowest possible 
taxonomic category. Each prey item was assigned to 
one of nine major taxonomic categories ( insects, arach
nids, gastropods, crustaceans, fi sh, anurans, repti les, 
birds and mammals). The length of every snail opercu
lum recovered from many (but not a l l )  crocodiles was 
measured to the nearest 0. 1 mm and used as an index of 
snai l size (Thorbjarnarson, I 993b) .  Non-food items 
such as stones, seeds and vegetable matter were also re
corded. Additionally, a few (<5) crocodi l es were 
captured with prey held in their jaws prior to swal low
ing. We assumed these prey would have been consumed 
had crocodi les not been captured and included them in 
our analysis. 

We calculated the percent occurrence for each prey 
category by size class. Although often considered syn
onymous with frequency of occurrence, we fol low 
Rosenberg & Cooper ( 1 990) and define percent occur
rence as the number of samples in which a particular 
prey item occurs divided by the sample size of a particu
lar size-class of crocod i le .  Percent occurrence is 
appropriate when individual prey items cannot be quan
t ified (Rosenberg & Cooper, 1 990) .  Because bone, 
flesh and mol lusc shell are rap idly digested, whi l e  
chitinous remains, hair and feathers are more persistent, 
differential digestion of prey types is a common source 
of bias in studies of crocodi l ian d iet (Jackson et al. , 

1 974; Fisher, 1 98 1 ;  Garnett, 1 985 ;  Magnusson et al., 

1 987) .  To reduce bias from this source, we analysed on
togenetic trends within prey categories under the 
assumption that the remains of different prey within any 
one prey category persisted in the stomach for simi lar 
periods (Magnusson et al., 1 987 ;  Thorbjarnarson, 
1 993b;  Tucker et al., 1 996) .  We transformed percent 
occurrence data using a square root arcsine transforma
tion (Zar, 1 996) before searching for correlations in 
dietary composition across crocodi le size classes. The 
association between crocodi le  body size and the size of 
snails consumed as prey was investigated by correlating 
the mean, minimum and maximum length of snail oper
cula recovered from each crocodile with crocodi le  SVL 
(Thorbjarnarson, 1 993b ) .  Results were considered sig
nificant at P�0.05.  

We used the Shannon-Wiener diversity index ( H') to 
estimate dietary niche breadth and determine the degree 
of dietary specialization in each size c lass (Schoener, 
1 968).  The Shannon-Wiener index is  calcu lated as : 

H' = - Lp log p. 
J J 

where pj is the proportion of individuals using resource j 
(prey category) .  Because H '  may range from 0 to infin
ity we standardized the index on a scale of 0 to 1 using 
the evenness measure J' calculated as: 

J' = H'  ( logn ) - 1 

where n is the number of prey categories ( Krebs, 1 989) .  
The lower the value of J', the more specialized the feed
ing habits of a particular size class; i . e .  the lowest J '  
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value indicates the least diversity of prey consumed, and 
hence the greatest degree of specialization (Schoener, 
1 968; Krebs, 1 989) .  

Dietary niche overlap among size c lasses was deter
mined using percent overlap ( P), which measures the 
area of overlap of the resource ut i l ization curves of 
crocodi le size class j and k ( Krebs, 1 989) .  P is  estimated 
by 2: (min imum p , p k) x I 00, where p .. and p.k are the lJ I ' IJ I 

proportion of prey item ( i )  used by size class j and k, re-
spective ly, and ranges from 0 (no overlap) to 1 

(complete overlap) (Krebs, 1 989). 
Observations of foraging behaviour were made 

opportunist ical ly whi le  capturing crocodiles for thi s  
study and others ( Platt, 1 996; Rainwater, 2003 ; F inger, 
2004 ) ,  and conducting population surveys ( Platt & 
Thorbjarnarson, 2000) .  We also provided apple snai ls  
(Pomacea flagellata) to a group of six captive C. 

moreletii (TL c. 75 to 1 50 cm) in a pond at the Belize 
Zoo to observe prey handling behaviour. 

RESULTS 

We obtained stomach contents from 420 crocodiles 
ranging in size from 23 to 255 cm TL by stomach flush
ing ( 4 1 2) and dissection ( 8 ) .  A lthough we captured 
crocodiles during every month of the year, most were 
taken in the late dry season (March to mid-June; n= 1 33 )  

and early wet season ( late June through mid-August; 
n= 1 57) .  Throughout much of the wet season, crocodiles 
were dispersed in flooded wetlands and proved difficult 
to capture ( Rainwater et al., 1 998;  unpub l .  data) .  
Hatchl ings (n=7 1 )  were col lected from late August to 
early October, shortly after emerging from the nest 
(Platt et al., 2002).  To our knowledge no mortal ity re
sulted from capture or stomach flushing, and numerous 

TABLE I .  Prey items identified in  the stomach contents of 420 Crocodylus moreletii collected in freshwater wetlands of northern 
Belize ( 1 992-2000). I ncludes data from Platt et al. ( 2002). 

Category 

AQUATIC 

INSECTS 

TERRESTRIAL 

INSECTS 

ARACHNIDS 

GASTROPODS 

Tax on 

Belostomatidae (giant water bugs) 

Corixidae (water boatmen) 

Dytiscidae (predaceous diving beetles) 

Gyrinidae (whirligig beetles) 

Hydrophi loidea (water beetles) 

Nepidae (water scorpions) 

Notonectidae (backswimmers) 

Odonata (dragonfly larvae) 

Tabanidae (horsefly larvae) 

Caelifera (grasshoppers) 

Carabidae (ground beetles) 

Embioptera (webspinners) 

Ephemeneroptera (mayflies) 

Formicidae (ants) 

Lepidoptera (butterflies and moths) 

Mantidae (mantids) 

Odonata (adult dragonfl ies) 

Scarabaeidae (scarab beetles) 

Unidentified spiders 

Pomaceajlagellata (apple snai l )  

CRUSTACEANS Cardisoma spp. ( freshwater crab) 

Procambarus spp. (crayfish) 

Decopoda (freshwater shrimp) 

FISH Astyanixfasciatus (Mexican tetra) 

Belonesox belizanus (a l l igator fish) 

Cichlasoma spp. (cichl ids) 

Gambusia spp. (mosquito fish) 

Ophisternon aenigmaticum (obscure 

swamp eel) 

Petenia splendida (bay snook) 

Poecillia mexicana (Mexican molly) 

Rhamida spp. ( freshwater catfish) 

Synbranchus marmoratus (mud eel) 

Category 

AMPHIBIANS 

REPTI LES 

B IRDS 

MAMMALS 

Taxon 

Buja marinus (marine toad) 

Eleutherodactylus spp. (rainfrog) 

Rana berlandieri (Rio Grande leopard frog) 

Trachemys scripta (common slider turtle) 

Ano/is spp. (anole) 

Basiliscus villa/us (basi l isk l izard) 

Ctenosaura similis (spiny-tailed iguana) 

Iguana iguana (green iguana) 

Sceloporus chrysostictus (spiny l izard) 

Coniophanes schmidti (Schmidt's 

striped snake) 

Agelaius phoeniceus (red-winged black 

bird) 

Butorides virescens (green-backed heron) 

Bubulcus ibis (cattle egret) 

Egrella spp. (egret) 

Phalacrocorax spp. (cormorant) 

Coendou mexicanus (Mexican hairy 

porcupine) 

Didelphis spp. (opossum) 

01yzomys spp. (rice rat) 

Philander opossum (gray four-eyed 

opossum) 

Rallus spp. (Old World rat) 

Sigmodon hispidus (cotton rat) 
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TABLE 2 .  Prey items, gastroliths, empty stomachs, dietary diversity and evenness among size c lasses o f  Crocodylus moreletii 
(11=420) from freshwater wetlands of northern Bel ize. N umber of crocodiles containing a specified prey followed by percent 
occurrence (%) within each size class in parentheses. r = correlation of percent occurrence of each prey category with size class. 
Size classes include hatchlings (TL<30.0 cm), small juveniles (TL=30.0-50.0 cm), large juveni les (TL=50. I - I  00.0 cm), subadults 
(TL= I 00. 1- 1 50.0 cm) and adults (TL> 1 50.0 cm). Hatch ling data from Platt et al. (2002). * P=0.05, Ns Not significant (P>0.05) .  

Small 
Prey category Hatchlings j uveniles 

(7 1 )  ( 1 1 7 )  

Insects 60 (84.5)  1 07 ( 9 1 .4) 

Arachnids 2 1  (29 .5)  3 1 (26 .5)  

Insects/arachnids (total) 69 (97. 1 )  1 1 2 (95 .7)  

Gastropods 2 (2 .8 )  6 ( 5 . 1 )  

Crustaceans 0 9 (7 .6)  

Fish 1 2  ( 1 6 .9) 7 (5 .9) 

Anurans 0 I (0.008) 

Reptiles 0 0 

B irds 0 0 

Mammals 0 0 

Non-fish vertebrates (total) 0 I (0.008) 

Non-food items 14 ( 1 9 .7 )  I 0 (8 . 5 )  

Gastroliths 8 ( 1 1 .2 )  7 ( 5 .9) 

Empty stomachs 0 2 (0 .0 I )  

Diversity (H ' )  0.96 1 .04 

Evenness (J') 0.40 0.43 

recaptures have since been made (P latt, 1 996; Platt et 
al. , 2002; unpubl .  data). A lthough we did not verify the 
effectiveness of the technique, abdominal palpation in
dicated that flushing resulted in complete or 
near-complete gastric emptying. Gastroliths that prob
ably exceeded the tube diameter occasional ly remained 
in stomachs despite repeated flushing. 

Prey recovered from crocodi le stomachs included 
aquatic and terrestrial insects, arachnids, aquatic gastro
pods, crustaceans, fish, amphibians, repti les, birds and 
mammals (Table 1 ). I nsects were the most frequently 
recovered prey and occurred in the stomach contents of 
278 (66. 1 %) crocodi l es of all size c lasses (Table  2 ) .  
Although whole insects and l arge fragments were fre
quently recovered, remains general ly consisted of 
highly macerated pieces of chitin and fleshy material 
that could not be identified to a particular taxonomic 
group. Representatives of n ine insect orders 
(Coleoptera, Diptera, E mbioptera, Ephemeroptera, 
H emiptera, Hymenoptera, Lepidoptera, Odonata, 
Orthoptera) were found among identifiable remains 
(Table I ) . Arachnids were recovered from 6 1  ( 1 4 .5%) 
stomachs. Because insects and arachnids are function
ally s imilar as prey, these groups were combined for 
analyses; insects, arachnids, or both were recovered 
from the stomachs of 294 (70.0%) crocodiles of all size 
classes. There was a significant negative correlation be
tween size class and the percent occurrence of insects/ 
arachnids (Tab le  2 ) .  H atch l ings and smal l j uveni les 
feed almost exclusively on insects/arachnids. With the 
exception of three large ants recovered from a stomach 

Size class (n) 

Large 
juveni les Subadults Adults r 

( 1 2 1 )  (63)  (48) 

83 (68 .5 )  22 (34.9) 6 ( 1 2 . 5 )  

8 (6 .6)  1 ( 1 .5 )  0 

84 (69.4) 23 (36 .5)  6 ( 1 2 . 5 )  -0.97* 

25 (20 .6)  26 (4 1 .2) 34 (70 .8)  0.94* 

22 ( 1 8 . 1 )  9 ( 1 4.2)  I 0 (20.8)  0.90* 

3 1  (25 .6)  20 ( 3  1 .7 )  15  ( 3  1 .2) 0 .  79Ns 

7 (0 .05) 2 (0 .03) 0 

8 (0 .06) 2 (0 .03) I (0 .02) 

2 (0 .0 1 )  3 (0.04) 5 (0 . 1 0) 

1 2  (0 .09)  2 (0 .03)  1 (0 .02) 

29 (23 .9) 9 ( 1 4.2)  7 ( 1 4 . 5 )  0 .65NS 

34 (28 .0)  14 (22 .2)  13  (27.0) 

22 ( 1 8 . 1 )  1 1  ( 1 7 .6) 7 ( 1 4. 5 )  

5 (0 .04)  I 0 (0 . 1 5) 0 

1 . 86 1 .73 1 .5 1  0 .  70�5 

0 .77 0 .72 0.63 0.  70NS 

that also contained fresh anuran remains, we found 
nothing to suggest that insects or arachnids were sec
ondari ly ingested. 

Gastropods were found in the stomach contents of93 
(22. 1 %) crocodi les from all size classes (Table 2 ) .  
Pomacea flagella ta, a l arge (ea .  60-70 g) ampul larid 
snail abundant in freshwater wetlands of northern Be
l ize (Covich, 1 983 )  was the only gastropod recovered. 
There was a significant positive corre lation between 
size class and the percent occurrence of gastropods (Ta
ble 2). In  a sample of 72 crocodi les (containing 1 -6 1 8  
opercula) there were significant positive correlations 
between crocodi le  SVL and mean (1=0.84), minimum 
(J=0.69)  and maximum (J=0.87)  operculum length. 

Crustaceans were a relatively minor component of 
the diet and occurred in only 50  stomachs ( 1 1 . 9%) from 
a l l  size classes except hatchl ings (Table 2) .  There was a 
significant positive corre lation between the percent oc
currence of crustaceans and size class (Table 2) .  

F ish were the most frequently recovered vertebrate 
prey, and occurred in the stomachs of85 (20.2%) croco
diles of al l size classes (Table 2) .  With the exception of 
an anuran recovered from a small juveni le,  fish were the 
only vertebrates consumed by hatchlings and smal l  ju
ven i l es .  Although the percent occurrence of fish 
remains was positively correlated with s ize class, this 
relationship was not significant (Table 2) .  However, the 
recovery of scales from an adult Petenia splendida, un
doubtedly consumed as carrion by six hatchl ings in a 
single pod (Platt et al. , 2002), inflated the percent oc
currence of fish among this size c lass .  I f  these six 
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TABLE 3 .  Percentage o f  d ietary overlap ( % )  among size classes o f  Crocodylus moreletii from freshwater wetlands i n  northern 
Bel i ze. Size classes include hatchlings (TL<30.0 cm), small j uveni les (TL=30.0-50 .0  cm), large juveniles (TL=50. l - I  00.0 cm), 
subadults (TL= 1 00 . 1 - 1 50.0 cm) and adults (TL> I 50.0 cm). 

Small 
Size class Hatchlings juveniles 

Hatchlings 1 00.0 
Small juveniles 89 .0 1 00 .0 
Large juveni les 59 .8 58 . 1 
Subadults 4 1 .6 38 .7  
Adults 23 . 1  I 8 .3 

hatchl ings are removed from the analysis, the correla
tion between the percent occurrence of fi sh and size 
class becomes significant (1=0.90). 

Vertebrates other than fish were poorly represented 
in the diet and occurred in only 46 ( I  0.9%) crocodiles 
(Table 2). Amphibians, repti les, b irds and mammals 
were recovered from I 0 (2.3%), 1 1  (2 .6%), 1 0  (2 .3%) 
and 1 5  (3 .5%) crocodi les, respectively. The percent oc
currence of non-fish vertebrates was positively 
correlated with size class, although this relationship was 
not significant (Table 2) .  Non-fish vertebrates were 
most frequently recovered from large juveniles; these 
consisted primarily of rice rats ( Oryzomys spp . ) .  Few 
subadults or adults contained non-fish vertebrates and 
with one exception, non-fish vertebrates were lacking 
from the stomach contents ofhatchlings and small juve
niles. 

Non-food items were present in the stomach contents 
of85 (20.2%) crocodiles of all size classes and included 
fragments of vegetation, hard seeds, p ieces of wood, 
stones and parasites. Gastroliths (stones and hard seeds) 
were recovered from 55 ( 1 3 .0%) crocodiles of all size 
classes. Empty stomachs were rarely encountered 
among any size class (Table 2) . 

D ietary diversity (H ' )  and evenness (J') values were 
not significantly correlated with size class (Table 2) .  
Dietary diversity was greatest among large juveniles 
and subadults, intermediate in adults, and lowest among 
hatchlings and small juveniles. Conversely, d ietary spe
cial ization (evenness) was greatest among hatchl ings 
and small juveniles owing to a reliance upon a l imited 
selection of prey, primari ly insects and arachnids.  
Large j uveniles and subadults consumed insects and 
arachnids in addition to increasing amounts of crusta
ceans, gastropods and vertebrate prey, and 
consequently had the most generalized diet of any size 
class. D ietary special ization was intermediate in  adults, 
due to the h igh occurrence of snai ls. 

To summarize the general ontogenetic trend based 
on the percent occurrence of prey items recovered from 
C. moreletii, the diet of hatchlings and small juveni les 
comprises largely insects and arachnids. Large juve
ni les l ikewise rely heavily on insects and arachnids, but 
broaden the diet to include gastropods, crustaceans, fish 
and non-fish vertebrates. Consumption of insects and 
arachnids appears to decline greatly among subadults, 
and increasing amounts of gastropods and fish were 
found among the stomach contents; crustaceans and 

Large 
juveniles Subadults Adults 

1 00.0 
68.4 1 00 .0 
45 . 1 7 1 .0 1 00.0 

non-fish vertebrates were recovered less often from thi s  
size class. Gastropods were the prey most frequently re
covered from adults, and although fish and crustaceans 
were found less often, these are nonetheless important 
prey for this size class. Insects and non-fish vertebrates 
appear to be a minor component of the adult diet. 

D ietary overlap was greatest among adjacent size 
classes (Table 3 ) . Near complete overlap occurred be
tween hatchlings and small juveniles .  H igh overlap 
(>60%) occurred between large j uven iles and 
subadults, and subadults and adults, while moderate 
overlap (50-60%) was found between hatchlings and 
large juveni les, and small and large juveni les. Overlap 
was low (30-50%) between adults and large juveniles, 
as well as between subadults and hatchlings and small 
juveniles. The lowest ( <30%) overlap occurred between 
adults, and hatchlings and small juveniles. 

D ISCUSS ION 

Our study is the first to examine stomach contents 
from a large sample of C. moreletii ranging in size from 
hatchlings to mature adults. 1t should be noted that sev
eral factors may confound dietary analyses based on 
stomach contents in crocodil ians .  Firstly, differing gut 
retention times of various prey species may bias results 
(Garnett, 1 985 ;  Janes & Gutkze, 2002), but because we 
analysed ontogenetic trends within prey categories, bias 
from th is source is probably minimal (Magnusson et al. , 

1 987 ;  Thorbjarnarson, I 993b);  i . e . ,  any digestib i l ity 
bias was consistent within prey types regardless of vari
ation among prey types (Tucker et al. , 1 996). 

Secondly, some authors have suggested that i nsect 
remains found in crocodi l ian stomachs were acquired 
secondari ly from anurans consumed as prey (Nei l l ,  
1 97 1 ;  Jackson et al. , 1 974; Wolfe et al. , 1 987) .  How
ever, we found nothing to suggest that secondary 
ingestion is a significant source of insects for C. 
moreletii. Anurans were poorly represented in the stom
ach contents of all size classes, particularly so among 
smaller crocodiles in which the occurrence of insects 
was greatest. D ietary studies of other crocodi l ians have 
l ikewise concluded that consumption of anurans is rare 
(Webb et al. , 1 982;  Delany & Abercrombie, 1 986; 
Delany, 1 990; Platt et al., 1 990; Webb et al. , 
1 99 1  ;Thorbjarnarson, 1 993b;  Tucker et al. , 1 996) .  
Moreover, in the single case where we recovered insect 
and anuran remains from the same crocodile, both were 
similar in size, suggesting consumption of the insects by 
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the  co-occurring anuran was unlikely. Finally, because 
prey movement is important in el iciting a feeding re
sponse in crocodi l ians  (Fle ishman & Rand, 1 989), 

ambush predators such as most anurans ( Duellman & 
Trueb, 1 986), which remain motionless for long peri
ods, are l ikely to escape detection by foraging 
crocodiles. However, our conclusions and those of oth
ers regarding the consumption of anurans should be 
interpreted with caution owing to the rapid digestion of 
amphibians in the crocodi l ian stomach .  Delany & 
Abercrombie ( 1 986) note that s irens (Siren lacertina) 

fed to captive A. mississippiensis were completely di
gested within 24 hours and suggested that thi s  may 
result in amphibians being under-represented in studies 
of crocodil ian stomach contents. 

The results of our study and others ( Schmidt, 1 924; 

Alvarez del Toro, 1 974; Stafford et al. , 2003) indicate 
that insects and arachnids are especially important prey 
for the smaller size classes of C. moreletii. These results 
are not unexpected as studies of most crocodi l ians sug
gest that insects are the primary food for smaller size 
classes (e.g. Cott, 1 96 1 ;  Staton & Dixon,  1 975 ;  Webb et 
al. , 1 982; Delany, 1 990; Platt et al. , 1 990; 

Thorbjarnarson, I 993b ) . Both aquatic and terrestrial in
sects are consumed by small C. moreletii suggesting 
that a variety of foraging modes are employed. Terres
trial i nsects are probably captured when crocodiles 
forage at the land/water ecotone and among emergent 
vegetation, or when insects fall into the water (Palis ,  
1 989; P latt et al., 1 990). 

Ampul larid snai l s  are abundant in freshwater 
wetlands of northern Belize (Covich, 1 983) ,  and have 
previously been reported as prey for juvenile and 
subadult C. moreletii (Schmidt, 1 924; A lvarez del Toro, 
1 974; Stafford et al. , 2003) .  Alvarez del Toro ( 1 974) 

considered aquatic snails especially important food for 
"small" crocodiles. However, snail consumption was 
not reported in the only previous study of adult C. 
moreletii diet (Perez-H igareda et al. , 1 989).  In contrast 
to other studies of C. moreletii diet, our results indicate 
that while snai l s  are consumed by all size classes, con
sumption increases with increasing crocodi le body size, 
and is greatest among the two largest s ize classes. 
Schmidt ( 1 924) speculated that the blunt posterior teeth 
of C. moreletii are wel l  adapted for crushing moll uscs. 

The positive correlations of mean, minimum and 
maximum snail operculum lengths with crocodile SVL 
suggests that as C. moreletii grow larger they consume 
increasingly larger snail s  while excluding smal ler snails 
from their diet. Optimal foraging theory predicts such 
an ontogenetic shift in the lower size l imit  of prey when 
the energy content of individual prey is  small in relation 
to the energetic cost of capture and ingestion (Stephens 
& Krebs, 1 986; Arnold, 1 993) .  Because crocodi les are 
gape-l imited predators (Schmidt & Holbrook, 1 984), 

mechanical constraints undoubtedly define the upper 
size limit of snails that can be consumed. 

It is  unclear how C. moreletii detect and locate snail s  
underwater, but  tactile and chemical cues are probably 

important. We observed wi ld  C. moreletii capturing 
snails underwater while crawl ing along the bottom and 
making frequent lateral head sweeps; contact with a 
snail el icited snapping behaviour. Special ized sensory 
organs on the jaws ( Soares, 2002) probably fac i l itate 
underwater prey capture by functioning as 
mechanoreceptors that locate prey by touch 
(Thorbjarnarson, I 993a). Because Pomacea are known 
to release alarm pheromones in the presence of 
crocodi l ians (Snyder & Snyder, 1 97 1  ) , it is  also possi
ble that waterborne chemical cues play a role  in locating 
snail s .  Waterborne chemicals are detected by taste buds 
on the tongue and posterior palate of the American alli
gator (Alligator mississippiensis) and stimulate head 
sweeping behaviour ( Weldon et al., 1 990) simi lar to 
that observed among C. moreletii. The importance of 
visual cues in underwater prey capture is  probably mini
mal as the crocodi li an eye is  severely hyperopic 
(farsighted) and usually covered by opaque membranes 
when submerged (Fleishman et al., 1 988;  Platt & 
B rantley, 1 99 1  ) . 

Diefenbach ( 1 979) reported that Caiman latirostris 

swallowed intact snail s  either underwater or after rais
ing the head above the surface, but we observed C. 
moreletii at the Belize Zoo crushing snai ls prior to swal
lowing. Snails were seized, held between the jaws, and 
then crushed in a series of rapid mandibular contrac
tions with the head held at or sl ightly above the water 
surface. This was followed by several slow, lateral head 
sweeps with the jaws slightly agape and j ust below the 
surface that appeared to flush shell fragments from the 
mouth. The head was then t i l ted upwards and the 
crushed snail swallowed. 

In contrast to our results, previous studies found few 
fish among the stomach contents of C. moreletii, prob
ably owing to the small number of crocodiles examined 
and the preponderance of j uveniles in this sample 
(Schmidt, 1 924; Shreve, 1 957 ;  Alvarez del Toro, 1 974; 
Stafford et al., 2003) .  Perez-Higareda et al. ( 1 989) in
cluded Cichlasoma sp. and Anguilla sp. on a checklist 
of prey consumed by C. moreletii, but did not quantify 
percent occurrence in the diet. Tactile, visual and audi
tory cues appear important in fish capture by C. 

moreletii. We frequently observed C. moreletii snap
ping at surface disturbance when among dense schools 
of Astyanix fasciatus, Poecillia mexicana and 
Gambusia spp. ,  surface-swimming fish that create con
siderable disturbance when feeding. Crocodiles floated 
s lowly in a "cross-posture position" (Olmos & Sazima, 
1 990) among schools of fish, making occasional for
ward lunges or lateral head swipes directed at surface 
d isturbances. Crocodi l ians are sensitive to vibrations on 
the water' s surface, and anecdotal accounts exist of 
crocodi l ians snapping at splashing or dripping water 
( Hartley & Hartley, 1 977 ;  Lazel l & Spitzer, 1 977) .  

Others have commented on the importance of surface 
disturbance in fish capture (Whitfield & Blaber, 1 979; 

Schal ler & Crawshaw, 1 982; Olmos & Sazima, 1 990; 
Soares, 2002), and P latt et al. ( 1 990) found that while 
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surface-swimming fish were a significant component in  
the diet of juvenile A .  mississippiensis, fish inhabiting 
the mid-l i ttoral zone were rarely consumed. Success 
rates of surface fi shing are typically low (Olmos & 
Sazima, 1 990; Thorbjarnarson, l 993a) and therefore 
thi s behaviour is  probably energetically worthwhi le  
only when fish are present in  h igh densities. A lthough 
we never observed C. moreletii capturing bottom
dwel l ing fish (e .g.  catfish and eels), these occurred in 
the diet and are probably taken in  a manner similar to 
that described for snails that rel ies heav i ly on tactile 
cues. 

Previous studies found non-fish vertebrates among 
the stomach contents of a l imited number of juvenile, 
subadult and adult C. moreletii (Schmidt, 1 924; Shreve, 
1 957 ;  Alvarez del Toro, 1 974; Stafford et al. , 2003) .  
According to Perez-H igareda e t  al. ( 1 989), wading 
b irds were the principal food of 48 semi-captive 
subadult and adult C. moreletii, but wild and domestic 
mammals, amphibians and repti les were also con
sumed; however, because frequencies of individual taxa 
in the diet were not reported, comparisons with our re
sults must remain qualitative. Despite their low percent 
occurrence in the stomachs we examined, some non
fish vertebrates, particularly mammals and birds, may 
be important prey for C. moreletii. As noted by 
Rosenberg & Cooper ( 1 990), measures of percent oc
currence tend to minim ize the importance of 
infrequently consumed larger prey that may nonetheless 
make significant energetic contributions to the diet. 

While avian remains were rarely found among the 
stomach contents of C. moreletii, we observed two in
stances of crocodi le  predation o n  birds during thi s  
study. The first occurred when an  adult (TL  c. 1 80 cm) 
crocodile made two near-vertical lunges to snap at grey
breasted martins (Progne chalybea) skimming above 
the surface ofa pond. These l unges began with the head 
resting on the surface, and propel led the crocodile far 
enough out of the water to expose the forefeet to view; 
one lunge resulted in prey capture. Crocodylus niloticus 

have l ikewise been reported to capture small ,  low-fly
ing birds ( Atwell ,  1 954). We also observed a subadult 
crocodile (TL c. 1 20 cm) swimming from a rookery 
with a freshly k i l led adult green-backed heron 
(Butorides virescens) in its mouth. Additional ly, al
though predation was not observed, concentrations of 
crocodi les were frequently encountered at cormorant 
(Phalacrocorax spp . )  roosts during spotlight surveys. 
Predation of adult and j uvenile wading birds at rooker
ies and nocturnal roosts by A. mississippiensis is well 
documented in  the l iterature ( Mci lhenny, 1 93 5 ;  

Hopkins, 1 968;  Ruckdeschel & Shoop, 1 987) .  

Plant material, small stones and hard seeds are fre
quently reported among stomach contents in studies of 
crocodilian diet (Cott, 1 96 1 ;  Webb et al. , 1 982; Platt et 
al. , 1 990; Webb et al. , 1 99 1 ;  Thorbjarnarson, l 993b; 
Tucker et al. , 1 996). Although deliberate frugivory by 
captive crocodi l ians has been observed (Brueggen, 
2002; B rito et al. , 2002), i t  is  generally assumed that 
plant material is ingested incidental to prey capture and 

has no nutritional value (Coulson & H ernandez, 1 983) .  

Small  stones and other hard obj ects are purposefully 
consumed and serve as gastrol iths (Davenport et al. , 

1 990; F itch-Snyder & Lance, 1 993) .  While not essential 
for digestion, gastro l iths are thought to faci l i tate the 
breakdown of i ngested prey in  a manner similar to grit 
in the avian gizzard, and may be especially important 
for smaller size classes that consume chitin-rich diets 
(Sokol, 1 97 1 ;  Platt et al. , 1 990; F itch-Snyder & Lance, 
1 993) .  Davenport et al. ( 1 990) found that gastrol iths 
enhance digestion by squeezing fluids from punctured 
arthropods, but Taylor ( 1 993 ,  1 994) discounted this  
role and speculated that gastro liths serve primarily as 
ballast for buoyancy control .  More recently, Henderson 
(2003) used a mathematical and computational model to 
convincingly demonstrate that the relatively small mass 
of gastrol i ths occurring in crocodi lian stomachs is  in
consequential for maintaining stabi l ity and buoyancy in 
the water column. 

Ontogenetic d ietary changes have not been previ 
ously reported for C. moreletii, but are wel l  documented 
in many species of crocodi l ians (Lang, 1 987), and pre
sumably reflect energetic advantages and the abi lity of 
larger individuals to capture larger prey (Webb et al. , 

1 99 1  ) . I n  general, smaller size classes subsist primarily 
on insects and crustaceans, with a pronounced increase 
in the consumption of vertebrates as individuals mature 
(Lang, 1 987) .  Crocodylus moreletii appears to fol low 
this general pattern except that as crocodiles mature, the 
diet includes increasing amounts of aquatic snails rather 
than vertebrates .  This trend is undoubtedly exaggerated 
by the tendency of snail opercula to accumulate in the 
stomach ( Barr, 1 997), over-emphasizing the percent oc
currence of th is  item in the diet. However, other 
vertebrate remains such as fish scales, turtle scutes, bird 
feathers and mammal hair that are l ikewise resi stant to 
digestion (Delany & Abercrombie, 1 986;  Janes & 
Gutzke, 2002) would also accumulate and be over-rep
resented in the diet if crocodi les were consuming 
significant numbers of these taxa. 

We found high dietary overlap between adjacent size 
classes of C. moreletii, with decreasing overlap as size 
differences increased; the lowest overlap occurred be
tween the largest and smallest size classes. This is not 
unexpected in a species such as C. moreletii that under
goes an almost 500-fold increase in body size from 
hatching to adulthood. Similar findings were reported 
by Tucker et al. ( 1 996) for C. johnstoni in the only pre
vious study to quantify intraspecific dietary overlap in 
crocodi l ians. Despite high d ietary overlap between 
similar-sized C. moreletii, niche overlap alone does not 
necessarily indicate that competition is  occurring 
(Pianka, 1 988).  Although habitat use by C. moreletii has 
yet to be investigated, intraspecific size-related ecologi
cal separation appears commonplace among 
crocodil ians (Lang, 1 987)  and may function to reduce 
competition for food (Tucker et al. , 1 996). 

The magnitude of d ietary overlap between the largest 
(adult) and smallest (hatchling and small juveni le)  size 
classes of C. moreletii is within the range of differences 
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typical ly found between species ( MacArthur, 1 972;  
Pol is, 1 984) . I f  different s ize classes use sufficiently 
different resources, they may function as di fferent eco
l ogical  entities ( see review by Pol i s, 1 984).  These 
entities were described by Enders ( I  976) and Maiorana 
( 1 978 )  as ' ecological species ' ,  and defined as 
intraspecific units whose differences in resource use ap
proximate those of taxonomic species .  Because 
intraspecific competition between ' ecological species' 
i s  minimal, interspecific rather than intraspecific inter
actions may be more important in defining patterns of 
resource use for these size classes (Polis,  1 984). How
ever, these potentially complex community interactions 
have not been investigated in any crocodil ian. 

Finally, although we did not investigate seasonal pat
terns of prey consumption by C. moreletii in northern 
Belize, seasonal changes in diet have been reported in  
other crocodi l ians (Valentine et  al. , 1 972; Gorzula, 
1 978; Hutton, 1 987 ;  Thorbjarnarson, 1 993b; Tucker et 
al. , 1 996). Prey avai labi l i ty i s  often influenced by sea
sonal fluctuations in water levels that function to 
concentrate or di sperse prey (Valentine et al., 1 972;  
P latt et al. , 1 990; Thorbjarnarson, 1 993b ) .  For example, 
during dry periods crustaceans are often unavailable 
when aestivating, while fish become concentrated in  
shallow pools and are read i ly captured by foraging 
crocodiles (Thorbjarnarson, 1 993b ) . On the other hand, 
fish are less available when dispersed by rising water 
levels, whi le  terrestrial insects become accessible i n  
partially flooded vegetation (Platt e t  al., 1 990) . Given 
the pronounced wet-dry seasonality of northern Bel ize, 
seasonal differences in the diet of C. moreletii are l ikely 
and warrant future investigation. 
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GULF OF GUINEA ISLANDS: RAPID RATES OF MITOCHONDRIAL DNA 

SEQUENCE EVOLUTION? 
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M itochondrial DNA ( 1 2S rRNA, 1 6S rRNA and cytochrome b) sequences and nuclear 

sequences (C-mos) were analysed within Lygodacty/us thomensis from three volcan i c  is lands in 

the Gulf of G uinea that have never been connected to the continent. Our aim was to assess 

interrelationships between the three subspecies to test a recent hypothesis suggesting high rates 

of mitochondrial DNA (mtDNA) sequence evolution in geckos. Our results indicate, based on 

mtDNA sequence data, that the three subspecies are genetical ly d ifferentiated at a level more 

typical ly observed between species. H owever, the forms cannot be d i fferentiated using the 

nuclear marker C-mos. These resu lts further substantiate the hypothesis of rapid rates ofmtDNA 

sequence evolution in  geckos, although the alternative that C-mos i s  evolving more slowly 

cannot be d iscounted. They also suggest that present ca l ibrations for molecular c locks are at the 

upper l imi t  of d ivergence over time. 

Key words: dwarf gecko, genetic analysis, phylogeny, Sao Tome, Principe, Annobon 

INTRODUCTION 

The i slands of the Gulf of Guinea are part of a vol
canic  chain formed during the middle to late Tertiary. 
B ioko (formerly Fernando P6) is  the largest and closest 
to Africa, only about 32 km from Cameroon. Smaller and 
more geographically isolated are Sao Tome and Principe 
( I  00 1 km2 combined), which include a number of small 
islets, and 1 60 km southwest of Sao Tome, Annobon ( 1 7  
km2; Fig.  1 ) .  Estimated ages for the origins of Principe, 
Sao Tome and Annobon are 3 1  my, 1 4  my and 4.8 my re
spectively (Lee et al., 1 994 ) .  These three is lands have 
never been interconnected, or l inked to the continent. 
This isolation has promoted species divergence and evo
lution, and they presently harbour several endemic 
species, inc luding the dwarf gecko, lygodactylus 
thomensis . 

Lygodactylus contains about 60 species, with a centre 
of distribution in sub-Saharan Africa. Unusual ly for 
geckos, dwarf geckos are diurnal. lygodactylus 

thomensis is the only dwarf gecko known from Principe, 
Sao Tome and Annobon. Three subspecies have been 
recognized, L.  t. thomensis from Sao Tome, L.  t. 
delicatus from Principe and L. t. wermuthi from 
Annobon. 

Although many phylogenetic studies have been per
formed on the gecko fauna of the more northern Atlantic 
volcanic is lands, such as the Cape Verde archipelago 
(Carranza et al., 2000; Jesus et al. , 200 1 ,  2002) and the 
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Canary Is lands (Gtibitz et al., 2005) ,  very l ittle is  
known about the fauna of the i slands of the Gulf of 
Guinea. A recent phylogenetic study of the geckos 
Hemidactylus indicated that the commonest species, 
H. mabouia, was probably introduced, and also indi
cated the ex istence of a genetically distinct l ineage 
(Jesus et al., 2005a) that may in fact be H. 
longicephalus (Carranza & Arnold, 2006). L ike other 
recent studies on geckos (e .g .  Austin et al. , 2004; 

Kasapidis et al. , 2005 ; Kronauer et al. , 2005 ; Lamb & 
Bauer, 2000; H arris et al., 2004a, b)  this work high
lighted extraordinarily high levels ofmtDNA sequence 
divergence within morphologically conservative 
geckos. However, in  the studies where a comparison 
with nuclear DNA sequence data has been available 
(Austin et al. , 2004; Harris et al. , 2004b; Jesus et al., 
2005a) variation within the nuclear markers has been 
low or non-existent. This led to the speculation that 
geckos may have a relative fast rate of mtDNA evolu
tion (Jesus et al., 2002 ; H arris et al. , 2004a). Using 
both mitochondrial and nuclear DNA sequences we 
aim to ( 1 )  examine the levels of variation between 
forms on the three islands, and compare this with the 
age of the islands; (2) determine the possible coloniza
tion sequence of the i slands, and compare colonization 
rates and patterns to those of other species; and ( 3 )  fur
ther test the hypothesis of high rates of mtDNA 
sequence evolution in  an additional gecko species .  

MA TE RIALS AN D M ETHODS 

The number and geographic locations of the speci
mens used in this study are given in Table I and Fig. I .  
Voucher specimens are housed in  the collections of the 
University of Madeira. Total genomic DNA was ex
tracted from small p ieces of tai l using standard 
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TABLE 1 .  Specimens used in  this study. Localities refer to Fig. 1 .  Codes refer to voucher specimens and to F ig .  2 .  

Species Locality Code 

L. t. wermuthi Annobon 638, 639, 640,64 1 ,  642, 643, 
645, 646, 649, 650 

L. t . thomensis S. Nicolau, Sao Tome 725, 727 
L. t. delicatus Montalegre, Principe 699, 700 

Terra Velha, Principe 720 
L. capensis Tanzania 
L. luteopicturatus Tanzania 

methods (Sambrook et al. , 1 989).  Primers used in both 
ampl ification and sequencing of mitochondrial DNA 
were l 6SL and l 6SH, l 2Sa and I 2Sb, and Cytochrome 
b 1 and 3 from Kocher et al. ( 1 989).  Amplification con
ditions were the same as those described by H arris et al. 

( 1 998) .  Primers used to ampl ify a fragment of the nu
c lear gene C-mos were G73 and G74, and were used 
fol lowing the conditions given by Saint et al. ( 1 998) .  C
mos sequences have been widely used to infer 
relationships at many levels within geckos (e.g. Austin 
et al., 2004; Carranza et al., 2002; Han et al. , 2004; 
Harris et al. , 2004b). Two outgroup species were also 
sequenced for all four gene regions, Lygodactylus 

luteopicturatus and Lygodactylus capensis. Addition
ally for the analyses based only on C-mos, sequences of 
Lygodactylus sp. and Lygodactylus bradfieldi were also 
included (Austin et al. , 2004; H an et al. , 2004). Ampli
fied fragments were sequenced on a 3 1 0  Applied 
B iosystem DNA Sequencing Apparatus .  Sequences 
were a l igned using Clustal W (Thompson et al. , 1 994). 
Length variation in  loop regions of the rRNAs was rela
tively l imited, and all positions were inc luded in the 
analysis. Mitochondrial DNA sequences were imported 
into PAUP* 4.0b l O  (Swofford, 2003) for phylogenetic 
analysis .  For the phylogenetic analysis  of the combined 
data, we used maximum l ikel ihood ( ML) ,  maximum 
parsimony (MP) and Bayesian inference. We used the 
approach outlined by Huelsenbeck & Crandal l  ( 1 997) to 
test 56 alternative mode ls  of evolution, employing 
PAUP* 4.0b I 0 and Modeltest ( Posada & Crandal l ,  
1 998) .  Once a model of evolution was chosen, it was 
used to estimate a tree employing ML ( Fe lsenstein, 

Monta1JrcJ9� I 0 Terra Velha 

0_5 km Africa 

Principe @] 

[Q] Sao Tome 

. Annobon 

FIG. 1 .  Map showing the sampling localities of Lygodactylus 
from the Gulf of Guinea. The outgroup samples are both from 
Tanzania. 

TZ32 
TZ I 

1 98 1 )  with random sequence addition ( I  0 repl icate heu
ristic search). The MP analysis was also performed with 
random sequence addition ( 1 00 repl icate heuristic  
searches). I n  both MP and M L  support for nodes was 
estimated using the nonparametric bootstrap technique 
( Felsenstein, 1 985)  with I OOO replicates. The Bayesian 
analysis was implemented using MrBayes 
(Huelsenbeck & Ronquist, 200 1 ) . Two independent 
repl icates were conducted and inspected for consist
ency to check for local optima. Both analyses were 
conducted with random starting trees, run for I x I 06 
generations, and sampled every I OOO generations using 
a general-time-reversible model of evo lution with a 
gamma model of among-site rate variation. I n  both 
searches, stationarity of the Markov Chain was deter
mined as the point when sampled In-l ikel ihood values 
p lotted against generation time reached a stable mean 
equil ibrium value; "burn-in" data sampled from genera
tions preceding th is  point were discarded. A l l  data 
col lected at stationarity were used to estimate posterior 
nodal probabi l ities and a summary phylogeny. New se
quences from C-mos for nine individuals were aligned 
against the publ ished Lygodactylus sequences. There 
were no indels. B ecause no characters were homoplas
tic (consi stency index= 1 )  only an MP analysis was 
performed. 

RESULTS 

For the combined mtDNA gene fragments, 1 7  indi
viduals were included for a total of 1 1 77  base pairs; 
ML, MP and Bayesian analyses gave identical estimates 
of relationships ( Fig. 2). The most appropriate model 
for the combined data was the GTR model with an esti
mate of invariable sites (0 .2 1 )  and a d iscrete 
approximation of the gamma d istribution (0.4 1 ). The 
ML heuristic search using this model found two trees of 
-Ln 3590. Bayesian analysis produced an identical esti
mate of relationships to one of these. For MP 1 76 
characters were informative, and the MP search found 
one tree of 458 steps (Fig. 2) .  All analyses varied only 
in relationships between individuals from Annobon. I n  
a l l  analyses a l l  three is lands formed monophyletic 
clades with 1 00% support. lygodactylus thomensis i s  a 
monophyletic group, simi larly with 1 00% support, rela
tive to the included outgroups. A lso supported is a 
s i ster-taxa relationship between L. t. delicatus from 
Principe and L. t. wermuthi from Annobon. Average 
levels of sequence divergence between con generic rep-
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100.96 
643Annobon 

100 
639Annobon 

699 Montalegre Principe 

700 Montalegre Principe 

L t. wermuthi 

L. t. delica tus 

720 Terra Velha Principe 

727 S. Nicolau Sao Tome 
L. t. thomensis 

725 S. Nicolau Sao Tome 

L.  futeopicturatus 

L. capensis 
-- 0.05 substitutions/site 

F IG .  2 .  One of two trees derived from an M L  analysis of 
combined I 2S and I 6S rRNA fragments using the model 
described in the text. MP and Bayesian analyses gave 
identical estimates of relationships. Bootstrap values (>50%) 
for MP and ML are given above the nodes, and Bayesian 
probabi lit ies are given below the nodes. When all values were 
the same, one value is given. The tree was rooted using 
Lygodactylus capensis and L. luteopicturatus. 

ti le species is known to average approximately 1 2% for 
cytochrome b (Harris, 2002) .  Sequence divergence for 
cytochrome b between populations from Annobon and 
Principe is  approximately I 0%, and between Principe 
and Sao Tome approximately 1 5%. 

For the C-mos nuclear DNA sequences 1 1  characters 
were parsimony-informative. A heuristic search found a 
single tree of28 steps ( Fig. 3 ) .  Our analyses of variation 
of C-mos indicate minimal  vanat1on within 
Lygodactylus thomensis. Only three haplotypes were 
found, with two individuals being heterozygous. One 
haplotype was found in i ndividuals from all three is
lands. Lygodactylus thomensis was c learly 
differentiated from the other species included in  the 
analysis. 

D I SCUSSION 

Analysis of the mtDNA sequences produced a robust 
estimate of relationships for populations from the three 
i s lands. Presently the species appears to be mono
phyletic although inc luding additional Lygodactylus 

spec ies in the analysis would be necessary to confirm 
this. The populations from Annobon and Principe are 
si ster taxa. Given the geographical remoteness and 
younger geological age of Annobon, and that the major
ity of individuals from Annobon had a derived 
haplotype for the C-mos, it seems very l ikely that 
Annobon was colonized from Princ ipe. Thus 
lygodactylus on these islands do not fit a classic "step
ping-stones" model of is land colonization. Nor do they 
show the same pattern as Hemidactylus, where H. 

638 Annobon 

639' Annobon 

642 Annobon 

650 .. Annobon 

Lygodactylus 
650" · An nob on thomensis 

�----------1 639' Annobon 

L luteopicturatus 

1 change 
L. sp 

725 Sao Tome 

727 Sao Tome 

700 Principe 

L capensis 

L. bradfieldi 

FIG. 3 .  S ingle MP tree showing relationships derived from 
partial sequences of C-mos. The * and ** indi cates the 
heterozygous alleles from the same individuals. 

newton ii that is  endemic to Annobon is sister taxon to a 
form from Sao Tome (Jesus et al. , 2005a) that is either a 
new spec ies or may correspond to H. longicephalus. 

They also differ from Mabuya skinks, which independ
ently colonized each is land (Jesus et al. , 2005b) .  These 
differences in colonization patterns h ighl ight the diffi
culties in drawing general conclusions regarding how 
islands are colonized from only a few species - clearly 
stochastic processes p lay an important role.  

Despite the much greater ages of Sao Tome and 
Principe relative to Annobon, the time delay between 
colonization events is  relatively simi lar. Carranza et al. 
(2000), using 1 2S rRNA and cytochrome b sequences 
calibrated for Tarentola geckos in the Canary I s lands, 
estimated 1 . 96% sequence d ivergence per m i l l ion 
years. S ince Hemidactylus have s imilar size and pre
ferred temperatures thi s  estimate is l ikely to be 
appropriate in this group also (Gi l looly et al. , 2005 ) .  
Based on our estimate ofrelationships we cannot deter
mine if Sao Tome or Principe was the first i s land 
colonized. However, the 1 0% divergence between them 
for 1 2S and cytochrome b combined sequences suggests 
that there was an approximately five mi l l ion year delay 
between colonization of the first and second is lands. 
The 8% divergence between Principe and Annobon 
would indicate that Annobon was colon ized approxi
mately four mi l l ion years ago, less than one m i l l ion 
years after its formation. This is  a relatively short delay 
given the smal l size and isolation of Annobon - the de
lay before Madeira was colonized by the lacertid l izard 
Lacerta dugesii, for example, was c loser to 1 0  mi l l ion 
years (Brehm et al. , 2003 ).  This supports the hypothesis 
that geckos are relatively rapid repti le colonizers, prob
ably due to the abi l ity of their calcareous-shel led eggs to 
resist salt water and to be able  to be rafted from place to 
place (Brown & Alcala, I 957) .  It further suggests that 
cal ibration of molecular c locks at a slower rate than that 
used here would be inappropriate, at least for 
Hemidactylus, as they would predict that Annobon was 
colonized prior to its formation. 
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Given the h igh levels of mtDNA sequence diver
gence between populations from the different is lands 
we would have expected to see some variation within 
the C-mos sequences. Variation within Lacerta 

schreiberi, for example, is less than half the level seen 
for mtDNA sequences, but four haplotypes at C-mos 
have been reported (Paulo et al., 2002; Godinho et al. , 

200 1 ) . S imilar situations occur in Mabuya from the 
Cape Verde Archipelago (Brehm et al. , 200 I )  and in 
lacerta dugesii (Brehm et al. , 2003 ; Jesus et al. ,  
2005c). At the same time almost every study of 
intraspecific variation within geckos has uncovered ex
tremely high levels of mtDNA sequence variation (e.g. 
Austin et al. ,  2004; Harris et al. ,  2004a, b; Kasapidis et 

al. , 2005 ; Kronauer et al., 2005;  Rocha et al. , 2005) .  
Such levels are much higher than typically seen in other 
vertebrates - up to 26.9% for cytochrome b i n  
Thecadactylus rapicauda, fo r  example (Kronauer et al., 

2005) .  Although there are other possible explanations, 
such as an artefact of taxonomy due to morphological 
conservativeness of geckos, combined with low levels 
of variation with C-mos the data are consistent with the 
theory of an elevated rate of mtDNA sequence evolu
tion in geckos. More nuclear markers from diverse 
groups of geckos wil l  be needed to test this further. 
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constructive comments on an earlier draft. 
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The genus Bothrops encompasses at least s ix evolutionary l ineages that show a great 

d ivers ification in macro and microhabitat use. We studied the defensive behaviour of one species 

of each of five l ineages within the genus Bothrops: B. alternatus, B. jararaca, B. jararacussu, 

B. moojeni and B. pauloensis. Specifically, we investigated if this d iversi fi cation in habitat use 

was accompanied by a s imi lar divergence in the characters related to defensive behaviour i n  the 

genus. E ight behavioural categories were recorded, five of which may be classified as "threatening" 

( strike, tai l v ibration, head and neck elevation, dorsoventral body compression and body 

thrashing);  two as "escape" ( locomotor escape and cocking); and one as "cryptic" ( head h id ing) .  

We observed significant d i fferences in  four behavioural categories. We also detected a significant 

d ifference in  the way species elevated their head and neck. Tai l  v ibration and strikes were the 

most common behaviours presented, and snakes that d isplayed their tai ls struck more frequently 

than those that did not d isplay. A reconstruction of characters related to defensive behaviour on 

a phylogeny of Bothrops indicated an increase in the use of dorsoventral body compression in 

the groups alternatus and neuwiedi, which may be assoc iated with the invasion of open areas by 

these l ineages. 

Key words: comparative method, Crotalinae, defensive tactics, evolution of behaviour 

INTRODUCTION 

Snakes are exposed to different kinds of predators in 
the various habitats they occupy (Greene, 1 988),  and, as 
a result, may differ in defensive behaviour. For example, 
snakes in open habitats may suffer a more intense preda
tion pressure from h ighly mobile predators than in  
forested habitats (Greene, 1 988) .  M icrohabitat use  i n  
snakes (e.g. terrestrial, arboreal ) may also b e  associated 
with defensive behaviours (Greene, 1 979) .  For instance, 
an association between gaping behaviour and arboreality 
has been demonstrated in snakes (Greene, 1 997) .  In the 
case of the genus Bothrops, the ways by which the habitat 
is used by snakes are diverse ( Martins et al. , 200 I ) . 
Within the genus, there are l ineages of both open and 
forested areas and with varying degrees of arboreality 
( Martins et al. , 2002) .  These d ifferences in use of 
microhabitat (terrestrial and arboreal ) and macrohabitat 
(open and forested areas) may be associated with differ
ences in defensive behaviour of the different l ineages of 
Bothrops . I n  fact, with the exception of the studies on B. 

jararaca by Sazima ( 1 988, 1 992), there are no detailed 
studies of defensive behaviour in the genus Bothrops. 

Sazima ( 1 992) suggested that comparative studies 
among some Bothrops species typical of forested areas 
and species of open areas could reveal simi larities and 
differences related to their ecology and their 
phylogenetic relationships. 

Correspondence: M .  S .  Araujo,  Departamento de 
Parasitologia, lnstituto de B iologia, Universidade Estadual de 
Campinas, CP 6 1 09, 1 3084-97 1 ,  Campinas, SP, Brazi l .  
E-mail: maraujo@unicamp.br 

The genus Bothrops ( including Bothriopsis; e .g . ,  
Wi.ister et  al. , 2002) includes about 45 described spe
cies (Campbell & Lamar, 2004) . The phylogenetic 
relationships within Bothrops have been explored in 
the last few years (e.g. Salomao et al. , I 997; Vidal et 

al. 1 997; Wi.ister et al. , 2002) .  The genus encompasses 
at least six I ineages, the groups atrox, jararacussu, 

jararaca, alternatus, neuwiedi and taeniatus (Wi.ister 
et al. , 2002) .  

Here we describe and compare the defensive behav
iour of one species of each of five l ineages within the 
genus Bothrops, namely B. alternatus (alternatus 

group), a terrestrial species which inhabits open areas; 
B. jararaca (jararaca group), a semi-arboreal forest 
dweller; B. jararacussu (jararacussu group), a terres
trial forest inhabitant; B. moojeni (atrox group), a 
semi-arboreal species found in open formations, but 
assoc iated almost exclusively with riparian forests 
within these areas; and finally B. pauloensis (neuwiedi 
group), a terrestrial species exclusive to open areas 
(Table 1 ) . We also explore the evolution of characters 
related to defensive behaviour in the genus Bothrops 

and specu late on possible assoc iations between 
changes in defensive behaviour and changes in habitat 
use. 

MATERIALS AN D M ETHODS 

Test subjects were species of Bothrops from several 
localities of southeastern (B. alternatus, B. jararaca, 

B.jararacussu, B. pauloensis and B. moojeni) and cen
tral Brazil (B. moojeni) brought to the Inst ituto 
Butantan between April 1 998 and February 1 999. Ten 
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TABLE I .  H abitat use, sizes (mm), captivity duration (days), and number of individuals of  the  five species of  Bothrops studied. T :  
terrestrial; SA: semi-arboreal; 0: open areas; F :  forests; SVL: snout-vent length; SD: standard deviation; CD :  captivity duration; 
n = number of individuals. 

Species Habitat use Mean SVL 

B. alternatus TIO 708.6 
B. jararaca SA/F 803 .2 
B. jararacussu TIF 6 1 1 . 1  
B. moojeni SA/F 946.5  
B.  pauloensis TIO 608.0 

individuals of each species were tested as they arrived at 
the Instituto Butantan (Table 1 ) . Upon arrival, individu
als were housed in  a large plastic container (c. 1 00 x 70 
x 60 cm h igh) with bark mulch as a substrate. Snakes 
were not manipulated until they were removed from the 
container, measured and individually put in smal l  wood 
containers, and taken to a temperature-controlled labo
ratory (25±2°C) where the tests were conducted. The 
snakes were taken to the laboratory during daytime, ap
proximately eight hours before the initiation of the tests, 
and the tests were carried out on the same day, always at 
night, from 1 758 hr to 0002 hr. The snakes were tested 
0-1 6  days after arrival at the I nstituto B utantan, except 
for one individual of B. jararacussu that was kept for 33  
days at  the  lnst ituto B utantan before tests were per
formed. Each individual snake was tested only once. 

The tests were carried out in  an arena set on the 
ground of the laboratory (Fig. 1 ) .  The laboratory wall 
formed one of the sides of the arena; the other three 
sides were made of wood and glass. One of the sides 
adjacent to the wall was opaque and the other two sides 
were transparent. During trials, we stayed behind the 
opaque s ide of the arena to minimize possible distur
bance. Two Panasonic N VRJ PR VHS cameras were 
used, one over the arena set on a tripod and facing the 
ground, and the other on the ground, lateral to the arena 
and facing the wal l .  The ground was covered with a 
black plastic sheet; both the plastic sheet and the wall 
had grid lines of 1 and 2 cm, respectively, for distance 
estimates. The l ight sources were two 60 W bulbs set on 
the main axis  of the arena, one at each side. Although 
rather artificial, the l ight sources were necessary for the 
recording of the trials on taoe. 

Camera 

0.5 m 

FIG.  I .  Arena where the defensive behaviour of five species 
of Bothrops was elic ited and fi lmed. 

SD Mean CD SD n 

1 60 .35  4 4 .8 1 0  
1 69 .86 I 1 .3 1 0  
1 87 . 1 3  8 9 .6 1 0  
1 37 .48 5 3 .6  1 0  
1 26.23 5 2 .8  1 0  

Defensive behaviour was el icited with using a stimu
lus object, a plastic bottle (height 1 5  cm; diameter 1 0  
cm; volume 0 .5  1 )  covered with a 0.5 cm-thick sheet of 
soft b lack rubber to which a 1 . 5 m p lastic pipe was at
tached at a 45° angle. The purpose of the rubber was to 
minim ize injuries to the snakes'  fangs during strikes. 
The bottle was fi l l ed with warm water (60°C) shortly 
before the tests to raise the temperature of the external 
surface of the rubber to about 3 7°C (mean±SD = 

3 7. l ±0.94°C; n= 1 7; recorded immediately before trials 
by a M il ler & Weber Inc.  quick-reading thermometer 
with an accuracy ofO.  l 0C). The stimulus object was de
veloped by us and was chosen, among several others, on 
the grounds that i t  immediately e l icited typical defen
sive behaviours upon its introduction into the arena. We 
bel ieve that the stimulus object simulated the head of a 
mammal approaching the snake horizontal ly  and close 
to the ground. 

Before each test, the internal surfaces of the arena as 
wel l  as the stimulus object were c leaned with ethanol .  
The snake was then put in  the centre o f  the arena and a 
transparent acrylic box (30 cm on each side and 1 5  cm 
high), with the open side facing down, was put over the 
snake using a hook. We used a transparent box to make 
sure that the snake could see its surrounding environ
ment before the i nitiation of trials. The acrylic box was 
also c leaned with ethanol before the tests. The arena 
lights were on prior to introducing snakes into the arena. 
Snakes were left undisturbed for 1 0  minutes before the 
beginning of the tests. The 1 0  minute interval was se
lected arbitrarily, but we believe it was enough for the 
snakes to settle down before the initiation of trials. 

Cameras were turned on by remote control and re
corded at 30 framesls. Trials began when the acryl ic 
cover was removed with a hook and the stimulus object 
was i ntroduced into the arena and moved towards the 
snake, parallel to the ground and about l cm above it, 
always by the same person. The stimulus object touched 
the snake's body and was withdrawn repeatedly, about 
once every two seconds, 30 times uninterruptedly for 
each snake. I f  the snake went out of the camera's fie ld 
( t ime out; cf. Martin & Bateson, 1 993),  the stimulus ob
j ect was removed from the arena and the snake was 
brought to its centre with a hook; this w i l l  hereafter be 
termed an intervention. The stimulus object was then 
reintroduced and the stimulation was resumed. 

During trials, we never moved from behind the l ight 
bulb, even when the stimulation had to be i nterrupted 
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FIG.  2 .  Defensive behav iour of Bothrops spp. Defensive 
body posture, A :  coi led; and B :  loose. Head and neck 
elevation, C :  horizontal; D :  at angle of 45°; E: vertically. 

and the snakes brought to the centre of the arena. Trials 
were later analysed frame-by-frame with a Panasonic 
NVSD475 PR VHS player. We measured the duration 
of each trial with the use of a digital chronometer; t ime
out periods were not considered in the estimates of time. 

We used the continuous sampling method (cf. Martin 
& Bateson, 1 993)  and all the behaviours were recorded 
and quantified. Behavioural responses were categorized 
according to Greene ( 1 988)  and Sazima ( 1 992),  and 
were as follows: ( I )  strike :  a rapid  movement of the 
snake ' s  head towards the stimulus object with its jaws 
wide open, as the lateral curves of its anterior body 
straightened, and the posterior part of the body re
mained stationary; (2)  tail vibration: the tai l was moved 
rapidly back and forth against the substrate, with pro
duction of sound; ( 3 )  head and neck elevation : the head 
and anterior part of the body were l ifted from the 
substrate; this could be horizontal (F ig. 2C), at an angle 
of approximately 45° (Fig.  2D) or vertical (Fig.  2E); (4) 
dorsoventral body compression: the snake flattened its 
body dorsoventrally; (5 )  locomotor escape: a fl ight re
sponse in which snakes moved away quickly from the 
stimulus object; (6) cocking: the snake retreated back
wards employing the posterior part of its body, while 
keeping the anterior portion of its body in  an S-coil ,  and 
facing the stimulus object; (7 )  head hiding: the snake 
hid its head under one or more parts of its body; and (8 )  

body thrashing: the  snake made sudden and erratic  
movements. 

Depending on their type, behavioural categories 
were quantified as the frequency of occurrences during 
trials (strikes, head and neck elevation, locomotor es
cape, cocking and body thrashing) or as the proportion 
of the trial time during which the behaviour was exhib
ited, varying from 0 to 1 (tail vibration, dorsoventral 
body compression and head hiding).We carried out a 
two-factor analysis of covariance (ANCOV A) i n  order 
to compare the behaviours among snakes, and test the 
effects of sex, snake size, captivity duration and the 
number of i nterventions during trials on the snakes' be
haviours. Factors were species and sex, whereas snake 
size, captivity duration and the number of interventions 
were covariates. We used snout-vent length (SVL) in  
mm as  a measure of  size. Captivity duration was meas
ured in days from the arrival of a given specimen at the 
lnstituto B utantan unti l  the day of the trial ,  and the 

number of interventions as the number of times we had 
to introduce the hook into the arena and pull the snake 
back to the camera' s  field during a trial .  The frequency 
of the types of head and neck elevation were compared 
with a Pearson chi -square test. The number of strikes 
made by snakes that tail v ibrated during tests and of 
those that did not tail v ibrate was compared with a t-test. 
Because of the small number of individuals that did not 
tail v ibrate, we pooled the data of all species in this lat
ter analysis. Variables were all transformed to fulfil test 
assumptions. We did a In transformation on snake size; 
square-root transformations on captivity duration, 
number of interventions and the behavioural variables 
str ikes, head and neck elevation, locomotor escape, 
cocking and body thrashing (frequencies); and finally 
arcsine transformations on the behavioural variables tai l  
vibration, dorsoventral body compression and head hid
ing (proportions; Zar, 1 999) . Due to the high degree of 
asymmetry in the distributions of the raw values of vari
ables, we decided to use their medians, instead of the 
means, on the character optimization onto a phylogeny 
of the genus Bothrops (adapted from Wiister et al. , 

2002) using Linear Parsimony Analysis with the use of 
MacClade 4.0 (Maddison & Maddison, 2000). We were 
not able to optimize the characters head hiding and body 
thrashing, because the median values for all five species 
were zero. 

RES ULTS 

During trials the snakes remained with the anterior 
part of the body in an S-shape position either coiled 
(Fig. 2A) or in a loose posture (Fig. 2B), and could 
change from one position to the other. We were not able 
to record the penetration of the snake 's  fangs into the 
rubber of the stimulus object (bite) through the analysis 
of the videotapes. However, it certainly occurred, since 
the rubber always presented marks of perforation from 
which venom drained following the tests. 

Strike and tail vibration were the most used defensive 
behaviours by the five species studied (Table 2). Fre
quency of head and neck elevation, dorsoventral body 
compression, locomotor escape and cocking varied 
among species, whereas head hiding and body thrashing 
were rarely used by all species (Table 2) .  The 
ANCOV A revealed significant differences among spe
cies in head and neck elevation, dorsoventral body 
compression, locomotor escape and cocking (Table 3) .  

The differences were related to  the prevalence of head 
and neck elevation and cocking in B. moojeni (Fig.  3),  

of dorsoventral body compression in  B. alternatus and 
B. pauloensis (Fig. 3 )  and of locomotor escape i n  B. 

jararacussu (Fig.  3) .  There was no effect of sex on the 
variables, nor any interactions between the factors sex 
and species (Table 3) .  H owever, we found a significant 
effect of interventions on both locomotor escape and 
head and neck elevations, as well as an effect of captiv
ity duration on head hiding (Table 3 ) .  We detected a 
significant difference in the frequency of horizontal and 
45-degree angle head and neck elevations among spe-
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TABLE 2 .  Number of individuals o f  each Bothrops sp. that displayed each of the defensive behaviours (n= l 0 of each species). 
Total: number of individuals of all species which displayed the behaviour; values in parentheses are percentages of the total number 
of individuals (n=SO). 

Defensive behaviour B. alternatus B. jararaca 

Strike 1 0  1 0  

Tail vibration 1 0  7 

Head and neck elevation 5 9 

Dorsoventral 1 0  4 

body compression 
Locomotor escape 5 7 

Cocking 3 1 0  
Head hiding 4 2 

Body thrashing 3 2 

cies (X2=64 .6 ;  df=4; P<0.000 I ) : Bothrops alternatus 

and B. pauloensis elevated the head and neck parallel to 
the ground in most cases ( Fig .  2; Table 4), Bothrops 

jararacussu showed horizontal and 45° e levation in  
s imi lar proportions, whereas B. jararaca and B. 

moojeni elevated the head and neck at 45° more fre
quently (Table 4). Additional ly, B. moojeni was the 
only species to elevate the head and neck vertically (Ta
ble 4). Snakes that vibrated their tai ls during tests struck 
more than those that did not vibrate their tai ls ( t48=2 .3 ;  

P=0.026).  

In the character optimization, B. alternatus did not 
show any change in  relation to the ancestor of the genus 
in the median occurrence of any of the behaviours ( Fig. 
3) .  On the other hand, B. pauloensis, B. jararaca and B. 
jararacussu showed four changes each, and B. moojeni 

presented five changes (Fig.  3) .  

B .  jararacussu B .  moojeni B. pauloensis Total 

9 1 0  8 47 (94) 

1 0  1 0  8 45 (90) 

5 1 0  7 36 (72) 
6 6 7 3 3  (66) 

9 5 5 3 1  (62) 
4 9 5 3 1  (62) 

4 1 3 1 4  (28) 
3 0 2 1 0  (20) 

DISCUSSI ON 

I n  the present study, the escalation of the defensive 
sequence reported for B. jararaca (Sazima, 1 988) and 
C. viridis ( Duvall et al. , 1 985)  was obviously not ob
served, s ince the snakes were already in a restrained 
situation at the beginning of observations. This experi
mental constraint may be responsible for the generally 
h igh tendency of snakes to strike during trials, as re
ported for B. jararaca when constrained in the field 
(Sazima, 1 988) .  Our observations support the sugges
tions made by Duvall et al. ( 1 985)  and Sazima ( 1 988) 

that pit vipers are able to evaluate their chances of es
cape during an encounter with a potential predator and 
make a dec ision on which defensive tactic to adopt, 
which was also suggested in relation to another viperid, 
Agkistrodon piscivorus (Gibbons & Dorcas, 2002).  

TABLE 3 .  F-values and levels of significance of a two-factor analysis of covariance (ANCOV A) on the defensive behaviour of 
Bothrops alternatus, B. jaracaca, B. jararacussu, B. moojeni and B. neuwiedi (n= I 0 of each species). Factors are species and sex; 
covariates are size, captivity and interventions. Species x sex is the interaction between the two factors. See text for details of the 
quantification of variables. *Variables where significant differences among species were found. 

Dependent variables Factors and covariates 

Species Sex Species x sex S ize Captivity Interventions 
duration 

Strike F4,45=1 . 1 8  Fl ,45= 1 .44 F4.45=0.45 F1 .45=0.03 F1 .45=0. 1 6  F1 .45=2 .73 
P=0.34 P=0.24 P=0.77 P=0.69 P=0 .87 P=0. 1 1  

Tail v ibration F4.45=2 . 0 1  F1 .45= 1 .05 F4.45=0.38 Fi .45=0.26 F1 .45=0.00 F1 .45=2.3  
P=0. 1 1  P=0.3 1 P=0 .82 P=0.62 P=0.95 P=0. 1 4  

Head and neck F4.45=8.08 F1 .45=0.29 F4.45=0.70 Fi ,45= 1 .45 F1 •45=0. 1 3  F1 .45=4.57 
elevation* P<0.000 1 P=0.59 P=0.60 p = 0.24 P=0.72 P=0.039 

Dorsoventral body F4.45=6 .38  F4.45=2.02 F4.45=0.78 F1 .45=0.22 F1 .45=0.65 F1 •45=0.92 
compression* P=0.00 1 P=0. 1 6  P=0.55  P=0.64 P=0.42 P=0.34 

Locomotor escape* F4.45=2.64 F4.45=3 .53  F4.45=0.23 Fl ,45= 1 .05 Fi ,45= 1 .34 F1 .45=55 . 9 1  
P=0.05 P=0 .07 P=0.92 P=0.3 1 P=0.26 P<0.000 1 

Cocking* F4.45=5. 1 6  F4.45=0. 1 7  F4.45=0. 1 5  Fl ,45=0.43 Fi .45=0.24 F1 .45=0 .50 
P=0.002 P=0.68 P=0.96 P=0.52 P=0.63 P=0.49 

Head-hiding F4.45=0.67 F4.45=0.85 F4.45=0. 1 6  Fi .45=0.26 F1 •45=5 .90 F1 •45=2 .38  
P=0 .6 1  P=0.36 P=0.96 P=0 .62 P=0.02 P=0. 1 3  

Body thrashing F4.45=0.92 F4.45=0.58  F4.45=0.82 F1 •45=0.07 F1.45=0.05 F1 .45=0.52 
P=0.46 P=0.45 P=0 .52 P=0.79 P=0.83 P=0.47 
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FIG. 3. Optimization using l inear parsimony of defensive behaviours on a phylogenetic hypothesis for the species of Bothrops 
treated herein (adapted from WOster et al., 2002). The values for each species are medians. Tail vibration and dorsoventral body 
compression were quantified as the proportion of time they were exhibited by snakes during trials (varying from 0 to I ), the 
remaining characters as the frequency of occurrence during trials. A: strike; B: tail vibration; C: head and neck elevation; D :  
dorsoventral body compression; E :  locomotor escape; F :  cocking. 

TABLE 4. Types of head and neck elevation in Bothrops spp. 
shown as percentages in relation to the total number of head 
and neck elevations in each species. Values in parentheses 
are the number of elevations. 

Species Horizontal Angle of 45° Vertical 

B. alternatus 88.9 ( 8 )  I I .  I ( I )  0 
8. jararaca 26.9 (7 )  73 . 1 ( 1 9) 0 
B. jararacussu 44.4 (4) 55 .6  (5) 0 
B. moojeni 8 .0 (9) 9 1 . 1  ( 1 02 )  0 .9  ( I )  
B. pauloensis 67.9 ( 1 9) 32 . 1  (9)  0 

Although not a primary goal of th is study, our data 
suggest that the defensive behaviours of the studied spe
cies may be altered by captivi ty duration and 
manipulation of the snakes, which has already been re
ported for other viperid snakes (Glaudas, 2004). These 
undesired effects constitute an important caveat of our 
study and may be taken as a warning by investigators 
who are designing and conducting behavioural studies 
on snakes in captivity. 

The behavioural categories we observed were the 
same as those described by Sazima ( 1 988, 1 992) for B. 
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jararaca in field conditions. Moreover, in  field condi
tions, individuals of B. jararaca showed an increase in 
the frequency of strikes (90% of the individuals struck 
at the observer) when they did not have access to escape 
routes (Sazima, 1 988), a percentage very s imi lar to that 
observed in our study, considering B. jararaca alone 
( I  00%, Table 2) or a l l  species pooled (94%, Table 2) .  I t  
seems reasonable, therefore, that the defensive behav
iour observed in our study can be interpreted as that of a 
cornered individual in the field. I n  spite of the caveats 
previously mentioned, we believe that behavioural data 
obtained in captivity are indeed reliable, at least for 
some types of behaviour (e.g. defensive), contrary to the 
suggestion of Shine et al. (2002) that responses of cap
tive animals do not provide a viable alternative to 
behavioural field studies .  In fact, there are a high 
number of behavioural studies with snakes housed in 
captivity (Ford, 1 995) .  Furthermore, encounters with 
lanceheads of the genus Bothrops in the field are gener
al ly rare (see Nogueira et al. , 2003) and depend on 
long-term studies, which are t ime-consuming and 
costly. Studies in captivity, therefore, may be useful and 
necessary in  such cases. 

Fol lowing the functional definitions of M ori & 
B urghardt (2004), of the eight behavioural categories 
observed herein five may be classified as "threatening" 
(strike, tail vibration, head and neck e levation, dorsov
entral body compression and body thrashing), two as 
"escape" ( locomotor escape and cocking) and one as 
"cryptic" (head hiding) . When cornered, snakes of the 
genus Bothrops wi l l  readily defend themselves with 
strikes; however, they also rely on warning signals such 
as tai l vibration to warn potential predators of their wi l l 
ingness to defend themselves. As observed in  the 
viperid Gloydius shedaoensis (Shine et al. , 2002), tail 
vibration was also associated with striking in the species 
of Bothrops we studied. This may indicate that in the ge
nus Bothrops, tai l  v ibration provides a warning of an 
individua l ' s  l ikel ihood to strike. Our results, however, 
must be interpreted with caution, because of the fact that 
we pooled all species in this analysis. 

The differences in the types of head and neck eleva
tion (Table 4) may be associated with m icrohabitat use 
in  the studied species. The terrestrial B. alternatus and 
B. neuwiedi (Martins et al. , 200 1 )  tended to use hori
zontal head and neck displays, whereas the 
semi-arboreal B. jararaca and B. moojeni tended to po
sition the head and neck at a 45-degree angle. Bothrops 
jararacussu, which belongs to a terrestrial l ineage that 
descends from a semi-arboreal ancestor (Martins et al. , 
200 I ), used both head elevation patterns at the same fre
quency. 

The defensive behaviour of the five species studied 
was qual i tatively very s imi lar, since a l l  species pre
sented a l l  types of behaviour, the only exception being 
the absence of body thrashing in B. moojeni. However, 
we observed quantitative differences in four behav
ioural categories (head and neck elevation, dorsoventral 
body compression, locomotor escape and cocking), 

which i s  in accordance with the idea that behavioural 
differences in snakes, at the generic or specific levels, 
are mainly quantitative instead of qualitative (Arnold & 
Bennett, 1 984). 

Bothrops alternatus was the most and B. moojeni the 
least conservative l ineage in relation to the ancestor of 
the genus (Fig.  3 ) .  There seems not to be a clear pattern 
relating the evolution of overal l  defensive behaviour 
( Fig.  3) and the great divergence of size, shape and 
habitat use in the genus Bothrops (see M artins et al. , 
200 1 ,  2002). Nevertheless, we believe that there is an 
association between habitat use and one of the observed 
behaviours, namely dorsoventral body compression. 
Bothrops alternatus and B. pauloensis showed a high 
prevalence of dorsoventral body compression (Fig.  
30).  Bothrops itapetiningae, a species related to B .  
alternatus (Wlister et  al. , 2002), also flattens the body 
frequently (M .  Martins, personal observation), as does 
B. mattogrossensis ( I .  Sazima, unpublished data), of the 
neuwiedi group, which further indicates the prevalence 
of this behaviour in the groups alternatus and neuwiedi. 

The ancestor of Bothrops was most l ikely a forest spe
cies ( Martins et al. , 200 I ,  2002) that subsequently 
invaded open areas, giving rise to the alternatus and 
neuwiedi groups. We believe that there was an increase 
in the use of this behaviour in these groups in relation to 
their ancestors (Fig. 3 D), and that this  increase is associ
ated with the invasion of open habitats by these 
l ineages. Perhaps the common occurrence of dorsoven
tral body compression in B. alternatus and B. 
pauloensis is an adaptation to a habitat where the preda
tion pressure by birds of prey is h igher than in the 
forests inhabited by the other species of Bothrops. In
deed, four predation attempts by the owl A thene 

cunicularia on B. alternatus were recently described 
(Valdujo & Nogueira, 2000; Martins et al. , 2003 ). An 
additional possibil ity is that the efficiency of body flat
ten ing may be increased in open habitats relative to 
forested habitats because snakes are possibly more vis
ib le to predators in the former. These two factors 
combined may account for the higher occurrence of this  
behaviour in  the open habitat species. This  hypothesis 
could be further explored by searching for convergent 
behaviours in other snake l ineages that are also known 
to have invaded open areas. 
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COMPARISON OF SKULL MORPHOLOGY IN NINE ASIAN PIT V IPERS 

(SERPENTES: CROTALINAE) 
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The relationships of nine Asian p i t  vipers are d iscussed using a compari son of skul l  

morphology. Protobothrops xiangchengensis shares more characters w ith other Prolobothrops 

species  than with the other genera. It is morphological ly d i stinct from P. mucrosquamatus. 

Zhaoermia mangshanensis shows many s imi larit ies with the members of the genus Protobothrops, 

support ing its c lose relationship with Protobothrops. Ovophis monticola i s  unique in several 

sku l l  characters among the species examined. The relationships indicated by sku l l  morphology 

between Viridovipera slejnegeri, V. yunnanensis and Cryptelytrops albolabris are consistent 

w ith their previous rec lassifi cat ion based on molecular results and hemipen ial compar ison . 

Key words : morphometrics, snake, taxonomy, Trimeresurus 

INTRODUCT ION 

Trimeresurus (sensu la to), which consists of over 40 
species (David & Ineich, 1 999; McDiarmid et al. , 1 999; 
Gumprecht et al. , 2004 ) ,  represents a major evolutionary 
radiation ( Malhotra & Thorpe, 2000), and ranges widely 
over southern, eastern and south-eastern Asia 
(Gumprecht et al. , 2004).  The species of this  group oc
cupy a wide range of habits and disp lay a variety of 
l i festyles (terrestrial, semi-arboreal and arboreal) and re
productive modes (oviparous and ovoviviparous) .  
Originally, al l  were considered to be congeneric i n  
Trimeresurus (sensu lato) .  Subsequently, several new 
genera have been proposed ( Tropidolaemus, Wagler, 
1 830; Ovophis, Burger in Hoge & Romano-Hoge, 1 98 1 ;  
Protobothrops,  H oge & Romano-H oge, 1 983 ;  

Triceratolepidophis, Ziegler e t  al. , 2000; Zhaoermia, 
Gumprecht & Til lack, 2004) based on morphological 
studies ( Burger, 1 97 1 ;  Gumprecht & Til lack, 2004; 
H oge & Romano-Hoge, 1 98 1 ,  1 983 ; Zhang, 1 993, 1 998;  

Ziegler et al. , 2000). More recently, a revised taxonomy 
for Trimeresurus (sensu stricto) and Ovophis (sensu 

la to) has been published on the basis of hemipenial fea
tures and molecular phylogeny ( Malhotra & Thorpe, 
2004). This taxonomy is  fol lowed here. 

The skull is one of the most important structures avail
able for the taxonomy and phylogenetic analysis of pit 
vipers (Brattstrom, 1 964; Burger, 1 97 1 ;  Guo et al. , 1 999; 
H oge & Romano-Hoge, 1 98 1 ,  1 983 ;  Zhang, 1 993 ;  
Zhang & Zhao, 1 990). Although several sku l l  morpho
logical studies of Trimeresurus (sensu lato) have 
appeared in past decades, a l imited number of specimens 
or species were included ( Burger, 1 97 1 ;  Hoge & 
Romano-H oge, 1 98 1 ,  1 983 ;  Zhang & Zhao, 1 990; 
Zhang, 1 993, 1 998). 

In  the present paper, we report on a comparative study 
of the skul ls  of nine Asian pit vipers. Our aim is to re-
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evaluate the relationships within Trimeresurus (sensu 

la to) by skull morphological comparison methods, and 
propose diagnostic characters for some valid genera. 
Although the number of specimens and species is not 
enough to clarify all of the relationships, it is an impor
tant step toward reso lving the taxonomy and 
phylogeny of this group. 

MATER IALS AND M ET HODS 

Thirty-one individuals representing nine species 
and five genera of Asian pit vipers were examined, in
c luding four specimens of Ovophis monticola, one 
specimen of Zhaoermia mangshanensis, one specimen 
of Protobothrops jl.avoviridis, six specimens of P. 
jerdonii, five specimens of P. mucrosquamatus, three 
specimens of P. xiangchengensis, four specimens of 
Viridovipera stejnegeri, four specimens of V. 

yunnanensis and three specimens of Cryptelytrops 

albolabris. Detailed information on the studied speci 
mens is  l isted in Appendix 1 .  All  specimens are adults 
without anomalies and inj uries to the head. Vernier 
callipers were used to measure different bones using 
the methods suggested by Brattstrom ( 1 964) (Fig. I ) . 

The descriptive methods for skull characters follow 
Guo et al. ( 1 999).  Accurate tooth counts can be ob
tained by counting the sockets and the teeth present, 
rather than by just counting the teeth present. The line 
drawings of skulls are based on the photographs and 
skull samples. 

All specimens and skull samples are deposited in 
the Sichuan University Museum. 

RESULTS 

The skul l  structure and feature of nine Asian pit vi
pers is  consistent with the other pit vipers; for example, 
they share movable maxilla, hollow fang, pit cavity. 
The skull of each species is not described here in de
tai l ,  but rather i l lustrated in both ventral and dorsal 
v iew ( Figs. 7-1 5) ;  some single bones are also i l lus
trated. In  Table 2,  some characters are compared for 
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FIG. I .  Measurement of skulls (horizontal and vertical l ines 
indicate length and width respectively). A: Pterygoid;  B :  
Squamosal; C :  Ectopterygoid; D :  Quadrate; E :  Lower jaw; F :  
Parietal. 

each species. A detailed description of some bones, with 
variation noted, is given below. ln Fig.3 to Fig. 1 5 , the 
horizontal l ine bars indicate 0.5 cm 

TEETH 

In Crotalidae, teeth are found on the maxil la, ptery
goid, palatine and dentary bones. The fang, which is on 
the maxil la, is not very different between species .  
Brattstrom ( 1 964) and Zhang ( 1 993)  proposed that the 
fangs of various species were different in the length and 
curvature. H owever, these characters are very difficult 
to described and compared in practice. The number of 
palatine teeth varies from 0 to 5 in  the specimens exam
ined. Palatine teeth are absent in  Zhaoermia 
mangshanensis, Ovophis monticola, Protobothrops 
xiangchengensis, P. mucrosquamatus, P. jlavoviridis; 
3-5 are present in Viridovipera stejnegeri, V. 
yunnanensis and Cryptelytrops albolabris . However, in 
Protobothrops jerdonii, some have one or two teeth 
(SCUM035028-29, SCUM03504 1 ), while in others, the 
palatine teeth are absent (SCUM035075,  
SCUM035078, SCUM03508 l ) .  

General ly, the number of dentary teeth is  8- 1 4  ( 1 0  
on average), but Ovophis monticola has more ( 1 7- 1 8) .  
The pterygoid teeth vary greatly in numbers among spe
cies .  Ovophis monticola has the greatest number of 
pterygoid teeth ( 1 4  on average), but Protobothrops 

mucrosquamatus has only five, Protobothrops 

jlavoviridis, V. stejnegeri, V. yunnanensis and C. 
albolabris have more than 1 0, while the others have 
about eight. The positions of the first and last pterygoid 
teeth are very stable traits. For example, the pterygoid 
teeth of Ovophis monticola begins immediately at the 
articulation of the pterygoid with the palatine, and ex
tends beyond the posterior end of the articulation of the 
ectopterygoid with the pterygoid; however, those of 
Protobothrops mucrosquamatus begin at a distance 
from the articulation of the pterygoid  with the palatine, 
and do not extend to the anterior articulation of the 
ectopterygoid with the pterygoid. 

A B 

F IG .  2 .  Two types of maxi l la .  A :  no projection; B: with 
proj ection. 

MAXILLA 

The maxi l la is located in front of the prefrontal. This 
bone has a large lateral opening that contains the heat
sensitive facial p it. The shape of the anterior edge of the 
pit cavity is of some taxonomic importance ( Brattstrom, 
1 964). Two states of this character were detected 
among the specimens examined ( Fig. 2). Some species 
are smooth on the edge of the pit cavity (Fig .  2A), e .g.  
Ovophis monticola, Protobothrops mucrosquamatus; 

the others have a projection or process on the border of 
the pit cavity (F ig. 2B), e.g. Zhaoermia mangshanensis, 

Protobothrops xiangchengensis. 

F RONTAL 

The frontal bone, which is flat and quadrate, articu
lates posteriorly with the parietal (sometimes with the 
postfrontal), anteroventrally with the nasal and 
anterolaterally with the prefrontals .  The shape of the 
frontal is constant within each species (Table 1 ) . The 
frontals of four spec ies of Protobothrops (flavoviridis, 

jerdonii, mucrosquamatus, xiangchengensis) are elon
gate ( longer than wide); those of Viridovipera 
stejnegeri, V. yunnanensis and Cryptelytrops 

albolabris are square; those of Zhaoermia 
mangshanensis and Ovophis monticola are generally 
wider than Jong. 

POSTFRONT A L  

The postfrontal is  present in  all crotalids (Brattstrorn, 
1 964). This bone either touches the frontal or not, and 



TABLE I .  Skull comparison of nine Asian pit vipers. Abbreviations: Zm: Z. mangshanensis; Om: 0. monticola; P/ P. jlavoviridis; Pm: P. mucrosquamatus; Px: P. xiangchengensis; Pj: P. 
jerdonii; Vs: V. stejnegeri; Vy: V. yunnanensis; Ca: C. albolabris. BMC: border of maxi l lary cavity; PR:  parietal ridge; PS I :  parietal shape; PTF: postfrontal touches frontal ;  SEBB :  squamosal 
extends beyond the posterior end of the braincase; PS2:  palatine shape; PT I :  palatine teeth; OT: dentary teeth; PT2: pterygoid teeth; BP I :  basisphenoid process; BP2: basioccipital process; 
EALP :  ectopterygoid anterior lateral process; RLW: the ratio of skull length to width; RF :  the ratio of frontal length to width; RQ: the ratio of quadrate length to skull length; RM: the ratio of 
mandible length to skull length; RE: the ratio of ectopterygoid  length to skull length; RS :  the ratio of squamosal length to skul l  length; RP: the ratio of pterygoid length to skull length. 

Species Zm Om Pf Pm Px p · J Vs Vy Ca 

BMC Projection No No No Projection Projection Projection Projection Projection 

PR Strong, Flanged Moderate Moderate Moderate Weak Weak Moderate Moderate Moderate 

PS I Triangle T-shape Triangle Triangle Triangle Triangle T-shape T-shape T-shape 

PTF Yes Yes No Yes or no Yes or no Yes or no No Yes or no Yes or no :P 
SEBB Yes Yes Yes Yes No Yes Yes Yes Yes 

[/) 

:P 
PS2 Triangle Triangle Triangle Triangle Triangle Triangle Crescent Crescent Triangle 

z 
-0 
....... 

Not forked Forked Not forked Not forked Not forked Not forked Forked Forked Forked 
,._, 
< 

EALP Not broad Broad Not broad Not broad Not broad Not broad Broad Broad Broad ::a tTl 
� 

B P I  Strong Strong Strong Strong Moderate Moderate Weak Weak Moderate [/) 
� 

BP2 Strong Strong Strong Strong Moderate Moderate Weak Weak Moderate c r r 
PT! 0 4 (3-4) 0 0 0 0, 1 ,  2 5 (4-5) 5 4 (3-5) $: 

0 
OT 1 1  1 7  ( 1 7- 1 8) 1 3- 1 4  9 (8- 1 1 )  1 1  ( 1 0- 1 2 )  1 1  ( 1 0- 1 1 )  1 2  ( 1 0- 1 4 )  1 3  ( 1 1 -- 1 4) 1 2  ( 1 1 - 1 3 )  ?O 

-0 

PT2 8/9 1 4  ( 1 3-1 5 )  1 1  5 (4-7) 8 (7-9) 8 (6-9) 1 2  (9- 1 4) 1 3  ( 1 2- 1 4) I 0 (9-1 1 )  
::r: 
0 r 

RLW 1 .8 1  1 .95 2 .03 2.45 (2 .36-2 .5 1 )  2 .07 (2 .05-2 . 1 0) 2 .08 ( 1 .94-2 .20) 1 .60 ( 1 .52- 1 .65)  I .  72 ( 1 .63-1 .87) 2 . 1 1  (2 . 1 1 -2 . 1 4) 0 
0 

RF 0.93 0.93 1 .34 1 .50 ( I  .40- 1 .58)  1 .48 ( 1 .4 7-1 .50) 1 .25  ( 1 . 1 - 1 .33 )  1 .06 ( 1 .0-1 . 1 5) 0 .97 (0.93- 1 .0) 1 . 1 7  ( 1 . 1 1 - 1 .23)  
>-< 

RQ 0.59 0 .44 0.45 0.4 7 (0 .44-0.48) 0.45 0.43 (0.40-0.45) 0.44 (0.43-0.45) 0.49 (0.47-0 .52)  0 .52 (0 .5 1 -0 .54) 

RM 1 .5 8  1 .36  1 .40 I .44 ( 1 .42-1 .45) 1 .39 ( 1 .37-1 .4 1 )  1 .30 ( 1 .29- 1 .36)  1 .40 ( 1 .35-1 .43) 1 .42 ( 1 .36- 1 . 5 1 )  1 .45 { 1 .43- 1 .4 7)  

RE 0.72 0 .57 0 .66 0.69 (0 .63-0.74) 0 .62 (0 .60-0.64) 0 .63 (0 .60-0.64) 0.68 (0 .65-0.7 1 )  0.68 (0 .66-0. 70) 0.73 (0 .72-0.73)  

RS 0.32 0.38 0 .30 0.3 1 (0. 29-0 .33)  0 .29 (0 .28-0.30) 0 .32 (0 .28-0.34) 0.34 (0 .32-0.39) 0.3 1 (0 .30-0.32)  0 .30 (0 .30-0.3 1 )  

R P  1 .08 1 .0 0.92 0.96 (0 .93-0.99) 0 .96 (0.95-0.98) 0.89 (0.84-0 .9 1 )  1 .02 (0. 97- 1 .08) 0.98 (0.94-- 1 .0)  1 .0 (0 .98- 1 .05)  

VJ 
0 
--I 
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FIG.  3 .  Squamosals of n ine Asian pit vipers (right, dorsal 
view). A: Zhaoermia mangshanensis (SCUM035024); B :  
Ovophis monticola (SCUM035030);  C :  Protobothrops 

jerdonii (SCUM03504 l ) ;  D :  P. xiangchengensis 
(SCUM035043); E: P. mucrosquamatus (SCUM035026); F :  
P. fl.avoviridis (SCUM035056);  G :  Viridovipera stejnegeri 
(SCUM035053) ;  H :  V. yunnanensis (SCUM035045);  I :  
Cryptelytrops albolabris (SCUM035008). 

the distinction is  usually considered to be taxonomically 
important ( Brattstrom,  1 964; Zhang & Zhao, 1 990).  
The postfrontal touches the frontal in  Zhaoermia 
mangshanensis and Ovophis monticola, and does not in  
V. stejnegeri. In  the other species, both conditions 
(touches or not) are present w ithin a species, even 
within an individual (e .g.  SCUM035043) .  

PARIETAL 

The parietal i s  the largest and heaviest bone of the 
crotal id skul l .  The parietal ridge is strongest i n  
Zhaoermia mangshanensis, and is  wing-shaped o n  both 
sides. The shape of the dorsal surface of the parietal is  
characteristic for each species ( F igs .  7-1 5 ) .  It i s  T-

FIG.  4. Palatines of n ine Asian p it vipers (side view). A :  
Zhaoermia mangshanensis (SCUM035024); 8: 
Protobothrops Jerdon ii (SCUM03504 I ) ; C :  P. fl.avoviridis 
(SCUM035056); D :  P. mucrosquamatus (SCUM035026); E :  
P .  xiangchengensis (SCUM035043); F :  Ovophis monticola 
(SCUM035030); G :  Cryptelytrops albolabris 
(SCUM035008); H: Viridovipera yunnanensis 
(SCUM035045); I :  V. stejnegeri (SCUM035053).  

FIG. 5 .  Two types of palatine (A: not forked; B: forked). 

shaped in Viridovipera stejnegeri, V. yunnanensis, 

Cryptelytrops albolabris and Ovophis monticola, but 
triangular in the others. 

SQUAMOSAL 

The squamosal is  a thin, flat bone, lying on the pos
terolateral comer of the parietal. The shape and relative 
length of this bone vary for each species. In Ovophis 

monticola and Cryptelytrops albolabris, the squamosal 
has an externally lateral process at its end. In 
Protobothrops jlavoviridis and Protobothrops 
mucrosquamatus, it has a hook at its end. Some species 
(for example, Zhaoermia mangshanensis, 

Protobotrops xiangchengensis) have both the above 
conditions (Fig. 3) .  

The relative length of the squamosal to the skull  is 
about 0 .30  in most species, but that of Ovophis 

monticola i s  0 . 38 .  W ith the exception of 
Protobothrops xiangchengensis, the squamosals of al l  
species examined extend beyond the braincase. 

QUADRATE 

The shape of this bone shows little variation among 
the species examined. The ratio of the quadrate length 
to the skul l  is  about 0.45 for most species except 
Cryptelytrops albolabris and Zhaoermia 
mangshanensis (Table I ) . 

PALATINE 

This l ies between, but does not articulate with, the 
medial wall of the maxil la and the lateral edge of the 
vomer. The shape of the palatine and whether it is  
posteriorly forked or not are characters of some 
mportance. In the four Protobothrops species,  
Zhaoermia mangshanenis, Cryptelytrops albolabris 

and Ovophis monticola, the palatines are triangular, 
but only the latter two are forked; those of Viridovipera 
stejnegeri and V. yunnanensis are crescent-shaped and 
forked (F igs 4 and 5) .  

PTERYGO I D  

The pterygoid is  a toothed bone. I t  is  narrow, and 
articulates with the palatine anteriorly and jo ins with 
the articular bone. The teeth are present anteriorly. Pre
vious studies indicated that the shape of the posterior 
portion of the pterygoid, the curvature of the medial 
and lateral edges, the position of the ectopterygoid 
junction and the size and shape of the ridge on the ven-
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FIG. 6. Ectopterygoids of nine Asian pit vipers (right dorsal view 
except C). A :  Ovophis monticola (SCUM035030); B: Protoboth
ropsjlavoviridis (SCUM035056); C: P.jerdonii (SCUM03504 1 ,  
left); D :  P. mucrosquamatus (SCUM035026); E :  P. xiangchen
gensis (SCUM035043); F: Cryptelytrops albolabris 
(SCUM035008); G: Viridovipera stejnegeri (SCUM035053); H :  
V. yunnanensis (SCUM035045); I :  Zhaoermia mangshanensis 
(SCUM035024). 

F IG.  7. The skull of Ovophis monticola (SC UM035083) .  A :  
dorsal view; B :  ventral view. 

F IG .  8 .  The skull of Protobothrops jlavoviridis 
(SCUM035056). A :  dorsal view; B :  ventral v iew. 

F IG .  9 .  The skull of P. jerdonii (SCUM035075). A:  dorsal 
v iew;  B: ventral view. 

F IG.  1 0. The skul l  of P. mucrosquamatus (SCUM035050). 
A: dorsal view; B: ventral view. 

F IG .  1 1 . The skul l  of P. xiangchengensis (SCUM035042). 
A: dorsal view; B: ventral view. 
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F IG .  1 2 . The skul l  of Cryptelytrops albolabris 
(SCUM035009). A: dorsal view; B :  ventral view. 

F IG .  1 3 . The skul l  of Viridovipera stejnegeri 
(SCUM035079). A: dorsal view; B: ventral view. 

tral surface of the pterygoid were all quite characteristic 
of each species (Brattstrom, 1 964). H owever, these 
characters are difficult to clarify and describe, and thus 
their value in determining relationships is  l imited. 

The relative length of the pterygoid to the skull varies 
sl ightly, and in most species is about 1 .0 .  

ECTOPTERYGOID  

The ectopterygoid is  usually forked anteriorly. Jn  a l l  
species examined in  thi s  study the  shape of thi s  fork 
shows no variation, but the lateral process of the fork is 
much different among species (Fig. 6). This  process is 
narrow in  the four species of Protobothrops and 
Zhaoermia mangshanensis, whereas it is broad in  
Ovophis monticola, Viridovipera stejnegeri, V. 
yunnanensis and Cryptelytrops albolabris. 

LOWER JAW 

The lower jaw is  compound, containing four bones: 
the angular, splenial, dentary and articular. Both the an
gular and splenial are located on the medial side of the 
lower jaw.  The angular and splenial are distinctly sepa-

FIG.  14 .  The skull of V. yunnanensis (SCUM035045) .  A :  

F IG .  1 5 . The skull of Zhaoermia mangshanensis 
(SCUM035024). A: dorsal view; B :  ventral view.  

rate in  al l  the species examined except Ovophis 

monticola. 
The ratio of the lower jaw length to the skul l  is be

tween 1 .30  and 1 .40, but in Zhaoermia mangshanensis 

is 1 .58 .  

BASI SPHENOID AND BASIOCCIP ITAL 

Both bones are located i n  the ventral braincase. A 
thin ventral process is present in both. The height of the 
ventral process shows interspecific variation: it is low
est in Viridovipera stejnegeri and V. yunnanensis, 

moderate in Protobothrops xiangchengens is, P. 
jerdonii and Cryptelytrops albolabris, and highest in  
the  other four species. 

D lSCUSSI ON 

The description of some bones and the comparison 
of 1 9  characters (Table 1 )  indicate that ( 1 )  skull mor
phology differs among species, and each species can be 
identified by its skull features, although the degree of 
interspecific differentiation varies to some extent; (2) 
no intraspecific differences in most skul l  characters can 
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be detected among the spec ies examined with 
theexception of whether the postfrontal touches the 
frontal or not; (3) the shape of the palatine, the size of 
the ectopterygoid anterior lateral process and the shape 
of the frontal are stable characters within species, and 
even w ithin genera: they are therefore i mportant for 
specific identification and classification. 

COMPARISON WITH PREVIOUS STU D I E S  OF SKULL  

MORPH OLOGY 

The present results are consistent with most of the 
previous conclusions ( Brattstrom, 1 964; Burger, 1 97 1 ; 
H oge & Romano-Hoge, 1 983;  Zhang, 1 993;  Zhang & 
Zhao, 1 990) with the exception of those described be
low. Zhang ( 1 993) proposed that "the squamosal of 0. 
monticola i s  short and narrow, its posterior end be
comes thin and does not extend beyond the braincase; 
its length relative to skul l  length 0.24; the dentary teeth 
1 1 - 1 2". However, on the basis of the four specimens of 
0. monticola studied here, the posterior end of the sq
uamosal extends beyond the braincase, the relative 
length of the squamosal to the skull is 0 .38 ,  and the 
dentary teeth number is  1 7- 1 8 . 2. Based on a skull mor
phological comparison of six species of Trimeresurus 

sensu lato, Zhang & Zhao ( 1 990) suggested that the 
postfrontals of these species touched the frontal except 
in Protobothrops xiangchengensis. H owever, the re
sults presented here show that only Zhaoermia 

mangshanensis, 0. monticola, P. jlavoviridis and 
Viridovipera stejnegeri share the stable condition that 
the postfrontal touches frontal. Among other species, 
intraspec ific variation was detected. Even in P. 

mucrosquamatus and P. xiangchengensis, both condi
tions of thi s  character (postfrontal touches frontal or 
not) were found in an individual. 

PROTOBOTHROPS (HOG E  & ROMANO-HOGE,  1 983)  

The systematic pos1t1on of Trimeresurus 

xiangchengensis (Zhao et al. , 1 978) ,  is controversial 
(see Guo & Zhao, 2004). Recently, based on three mito
chondrial gene fragments ( l 2S rRNA,  l 6S rRNA, 
cytochrome b ) ,  phylogenetic analysis indicated that 
xiangchengensis should be a member of 
Protobothrops, and that it is  more closely related to P. 
jerdonii than to P. mucrosquamatus (Guo et al. , 

unpubl .  data) .  In sku l l  morphology, Protobothrops 
xiangchengensis i s  greatly distinct from Viridovipera 
stejnegeri, V. yunnanensis and Cryptelytrops 

albolabris in the shape of the palatine and the 
ectopterygoid anterior lateral process. However, this 
species shares many characters with P. jlavoviridis, P. 

jerdonii and P. mucrosquamatus. These include: ( 1 )  
palatine triangular, not forked, and generally edentu
lous; (2) ectopterygoid anterior lateral process not 
broad; ( 3 )  frontal rectangular ( longer than wide) ; (4) 

head length twice the width. Additionally, they show 
some similarities in external features. H ence, the place
ment of xiangchengensis into Protobothrops i s  
supported morphologically. 

Among Protobothrops species, P. xiangchengensis 

i s  very different from P. mucrosquamatus i n  the 
following sku l l  characters: ( I )  the projection on the 
border of the cavity is  absent in P. xiangchengsis, but 
present in P. mucrosquamatus; (2) the squamosal of P. 

xiangchengensis does not extend beyond the braincase, 
but that of P. mucrosquamatus does; ( 3 )  P. 

xiangchengensis has many more pterygoid teeth than P. 

mucrosquamatus (eight versus five on average) and its 
pterygoid teeth extend beyond the anterior margin of 
articulation with the ectopterygoid; (4) the two species 
are distinct in the height of the ventral process of the 
basioccipital and basisphenoid, and the ratio of head 
length to head width. Obviously, P. mucrosquamatus 

and P. xiangchengensis should be considered two 
morphologically distinct species, which is consistent 
with molecular analysis (Guo et al. , unpubl. data). 

In the description of Protobothrops, H oge & 
Romano-Hoge ( 1 983)  proposed that a projection was 
absent on the border of the pit cavity. However, another 
state, in which a projection is present on the border of 
the pit cavity, was detected in P. jerdonii and P. 

xiangchengensis (Table I )  in  this paper. Hence, the 
presence of a projection in the pit cavity cannot be re
garded as one of the generic characters of 
Protobothrops. 

Additionally, the species of Protobothrops share 
several characters that can distinguish them from the 
other genera; for example, the relative ratio of the fron
tal length to width is 1 .25-1 .50, and the head is clearly 
elongate, with its length being twice its width. 

ZHAOERMIA (GUMPRECHT AND T I L LACK, 2004) 

Zhang ( 1 993 ) proposed the genus Ermia, which was 
later replaced by Zhaoermia (Gumprecht & Ti l lack, 
2004 ) ,  based on external and skull features of 
Trimeresurus mangshanensis. Zhaoermia 

mangshanensis is di stinct from the other species 
examined in its unique parietal shape (see above). The 
shape of the frontal and the relative length of the 
quadrate to the sku l l  are also different from those of the 
other species examined. 

Among the nine species studied, Zhaoermia 

mangshanensis shares more characters with 
Protobothrops species than w ith the others. F irst, the 
palatine is  triangular, not forked, and generally without 
teeth. Second, the ectopterygoid anterior lateral process 
is not broad. Third, the shape of the parietal is  triangu
lar. The above s imi larities further strengthen the 
suggestion that Zhaoermia i s  c losely related to 
Protobothrops (Malhotra & Thorpe, 2004; Guo et al. , 
unpubl .  data). 

0 VOPHIS ( B U RGER,  IN  HOGE AND ROMANO-HOGE ,  

1 98 l )  

I n  his unpubl ished di ssertation, Burger ( 1 97 1 )  put 
forward Ovophis. Subsequently, H oge & Romano
H oge ( 1 98 1 )  formally published the diagnosis of this 
genus. Combining Burger' s ( 1 97 1 )  work with the 
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present study, Ovophis monticola shows the following 
characters that are distinct from other genera: ( 1 )  the 
maxil lary does not possess a projection on the border of 
the cavity; (2) it has a triangular, tall, forked palatine 
( Fig. 4F);  (3) the palatine teeth number 3-4; 4)  it has 
many more dentary teeth ( 1 7- 1 8) and pterygoid teeth 
( 1 3- 1 5 ) ;  (5 )  the ectopterygoid anterior lateral process i s  
very broad; (6 )  it has a T-shaped parietal. The shape of 
the palatine and the number of dentary and 
ectopterygoid teeth are unique for this species among 
the species examined. 

TRIMERESUR US (LACEPEDE, 1 804) 

Viridovipera stejnegeri, V. yunnanensis, and 
Cryptelytrops albolabris were assigned to 
Trimeresurus (sensu stricto) prev iously ( David & 
Ineich, 1 999; McDiarmid et al. , 1 999).  Recently, taking 
hemipenial characters and molecular analysis  results 
into account, Malhotra & Thorpe (2004) proposed a 
new genus Viridovipera, and revalidated Cryptelytrops. 

According to their description of the two genera, 
stejnegeri and yunnanensis should be placed into the 
former, and albolabris into the latter. The hemipenis of 
V stejnegeri and V. yunnanensis i s  forked shallowly, 
calyculate distally and spinous proximally; but that of 
C. albolabris i s  long and slender, the distal third is caly
culate and the remainder is papi l lose (Guo & Zhang, 
200 1 ;  Guo, 2000; Guo et al. , 2006). In this study, V. 
stejnegeri shares several characters with V yunnanensis 
re lative to C. albolabris : ( I )  the palatine is crescent 
shaped ( Fig. 40, I); (2) a wider head (the ratio of skul l  
length to width is 1 .60 in V. stejnegeri and 1 .  72 in V. 
yunnanensis, versus 2 . 1 1  in C. albolabris ) (Table I ) ; 
(3 )  a lower process on the basiocciptical and basisphe
noid. The distinct morphological d ifferences between 
the two species of Viridovipera and C. albolabris indi
cate that they should be placed in different groups, and 
thus support the reclassification of these three species 
proposed by Malhotra & Thorpe (2004) .  

CONCLUS ION 

The skul ls of nine Asian pit vipers were examined, 
described and figured in  order to re-evaluate the tax
onomy of pit vipers. Most bones, such as the palatine, 
squamosal and parietal, are relatively constant and dis
tinctive for each species and hence useful in identifying 
species, taxonomy and determin ing relationships. The 
re lationships ind icated by skull morphology among 
these nine pit v ipers are mostly consi stent with those 
proposed by molecular analyses. Although the speci
mens and species examined in th is study are not enough 
to clarify all of the relationships, it is  an important step 
toward resolving the taxonomy and phylogeny of this 
group. 
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APPENDlX I :  SPECIMENS E X A MINED 

SCU M :  S ichuan University Museum. 

Ovophis monticola 

Hui l i ,  S ichuan : SCUM035082-83,  SCUM03 5040. 
Anxian, Sichuan: SCUM035030. 

Protobothrops.flavoviridis 

Japan: SCUM035056. 

P. jerdonii 

Anxian, S ichuan : SCUM035028-29. Hui l i ,  S ichuan: 
SCUM03 504 1 ,  SCUM035075 . Ruoergai, S ichuan: 
SCUM03508 l .  Qingling, Shaanxi :  SCUM035078. 

P. mucrosquamatus 
Y ibin, S ichuan : SCUM03 5026. H ongya, S ichuan : 
SCUM03503 l -32,  SCUM035076. Chengdu, S ichuan: 
SCUM035050. 

P. xiangchengensis 

J iulong, S ichuan : SCUM035042-43, SCUM035046. 

Cryptelytrops albolabris 

Danzhou, Hainan: SCUM035007-9. 

Viridovipera stejnegeri 

Qunzhong, Hainan: SCUM0350 1 3- \ 4 . H ej i ang, 
Sichuan : SCUM035053 .  Guangdong: SCUM035079. 

V yunnanensis 

Hui l i ,  S ichuan : SCUM035037,  SCUM035045,  
SCUM03 5 1 1 4. Kunming, Yunnan : SCUM035077. 

Zhaoermia mangshanensis 

Yizhang, H unan :  SCUM035024. 
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THE PYGMY CHAMELEONS OF THE EASTERN ARC RANGE (TANZANIA) : 

EVOLUTIONARY RELATIONSHIPS AND THE DESCRIPTION OF THREE NEW 

SPECIES OF RHAMPHOLEON (SAURIA: CHAMAELEONIDAE) 

J EAN MARIAUX1 A N D  CO L IN R .  TI L B U R Y2 

' Departement des Invertebres, Museum d 'Histoire Naturelle de Ceneve, Switzerland 

2 Evolutionary Cenomics Croup, University of Stellenbosch, South A}i-ica 

The pygmy chameleons of the Eastern Arc Range forests in Tanzania  are reviewed on the basis 

of known and newly co l lec ted materi al . Two new species belonging to Rhampholeon 

(Rhinodigitum) and one to Rh. (Rhampholeon) from the Pare, Nguru and Mahenge Mountains 

are described. The status and distribution of the other species known in  the area are reviewed, 

and an ident ification key is  provi ded. The phylogeneti c  relationships between these taxa are 

d i scussed on the basis of small and large mt-rDNA subunits sequences and the relative 

i mportance of some morphological characters i s  eval uated. H ypotheses about the evolution of 

the group in the area are presented. 

Key words :  biodiversity hotspot, biogeography, molecular systematics, Rhampholeon, Rieppeleon 

INTRO DUCTION 

The E astern Arc Range of Tanzania (EAR) is com
posed of more than a dozen isolated massifs arrayed in  an 
arc across the north-eastern and central regions of Tanza
nia (Fig .  l ) ,  geologically separated from the Southern 
Rift Mountains ( l ike the Poroto and Livingstone ranges) .  
The relict montane and sub-montane forests of  the EAR 
(P6cs, 1 976) are wel l known for their extraordinary 
biodiversity and high level of endemism (M ittermeier et 

al. , 1 999; Myers et al. , 2000; Newmark, 2002).  The East 
and West Usambara Mountains, which are the c losest in
land from the coast, are perhaps the best known and most 
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F IG .  I .  Geographical position of  the Eastern Arc Range with 
massif names and sampling localities (map modified from the 
Bugwood Network, 2002). 
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intensively studied areas of the Eastern Arc. Their 
herpetological fauna has been explored in detail since 
the late 1 800s by a number of di stinguished German 
and American scientists (e .g .  Barbour & Loveridge, 
1 928; Mertens, 1 955 ;  Loveridge, 1 957  and references 
therein) .  However other massifs of the range, some 
rather far inland, are comparatively l ittle explored and 
their fauna is sti l l  largely unknown. 

Good examples of highly diversi fied groups of or
ganisms in the area are the pygmy or leaf chameleons 
of the genera Rhampholeon (Gunther, 1 874) and 
Rieppeleon ( Matthee et al. , 2004) .  There are presently 
1 4  species described in these two genera (Tilbury & 
Mariaux, 2004; Uetz, 2005) and their phylogenetic re
lationships have been derived from molecular analyses 
based on one nuclear and and two mitochondrial genes 
by Matthee et al. (2004), who also split Rhampholeon 
into three subgenera (Rhampholeon, Rhinodigitum and 
Bicuspis) .  Rieppeleon is mostly a lowland taxon, while 
Rhampholeon i s  primarily a montane genus. 

Seven species have been reported in the EAR, 
among which five are endemic ( Broadley & Howell, 
1 99 1 ;  Tilbury & Emmrich, 1 996; Flemming & Bates, 
1 999; Menegon et al. , 2002; Spawls et al., 2002; 
Matthee et al. , 2004; Tilbury & Mariaux, 2004) .  The 
external morphological differences between some of 
these species are subtle and the assessment of charac
ters is often open to subjective interpretation. 

Although the genus is well known from the East 
Usambara forests, specimens of Rhampholeon from 
many sub-montane forests to the west of the range were 
not known until more recently, when these forests were 
targeted for biodiversity and other research surveys. 
Interestingly the EAR endemic species known so far 
seem to have a restricted distribution, and are found in 
a few massifs only. Given the h igh level of morpho
logical similarity and the relative inconspicuousness of 
these l izards, we thought it possible that undescribed 
taxa might be found in the few remaining forests of the 
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more remote EAR massifs, and that the diversity of the 
groups could in fact be more important than recorded 
until now. An accurate systematic coverage of the group 
would also allow a better understanding of the evolu
tionary relationships of its members, as well as their 
precise geographical distribution. 

During the course of several expeditions between 
1 999 and 2002 we col lected numerous reptiles and am
phibians in the EAR, and studied their evolutionary 
relationships as well as their parasitofauna. I n  the col
lection were 65 pygmy chameleons belonging to nine 
spec ies, only s ix of which have been previously de
scribed. A few other specimens collected earl ier by 
other workers in the Usambaras and Pares, tissue sam
ples prov ided by M .  Menegon (Trento, I taly) and 
comparative material from outside the EAR are also in
cluded in this study. 

In this contribution we describe three new species, 
discuss the taxonomic status of several taxa and, more 
generally, d iscuss the d istribution of the pygmy chame
leons in the EAR, as wel l  as the evolutionary 
relationships of these taxa as derived from m itochon
drial DNA sequences. 

MATERIALS AND M ETHODS 

SPECIMENS AND LOCA LIT IES  

Collection data for all unpublished material are given 
in Appendix 1 (specimens) and Appendix 2 ( localities). 
All specimens mentioned in the text are adults unless 
spec ified otherwise. Abbreviations: FR: Forest Re
serve; Rh. : Rhampholeon; Ri. : Rieppeleon. 

List of acronyms used for Collections - B M N H :  
British Museum, Natural H i story, London; KMH:  Col
lection Kim Howell ,  Dar es Salaam; M HNG:  Museum 
d' H istoire Naturelle de Geneve, Geneva; MNH N :  M u
seU1n National d 'H i stoire Naturel le, Pari s ;  MTSN : 
Museo Tridentino di Scienze Natural i ,  Trento; N M B :  
National Museum, Bloemfontein;  N MZB:  National 
Museum of Zimbabwe, Bulawayo; PEM:  Port E lizabeth 
Museum; UDSM: University of Dar es Salaam. 

M ETHODS 

Pygmy chameleons were caught at night by hand dur
ing torchlight searches. Most specimens were dissected 
in the field for parasitological investigations within 24 
hours of capture. During this process all abdominal soft 
organs, including gonads, were removed and examined 
for parasites (except for Rh. viridis specimens with field 
tags other than TZ) .  A small p iece of tissue (usually 
l iver) of each animal was removed and conserved in 
80% ethanol for further molecular studies. The speci
mens were then labelled and fixed in 2-4% buffered 
formaldehyde for one week to one month, then trans
ferred to 70% ethanol for long-term conservation. They 
are kept at the M HNG, U DSM, NMZB and PEM.  Al l  
measurements for morphological studies were made on 
alcohol-preserved material. 

For molecular analyses, DNA extractions were made 
out of l iver samples with the DNeasy Tissue kit® 

(Qiagen) according to the manufacturer' s  instructions. 
DNA fragments were ampl ified in a Techgene 
thermocycler (Techne). A 0.56 kbp fragment of the l 6S 
rDNA was ampl ified using the universal primers L25 l 0 
and H3059 designed by Palumbi et al. ( 1 99 1 ) . PCR 
conditions were as fol lows: 94° for 3 min, then (93°,  45 
seconds; 55°,  45 seconds; 72°, 1 min) x 37 cycles, and 
final extension 72° for 5 min. 

For 1 2S, we used the primers 1 2S 1 
(CTAGGATTAGATACCCTACTATGC) and 1 2S2 
(GA TGAGGGTGACGGGCGGTGTG) that are modi
fied versions of the universal primers designed by 
Kocher et al. ( 1 989).  PCR conditions were as for l 6S 
except that annealing temperature was 60°. PCR prod
ucts were checked on a I %  agarose gel, then purified 
with the Q U IAquick® purification kit (Qiagen) and 
resuspended in a final volume of 30 µI .  

Cycle sequencing reactions on both strands were per
formed using the B igDye® cycle sequencing kit  
(Applied B iosystems), and sequences were obtained 
with an ABT 377 automated sequencer. A l l  sequences 
are deposited w ith EMBL under accession numbers 
AJ609595, AJ609597 to AJ609600, and AM55644 to 
AM55698. 

Sequences were treated and al igned with 
Sequencher™ v.  4. 1 .2 (Gene Codes Corp . ) ,  and minor 
corrections were done by hand. The final matrix was 
analysed with PAUP* v4.0b l 0  ( Swofford, 2002), in
cluding tests for base composition heterogeneity and for 
checking the compatibi l i ty of partitions using the PHT 
test (Farris et al. , 1 994). Evolutionary re lationships 
were inferred under the parsimony criterion. Heuristic 
parsimony analyses ( I  00 repeats, random addition or
der) were performed on the whole matrix, with the 
following settings: uninformative characters excluded, 
characters unordered and unweighted, gaps treated as 
missing (or fifth base), multi state treated as uncertainty. 
Nodal support was estimated with I OOO bootstrap 
pseudoreplicates (each with five repeats) .  Comparative 
maximum l ikelihood (ML)  heuristic analyses (with 50 
repeats) were performed on the same matrix. The best
fit model was determined by Modeltest v. 3 .6, using the 
Likelihood Ratio Test (LRT) (Posada & Crandal l ,  
1 998) .  ML bootstrapping was l im ited to 1 00 
pseudoreplicates (each with three repeats) .  

RESULTS 

D I VE R SITY AND D I STRI BUTION OF PYGMY 

C H A M ELEONS IN  THE  EAR 

Up unti l recently, only seven species (Rh. 
boulengeri, Ri. brachyurus, Ri .  brevicaudatus, Ri.  

kerstenii, Rh. moyeri, Rh. temporalis and Rh. 

uluguruensis) were reported from the EAR (Broadley 
& Howel l ,  1 99 1 ;  Spaw ls  et al. , 2002; Uetz, 2005). To 
this l ist we must add Rh. spinosus, which was trans
ferred to Rhampholeon by Tilbury & Mariaux (2004) .  
These taxa were reported from six mountain chains only 
( East and West Usambara, Nguru, Uluguru, Udzungwa 
and Ukaguru) until Loader et al. (2004b) reported Ri. 
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TABLE I .  Known distribution of pygmy chameleons in the EAR, by main massif (+ indicates presence). a, ssociated with non
montane elevations around the bases of these mountain ranges; b ,specimens found by M. Menegon ( Italy), see Menegon et al. 
(2003) ;  c, boulengeri-like specimens from the Nguru appear to belong to the uluguruensis complex (see text); d, described as Rh. 
moyeri. 

Ri. Ri. Ri. Rh. Rh. Rh. Rh. Rh. Rh. 

brachyurus brevicaudatus kerstenii spinosus temporalis uluguruensis acuminatus viridis beraduccii 

N Pare 
S Pare 
W Usambara 
E Usambara 
Nguu 
Nguru 
Ukaguru 
Rubeho 
Uluguru 
Udzungwa 
Mahenge 

+ a 
+ a 
+ a  

+ 

+ 

+ 
+ 

+ a  
+ a  
+ a  
+ a  
+ a  
+ a 

+ 
+ 

brevicaudatus and another undetermined species from 
the isolated M ahenge mountains. This situation is sum
marized in Table 1 .  In the course of the present work we 
found almost all these taxa again,  and also noted new 
localities and range extension for several species. Al
though recently di scovered in north-western Tanzania, 
we have discounted the presence of Rh. boulengeri in  
the EAR,  i t s  occurrence being based on misidentified 
specimens. We also report three completely new taxa, 
bringing the total number of described pygmy chamele
ons in the EAR to 1 0; however, the exact status of these 
species is  not always certain, as discussed below. A key 
allowing the identification of all EAR pygmy chamele
ons is provided in Appendix 3. One other species 
(Rhampholeon nchisiensis) occurs in Tanzania, inhabit
ing the forests of the Poroto and Livingstone mountains 
and the Tukuyu volcanic complex. Since these moun
tain ranges are not inc luded in the EAR, further 
di scussion of th is species is not provided. 

R!EPPELEON BRA CHYURUS (GUNTHER, 1 893 )  

Although known from a diverse geographical range 
within Tanzania, none of the reported localities could 
be considered to be montane. I t  has been col lected from 
the Miombo woodlands at the base of several massifs of 
the EAR including the Nguru, Ukaguru and near the 
Nguu. 

RIEPPELEON BREVICA UDA TUS (MATSCH I E  1 892)  

This species is  the most widely encountered in the 
EAR mountains .  lt is known from many lowland forests 
extending from south-eastern Kenya into Tanzania, 
penetrating into sub-montane forest in the E ast 
Usambara, U luguru, Nguru and Udzungwa up to 1 300 

m (Spawls et al. , 2002). Loader et al. (2004b) recently 
reported its presence in the Mahenge and found it in all 
the above-mentioned massifs up to a maximal altitude 
of about 1 200 m in the U luguru, which is compatible 
with the recent observations of Emmett (2004).  Al
though Ri .  brevicaudatus is common in the East 
Usambara we were unable to confirm its presence in the 

+ 

complex 

+ b  
+ c  
+ 

+ d  
+ 

+ d  

+ 

+ 

+ 

+ 

+ 

West Usambara, and, until further collecting proves 
otherwise we regard Ri. brevicaudatus as being absent 
from th is massif. 

RIEPPELEON KERSTENll (PETERS, 1 868 )  

Although not a montane species, this pygmy chame
leon is widely distributed in north-eastern Tanzania and 
may be found in acac ia scrub and grasslands on the 
lower slopes of several of the EAR massifs including 
Uluguru, Nguru, Nguu, Ukaguru, Usambaras and Pares 
ranges. It is likely that its range extends into the foothi l ls  
of the Rubeho as well . 

R HA MPHOLEON (RHINODIGITUM) BOULENGERI 

(STEINDACHNER, 1 9 1 1 )  

This species is currently considered to be widely dis
tributed in eastern central Africa, including Burundi , 
Rwanda, Uganda, the eastern Democratic Republic of 
Congo and in remnant forest patches in western Kenya 
up to 2000 m. At least one report from Tanzania ( Kange 
Estate, Nguru mountains) is known (Witte, 1 965), and 
we have recently become aware of a new Tanzan ian 
record from Minziro Forest in Bukoba (J .  Beraducci ,  in 

Litt., 2005) .  The homogeneity of this widely distributed 
species has not to date been tested and it is considered 
possible that boulengeri could represent a species com
plex. A population of pygmy chameleons from the 
upper reaches of the forests on the Nguru mountains 
bears a striking morphological resemblance to 
boulengeri and has an almost identical hemipenal struc
ture (Tilbury, unpublished observations).  A further 
population of pygmy chameleons from the Nguu moun
tains is l ikewise very similar to boulengeri (Menegon et 

al. , 2003 ). 

We col lected boulengeri-l ike specimens from the 
Nguru and included them in our molecular analysis to
gether with specimens from the core populations of the 
species (DRC, Rwanda) in order to check their 
conspecific ity. The resu lts of the mtDNA analysis 
clearly show that the Nguru specimens, as well as those 
from the Nguu, are unequivocal ly members of the 
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uluguruensis complex (see below). We therefore con
sider that Rh. boulengeri i s  absent from the EAR. 

RHAMPHOLEON (RHINODIG!TUM) MOYER/ (M ENEGON ET 

AL.,  2002) 

This recently described species ( Menegon et al. , 

2002) is currently only known from two localities in the 
Udzungwa but DNA analyses suggest that the popula
tion present in the Rubeho mountains is  also of this  form 
(Matthee et al. , 2004 ). It may be relevant to note that the 
only morphological characters allowing the differentia
tion between Rh. moyeri and Rh. uluguruensis are 
found at the level of the hemipenis ( I  0- 1 2  vs. 9 pap i llae) 
and the interorbitals ( 1 5 - 1 9  vs. 1 1 - 1 3  tubercles)  
(Menegon et al. , 2002), and should be considered with 
caution given the variation known to exist at least for the 
second criterion. We included two specimens from Rh. 

moyeri provided by M.  Menegon in our mtDNA analy
sis and obtained equivocal results, as the two samples 
did not form a clade in our tree (Fig.  1 2) .  The specimen 
from Kihanga is shown to be related to uluguruensis, 

but the specimen from K itolomero is basal to the 
uluguruensis complex, thus, in theory, possibly justify
ing its specific status. In any case the differentiation of 
this species with other members of the uluguruensis 

complex remains at best difficult (see also discussion). 

RHAMPHOLEON (RHAMPHOLEON} SPINOSUS (MATSCH!E, 

1 892)  

This species was recently transferred to 
Rhampholeon (from Bradypodion) by Ti lbury & 
Mariaux (2004) .  I t  is an endemic of the West and East 
Usambara, and although somewhat more common in  the 
former mountains, it is rare and vulnerable to environ
mental changes in both p laces. We found it between 
about 1 OOO and 1 500 m. Its position in our tree, as well 
as its morphological characteristics, makes it a member 
of the Rh. (Rhampholeon) subgenus (Matthee et al. , 
2004, appendix C) .  

R HA MPHOLEON (RHA MPHOLEON) TEMPORAL/S 

( MATSCH IE ,  1 892)  

A poorly known endemic of the East Usambara (and 
a few neighbouring relict forests) found at up to 1 400 m 
in the East Usambara (Emmett, 2004) .  Although this 
species is  surrounded by habitats rich in other species of 
pygmy chameleon, a recent comparative DNA study of 
the pygmy chameleons (Matthee et al . ,  2004) showed 
that its closest relative was the West African species 
Rhampholeon spectrum. Our augmented database 
shows however that both Rh. spinosus and Rh. viridis n .  
sp .  (described below) are closer relatives of Rh. 
temporalis, thus demonstrating the radiation of the Rh. 

(Rhampholeon) l ineage in the easternmost extremity of 
the EAR. 

The morphological homogeneity of this l ineage is re
inforced by the hemipenis anatomy of its members. The 
hemipenes of Rh. temporalis and Rh. spectrum are fig-

FIG. 2. Rhampholeon temporalis (BM 1 988 .64 1  ) . Left 
hemipenis :  a, sulcal view; b, lateral view. 

FIG. 3. Rhampholeon spectrum (PEM R 1 570 1 ) . Right 
hemipenis :  a, sulcal view; b, lateral view. 

ured here for comparative purposes to emphasize the 
unique morphology within the subgenus Rhampholeon 

(Rhampholeon) (F igs 2-3) .  The hemipenes of the sub
genus would appear to combine features commonly 
associated with the typical chameleons, viz: elongate 
and calyculate truncus w ith a capitate apex, and the 
paired apical structures more typical of Rhampholeon. 

Rh spectrum has a rather more complex hemipenal apex 
indicative of its d ivergent h istory. In this species a dual 
arrangement of short b lunt apical horns each flanked 
laterally by a denticulate crest and medially by a smaller 
blunt horn (Fig. 3) is much more evocative of the apical 
rotulae seen in typical chameleons. 
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FIG.  4. Rhampholeon ( Rhinodigitum) beraduccii n. sp. Male; 
Sali , Mahenge mountains. 

RHA MPHOLEON (RHINODIGITUM) UL UGUR UENSIS 

TILBURY & EMM RICH I 995 

Tilbury and Emmrich ( 1 996) described this species 
from the Uluguru. We have s ince recorded this taxon 
from other neighbouring massifs with sl ight morpho
logical variations, and our sampling from the U luguru 
( in  the isolated Mkungwe massif), Rubeho, Nguru and 
Ukaguru mountains, as well as additional samples from 
very simi lar specimens from the Nguu (provided by M.  
Menegon) allowed for a test of the validity and l imits of 
this taxon (see below). With the latter specimens, al l  
EAR massifs are now known to harbour a pygmy cha
meleon fauna. 

RHAMPHOLEON (RHINODIG/TUM) BERADUCCll SP. NOV. 

( F IGS 4-5) 

Holotype. MHNG 2655 .0 1 9  (field tag TZ 343), fe
male. Tanzania, Morogoro region, Mahenge 
Mountains,  Sal i FR [8°57'57.4" S, 3 6°4 l ' 1 7  .9" E] ,  
about I OOO m, 9 October 200 I .  Col lected by J .  Mariaux 
& S. Loader. 

Paratypes. Two males, M HNG 2655 .020-02 1 (TZ 
344, TZ 345) same locality and date. 

Etymology.The new species is named in honour of 
Joe Beraducci, Arusha, Tanzania, as an appreciation for 
his generous assi stance and help provided to us and to 
numerous other scientists working in the EAR. 

Diagnosis. Chamaeleonidae, Rhampholeon 

(Rhinodigitum) .  With the characters of the subgenus. A 
tiny brown chameleon with snout-vent length (SVL) 
20.5-28 mm, maximum total length (TL) 36 mm, and a 
very short tai l, 1 9-22% of TL. The smal lest known 
Rhampholeon. Head with a well-developed nasal proc
ess and short supra-optical peaks. Head flat with very 
sl ightly marked crests, temporal crest very weak. Dorsal 
keel weakly undulated. Body with sub-homogeneous 
granules, but conspicuous shoulder spine present. Deep 
axil lary and inguinal pits present. Claws bicuspid with 
small accessory spines. 

Description of the holotype. Head (Fig. 4): Casque 
discrete, flat, with smooth edges. Weak temporal crest, 
first a horizontal l ine then forming an upward angle, 
without marked ornamentation except for three larger 

F I G .  5. Rhampholeon (Rhinodigi1t11n ) beraduccii n. sp. 
(paratype, MHNG 2655.02 1 ) . Head detai l .  Adult male; Sal i ,  
Mahenge mountains. 

tubercles just behind the eyes. No parietal crest. Supra
orbital ridge wel l  marked, peaking anteriorly in 
flattened, short and thick horn-like clusters of tubercles. 
Two larger tubercles on inferior orbital rim. Supra-or
bital peaks connected by an interorbital ridge composed 
of 1 4  smal l granular tubercles marking a prominent 
frontal line. Rostral ridge well marked, forming a small 
bump over the nostri Is and joining anteriorly in a 1 . 5 

mm long triangular, pointed rostral appendage, about 
1 2  small granules long and seven wide at its base. Nares 
opening posteriorly. No gular or mental appendages. 

Body: TL 36 mm, (SVL 28 mm, tai l length 8 mm. 
Tail 22% of TL. Dorsal crest weakly undulating - al
most smooth, without clusters of spines, smooth on the 
lumbar area, and again weakly undulated on the tai l .  
Deep axillary and inguinal pits present. 

Flank scalation homogeneous, composed of small 
stellate granules with occasional sl ightly larger ones. 
One conspicuous enlarged dark tubercle over shoulder 
and another one on upper mid-flank. Scalation some
what more irregular on the limbs. One or two larger 
tuberc les on forearms. C laws strongly bicuspid with 
small accessory plantar spines. 

Variation in paratypes. Males, TL 28-29, and tai l 
1 9-20% of TL . Very s imilar to holotype. lnterorbital 
ridge up to 1 6  granules. Lateral crest more developed. 
Up to four tubercles beh ind and below the eye. Rostral 
appendage with sl ightly curved lower border. Tubercles 
on l imbs a l ittle more developed although sti l l  di screte. 
The hemipenal morphology is unknown at present. 

Colour in life (Fig. 5 ) .  Generally yellowish to pale 
brown with various darker spots, especially on the back. 
May present two thin blackish diagonal l ines on the 
flanks (antero-dorsal to postero-ventral) .  

Differential diagnosis. Rh. beraduccii can be differ
entiated from other members of the genus by its smaller 
size, small optical peaks and the shape of its rostral ap
pendage. Furthermore, members of the s imi lar 
uluguruensis group, including Rh. moyeri, do not show 
inguinal pits, which are clearly marked in  Rh. 

beraduccii. 

Distribution and ecology. Rh. beraduccii is to date 
only known from the vicinity of Sali in the Mahenge 
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F IG .  6. Rhampho/eon ( Rhinodigitum) acuminatus n. sp. 
Adult male; Nguru South FR, Nguru mountains. 

mountains, an isolated massif separated from the 
Udzungwa range by the Ki lombero valley. All animals 
were found alone, on low shrubs or herbs, within a few 
centimetres of the ground, in open land, in the immedi
ate vicinity of the vi llage. 

Remarks. No faunistic surveys of the Mahenge were 
avai lable until 2004 when Loader et al. ( 2004b) re
ported the presence of Ri. brevicaudatus as well as of 
Rh. cf moyeri around Sali FR. Although morphologi
cally close to moyeri, specimens from the latter group 
are clearly dist inct from the other members of the 
u/uguruensis complex. Meanwhile our mtDNA analysis 
confirmed that the Mahenge specimens were unequ ivo
cally distinct from moyeri or uluguruensis. The very 
small size of our spec imens might also indicate that only 
juven iles or immature animals were collected. Although 
this cannot be completely excluded, we note that our 
specimens were collected in several distinct locations 
around Sali and, although more specimens were spotted, 
no significantly larger ind iv iduals were seen. Even if Rh. 

beraduccii is remarkably smal l ,  other tiny chameleons 
are known; Ri. brachyurus, for example, does not reach 
6 cm, and Brookesia minima is of a s ize simi lar to the 
new species. Thus, on the basis of both our morphologi
cal and molecular evidence, and despite a very l imited 
sampling, we propose to des ignate this material as a new 
species. 

FIG. 7 .  Rhampho/eon ( Rhampholeon) viridis n .  sp. Adult 
male; Chome FR, South Pare mountains. 

F IG .  8 .  Rhampholeon ( Rhinodigitum ) acuminatus n. sp. 
( Holotype, MHNG 2645 .00 1 ) . Head detai l .  

RHA MPHOLEON (RHINODICITUM} A CUMINA TUS SP .  NOV. 

( F igs 6, 8,  9) 

Holotype. M HNG 2645 .00 1 ( field tag TZ 4 1 4 ), 
male. Tanzania, Morogoro region, Nguru mountains, 
Nguru South Catchment FR, Komkore Forest above 
Ubili vi l lage [6°2'29" S ;  3 7°30'40.5"  E], 1 500- 1 600 m, 
2 1  October 2000. Col lected by J .  Mariaux & S .  Loader. 

Paratypes. Three males, M HNG 2645 .002-004 (TZ 
4 1 2 , 4 1 3 , 4 1 7 ) ,  two females M HNG 2645 .005-006 
(TZ 4 1 5 , 4 1 6), and one male PEM-R 1 627 1 .  All same 
locality and date. 

Other material. Three specimens collected by 
David Moyer ( Iringa, Tanzania), 25-26 August 1 997, 6 
km SW of Ub i l i ,  1 500 m. These specimens were the 
first ever recorded for the species but can no longer be 
localized and are presumed to be lost. 

: -Y · 

F IG .  9. Rhampholeon ( Rhinodigitum) acuminatus n. sp. 
( PEM-R 1 627 1 ). Hemipenis :  sulcal view. 
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Etymology. From Latin acuminare (to sharpen), in 
reference to the numerous sharp spines found on the 
head and body. 

Diagnosis. Chamaeleonidae, Rhampholeon 

(Rhinodigitum). With the characters of the subgenus. A 
small chameleon with SVL 47-57 mm (maximum TL 
82 mm) and a tail  25-30% ofTL. Adults are unmistak
able due to their large discoid and vertically flattened 
rostral process (up to 5 x 3 mm) projecting forward off 
the rostrum (Figs 6-7) ,  spinous supra-orbital and other 
cranial projections, prominent casque, exaggerated 
dorsal crest and numerous spines on the body, l imbs 
and tai l .  No axil lary or inguinal pits. Claws bicuspid. 
Parietal peritoneum unpigmented. 

Description of the holotype. Head (Fig .  8 ) :  Elon
gated with a particularly prominent pyramidal casque 
formed by upward extensions of the posterior orbital/ 
lateral crests. The parietal region of the head is sl ightly 
concave. Sharply acuminate vertical spines are di strib
uted along the lateral edges of the casque (three on each 
side) and one at the peak. Weak postero-orbital trans
versal crest. No parietal crest. Supra-orbital ridge 
strong, marked by large rounded tubercles in its poste
rior half, peaking anteriorly in prominent, thin, 
horn-like tufts of tubercles 4-5 rows of tubercles high, 
j ust posterior to a markedly enlarged tubercle. Supra
orbital peaks connected by a row of 1 2  flattened 
tubercular plates. Orbits almost touching each other 
anteriorly, only separated by 1 -2 granules. Temporal 
crest prominent, composed ofa fin-l ike triangular ridge 
formed of 6-8 tubercles in a horizontal line behind the 
postorbital rim, bending upwards posteriorly. 2-3 en
larged tubercles below the eyeballs .  Pre-orbital ridge 
well marked peaking above the nostril in a short conical 
cluster, 2-3 tubercles high. Rostral appendage oval ( 1 2  
granules along its maximal length x 1 0  granules at its 
maximum height, 4 x 3 . 5  mm), with its longer axis hori
zontal, 6-7 tubercles wide at its base, becoming 2-3 
tubercles thick anteriorly. Nares opening posteriorly. 
No submental appendage. No gular crest but a few ran
domly distributed spinous tubercles along the mandible 
and the upper throat. 

Body: TL 82 mm, SVL 57 mm, tai l  length 25 mm. 
Tail 30% of TL.  Dorsal crest preceded anteriorly by 
three paired simple tubercles commencing at the nape, 
followed by nine prominent pyramidal clusters of tu
bercles each positioned over a vertebral body, the most 
prominent in the middle of the back, separated from 
each other by 4-6 granules, becoming smooth on the 
lumbar area, then followed by 1 4  smaller clusters dis
tributed along the length of the tai l .  L argest cluster 
formed of about 1 0  tubercles. No axillary or inguinal 
pits. F lank scalation homogeneous, composed of small 
interlocking stellate granules with about l 0- 1 2  enlarged 
spiny tubercles, half a dozen of them forming an indis
tinct row on the upper flank. Tail with a row of 
prominent isolated spinous tubercles along the infero
lateral side of the tai l on each side. One inconspicuous 
spine above the shoulder. Forearms with 3-4, and fore-

legs with 1 -2, large isolated spinous tubercles. Upper 
arms and legs with 1 -2 spines. Claws bicuspid. Palms 
and soles smooth but 1 -2 small accessory plantar spines 
present at the base of each claw. The holotype 
hemipenis is not everted. 

Variation in paratypes. M ales : TL 63-7 1 mm, and 
tail 25-30% ofTL. Casque sometimes with only two lat
eral spines on each edge, the most basal one more 
prominent than in holotype. Some specimens have a no
ticeable interorbital ridge of up to 8- 1 2  tubercles across 
the ridge to the bases of the supra-orbital horns. Parietal 
crest always absent but some very small irregular lines 
may be present on top of head. Temporal crests may be 
reduced to only 3-4 tubercles on a straight line, the most 
posterior one being the most prominent. Up to six large 
spines on forearms and forelegs, up to three on upper 
arms, and four on upper legs. Up to about 20 small body 
spines per flank. 

Females. TL 67-69 mm, and tail 25-28% of TL.  
Variation as  for males. 

Hemipenis. PEM-R 1 62 7 1  (Fig. 9) .  Short, bag-like. 
No truncal calyces. Apex adorned with two short out
wardly curved horns.  Each horn has a cluster of three 
prominent thorn-like papil lae at the base and 1 -2 other 
papil lae along the outer curvature of the horn. 

Eggs. Both female specimens with four eggs (up to 
1 1  x 6 mm). 

Colour in life (Fig .  6) .  B ackground colour varies 
from rather bright shades of green, especially on head, 
to l ight brown. Generally paler on lower parts with feet 
pale yellow and belly almost white. B lue patches may 
be present on casque and shoulders, and occasionally 
yellow to orange spots at the level of eyes. Very small 
regular dark spots sometimes present on the body, seen 
especially in chameleons with a greenish background. 
Two prominent wide dark antero-dorsal to postero-ven
tral parallel l ines are almost always visible. 

Differential diagnosis. Among the pygmy chamele
ons, only Rh. spinosus presents a simi lar rostral process. 
However, Rh. spinosus has a more rounded rostral proc
ess, numerous spiny tuberc les on the gular region, a 
slender overall appearance, and a significantly longer 
tail (up to more than 40% of TL); furthermore it is not 
sympatric with Rh. acuminatus . Although several other 
species, like Rh. uluguruensis and related taxa, also 
have rather conspicuous naso-rostral processes, these 
are more cyl indrical and much smaller. Furthermore 
these species do not show the characteristic body spines 
seen in Rh. acuminatus, thus making confusion un
l ikely. 

Distribution and ecology. So far Rh. acuminatus is 
known from a single population in an Afro-montane 
rainforest between 1 500 and 1 600 m above the vi l lage 
of Ubi l i  in the Nguru mountains. The species seems to 
be locally abundant. Six specimens have been collected 
for the present description; another six have been trans
ferred to a repti le park in Arusha to attempt captive 
breeding. Most animals have been found between 50 cm 
and 2 m high on large ferns and shrubs, although several 
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have been spotted up  to  an  estimated 3-4 m h igh. This 
spatial distribution is rather unusual for pygmy chame
leons, which generally stay c loser to the ground. 
Interestingly it i s  comparable in  its arboreal inclination 
to the morphologically s imilar Rh. spinosus from the 
U sambara mountains. The living speci mens laid 2-4 

eggs, hatching in  January (J .  Beraducci, Arusha, in litt. ) . 

RHAMPHOLEON {RHAMPHOLEON} VIRIDIS SP .  NOV. (FIGS 

7, 1 0, 1 1 ) 

Holotype. NMZB 1 6905 (field tag CT 1 1 9) ,  male; 
allotype NMZB 1 6906 (CT 1 20), female. Tanga region, 
South Pare mountains, from a patch of forest next to the 
H ingil i  stream, just north of the Shengena Mountain F R  
[4° 1 4' 5 0 "  S ,  37°59'28" E ] ,  1 450  m, 4 July 200 1 .  Col
lected by Colin and Douglas Tilbury. 

Paratypes. One male UDSM 1 64 1 ,  and one female 
UDSM 1 642, same data as holotype. 

Other material. One male BMNH 1 982. 1 426 (KMH 
1 5 1 4) ,  West Usambara, Mazumbai FR,  02 June 1 980, 

collected by Kim H owel l ;  one female NMZB 1 6700 

(KMH 1 95 86) ,  South Pare, Chome FR, 1 800 m,  and 
one male NMZB 1 4059 ( KM H  793 5) ,  North Pare, 
Ngofi Peak, Minja FR, 3 1  July 1 993,  collected by N .  
Cordeiro; two males NMB 79 1 3  & 79 1 4, South Pare, 
forest above Kisiwani, 1 8  April 1 996, collected by Al
exander Flemming; four males M HNG 26 1 7  .090, 093 

and 26 1 9.03 1 -2 (TZ 1 39 ,  1 40, 1 42, 1 47)  and two fe
males MHNG 26 1 7  .09 1 -092 (TZ 1 45-1 46). South 
Pare, Chome FR, 1 840-2070 m, 29-30 September 
2000; four males M HNG 2624 .059,  2624.074, 
2624.076-07 (TZ 495, 5 1 0,  5 1 2-3) and one female 
MHNG 2624.075 (TZ 5 1 1 )  North Pare, K indoroko FR, 
1 600-1 700 m, 1 0  May 2002. 

Rh. temporalis examined for comparative purposes 
(all from East Usambara) :  NMZB 1 4820, female, and 
N MZB 1 482 1 (KMH 1 2 1 78), male, Bamba FR; N MZB 
1 6362 (KMH 1 7875) ,  female, Kwamkoro/ 
Kwamsambia FR; NMZB 1 4068 (KMH 1 1 224), j uve
n i le male, and N MZB 1 4069, male, Magrotto H il l ,  
Muheza; KMH 2 1 3 1 3 ,  male;  B MNH 1 93 5 .4 . 1 . 35 ,  
male, and BMNH 1 974.526, j uvenile female, Amani ;  
BMNH 1 988 .64 1 -643 male, Monga estate; M HN G  
26 1 7 .034, female, Lutindi Peak. 

Note. The 1 6S rRNA sequences (A Y524868-9) of 
the specimens l isted as Rh. sp. nova by Matthee et al. 

(2004) are 99- 1 00% identical to our sequences of Rh. 

viridis. Therefore their material from the South Pare can 
safely be identified as Rh. viridis. 

Etymology. The speci fic name derives from Latin 
viridis (green) and refers to the rich green colour of the 
males. 

Diagnosis (Fig. 7). Chamaeleonidae, Rhampholeon 

(Rhampholeon).  With the characters of the subgenus. A 
small chameleon (maximum TL 89 mm) with a tail 34-

46% of TL in  males and 33-34% in females. Low 
casque. Small rostral process represented by a bulge 
barely projecting over the front of the snout, barely vis
ible i n  males, somewhat larger i n  females. Temporal 

FIG. I 0 .  Rhampholeon (Rhampholeon) viridis n. sp. (MHNG 
2624.059). Head detai l .  

FIG.  I I .  Rhampholeon (Rhampholeon) viridis n.  sp. (MHNG 
2624.059). Hemipenis, sulcal view. 
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crest is  distinct. Dorsal keel variable i n  outline from al
most smooth to strongly crenulated. Hemipenis with 
prominent calyces on the truncus and broad paired api
cal horns arising from mucosa! folds bearing up to n ine 
pap i l lae typically alternating rounded and sharp papi l
lae on the outer edge of the horn.  Axi l lary pits and 
inguinal pits present, the latter less distinct. Claws sim
ple. There may be one or two sl ightly en larged 
accessory plantar tubercles present at the base of the 
claws. Soles of feet smooth/cobblestoned as opposed to 
spinous. The male hemipenis is distinct from other spe
cies of Rhampholeon. The specimens from North Pare 
bear typical reddish patches. 

Description of the holotype. Head (Fig. 1 0) :  Casque 
flat, not elevated above the nape.  No parietal crest 
present. The supra-orbital crest is composed of sub
conical to conical tubercles. The supra-orbital ridge i s  
relatively smooth with no supra-optic peak. The orbital 
ridges are connected across the top of the head by a row 
of 1 4  tubercles. The canthal ridge is sharply delineated, 
terminating anteriorly at the base of a rostral bulge. This 
bulge, which i s  covered with sub-conical tubercles, 
projects forward barely clearing the tip of the snout. The 
nares open infero-posteriorly from within a low nasal 
bulge. The gular region is  smooth and unadorned with 
spines or tufts of scales. A prominent temporal crest is  
present formed by a row of seven conical tubercles, the 
most posterior of which is  by far the largest. The tempo
ral crest continues upwards as a well-marked posterior 
temporal or squamosal crest of enlarged conical to 
subconical tubercles to the apex of the casque. The skin 
of the eyeball is  clad with small relatively homogeneous 
rounded tubercles. 

Body: TL 68.5 mm (SVL 44.5 mm + tail 24 mm), the 
tai l comprising 35% of the TL. The dorsal keel is only 
weakly crenulated. A low cluster of slightly enlarged tu
bercles is  present over each vertebral spinous process 
commencing from above the shoulder area, fading over 
the sacrum and re-appearing along the tai l .  The cluster 
of tubercles may be centred on either a s ingle low cone 
or a pair of smaller cones. The flanks are clad in tightly 
packed sub-homogeneous granules with scattered en
larged conical tubercles. The granules are largely 
rounded but there are scattered clusters of stellate gran
ules. There is no enlarged tubercle above the shoulder. 
A vague row of four s l ightly enlarged tubercles i s  
present along the infero-lateral aspect of the proximal 
half of the tai l .  The claws of the feet are simple with no 
evidence of cusp formation. The tubercles on the soles 
of the feet are rounded to give the appearance of a 
cobblestoned surface.  There are no prominent acces
sory plantar spines present at the bases of the toes, 
rather low p lantar tubercles. Deep wide-mouthed der
mal pits/invaginations are present in both axi l lae and the 
inguinal regions. The hemipenes are not fully everted. 

Variation in paratypes and other material. Head: 
Narrow occipital concave surface may be present. Tem
poral crest typically with 4-5 large conical postocular 
tubercles, then typically three more on a upward l ine, 

with the lowest one being the most prominent. Vestigial 
parietal crest, sometimes formed by three ridges. One 
isolated tubercle  above jaw articulation. Interorbital 
ridge a shallow V, formed of 8- 1 4  granules. A small but 
distinct rounded rostral appendage in females ( 1  x 1 

mm), less marked or absent in males. 
Body: TL 63-89 mm, SVL 3 8-47 mm, tail 25-32 mm, 

tail 34-46% ofTL for males. TL 65-72 mm, SYL 43-48 

mm, tai l 22-24 mm, tai l 33-34% ofTL for females. Thus 
males sl ightly l arger, but females with a shorter tai l .  
Dorsal keel weakly to  strongly crenulated in males (9-

1 2  clusters) may be almost smooth in  females. Axi llary 
pits present, but only less conspicuous inguinal depres
sions.  Flanks of one specimen with a few enlarged 
pyramidal clusters of tubercles on each side. Claws sim
ple. Two gravid  female with four eggs each ( 1 0- 1 1 x 

4.5-6 mm). 
Hemipenis. (Fig. 1 1 ) ( M HNG 2624.059). Hemipenal 

truncus with prominent calyces on the asulcal (poste
rior) aspect becoming smooth in the para-sulcal zone . 
The sulcal lips are smooth. Apex capitate. A pair of api
cal horns arise from between prominent mucosal folds 
sited towards the asulcal s ide of the apex and which 
curve inwardly over the apical plateau. The outer mar
gins of the horns are adorned with a series of alternating 
thorn l ike and button l ike papil lae - nine on one horn 
and six on the other. 

Colour in life ( Fig.  7) . When fi rst seen in undis
turbed conditions the males of this species have a 
background colour of emerald green. Two thi n  dark 
stripes are angled postero-inferiorly over the flanks 
from the dorsal keel .  North Pare specimens harbour sev
eral characteristic reddish/rusty coloured patches on the 
head, bel ly, tail and around the main lateral cones, and 
occasionally one thi n  transversal reddish stripe from 
above the shoulder to inguinal region, or some whitish 
areas on shoulder and occiput. 

Differential diagnosis. The simple claws of this spe
cies immediately p lace this form within the group of 
pygmy chameleons that only includes Rh. spinosus and 
Rh. temporalis . The former species differs from Rh. 

viridis by the prominent ovoid rostro-nasal projection 
found in both sexes. Apart from the striking hemipenal 
d ifferences between males of viridis and temporalis 

(breadth of the apical horns and shape of the papil lae on 
the horns, see Figs 2 and 1 1  ) ,  they appear very s imilar in 
external morphology. Differences between the two are 
subtle but may be seen in  the more pronounced dorsal 
crest and the conspicuous temporal crest of viridis . Per
haps the best distinguishing feature between them is that 
the accessory plantar spines in temporalis are usually 
well developed and prominent but are inconspicuous to 
rudimentary in viridis. 

Distribution and ecology. This species inhabits the 
undergrowth and lower story vegetation of the sub
montane evergreen forests of the South and North Pare 
mountains.  Its occurrence in the West Usambara is  
based on a single specimen in the British Museum col
lected in 1 980 but its presence in  these mountains has 
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not since been reconfirmed. The holotype was collected 
at an altitude of 1 450 m, but specimens have been found 
up to 2070 m in the South Pare and 1 700 m in the North . 
Pare. These forests are typical examples of the Afro
montane forests that are dominated by emergent trees 
such as Albizia gummifera, Macaranga 

kilimandscharica, Xymalos monospora, Ocotea 

usambarensis, Podocarpus latifolius and 
Chrysophyllum gorongosanum. 

When handled these chameleons produced an easily 
felt "buzzing" vibration, particularly if touched l ightly 
on the back. At the time of collection in early July, an 
adult male and female chameleon were found sleeping 
within a few centimetres of each other, indicating pair
ing off and thus possible recent past or potentially future 
mating activity. 

Mating. A single pair was observed mating in 
Kindoroko FR (North Pare) on I 0 May 2002 at 7 pm. 
Exact duration of the copulation was not recorded but 
was longer than three hours. The pair was on a narrow 
branch about one metre high; the male was on the back, 
sl ightly to the right and parallel to the female. 

Parasitology. All specimens from North Pare were 
parasitized both by intestinal nematodes and 
acanthocephalans. The acanthocephalans have been 
found to represent a new species of A canthocephalus 

(Pseudacanthocephalus) recently described by Smales 
(2005) .  In  the South Pare all spec imens but one har
boured Cylindrotaenia sp. (Nematotaeniidae) 
tapeworms.  

ADDITIONAL SPEC I ES 

Rhampholeon (Rhinodigitum) nchisiensis 

( Loveridge, 1 953 ), which is present in Tanzania but not 
in the EAR, Rhampholeon (Rhampholeon) spectrum 

( Bucholz, 1 874), and Rhampholeon (Rhinodigitum) 

platyceps (Gunther, 1 892), which are not found in Tan
zania, have opportuni stically been included in our 
molecular analysis because of their close geographical 
di stribution and possible relatedness to our species of 
interest. 

MOLECULAR SYSTEMATICS 

Results. Sequences for 1 2S (4 1 4  bp) and 1 6S (523 
bp) were obtained for 45 Rhampholeon/Rieppeleon and 
one outgroup (Bradypodion fischeri). A PHT found 
both partitions to be compatible, and those sequences 
were thus concatenated in a single matrix 938 characters 
long, from which 44 positions were removed for analy
ses due to uncertain alignment. Distances between in
and outgroups averaged 1 3 .7% ( 1 1 .9- 1 5 . 5%) .  
Interspecific di stances within the i ngroup averaged 
1 1 .0% (7 .3- 1 5 .4%), and intraspecific di stances varied 
between 0 and 3 . 5%, and up to 5 .9% within the 
uluguruensis complex (which was treated as a single 
species in this case) .  Distances between members of 
Rieppeleon and Rhampholeon ( 1 4. 1  % on average) were 
as high as between any pygmy chameleon and the 
outgroup. Among sequences from conspecific speci-

mens distances of 0 to less than 0.35% (0-3 changes) 
were found between 6 out of I 0 Ri. brevicaudatus, 4 out 
of 8 Rh. uluguruensis, 3 out 4 Rh. viridis and all Rh. 

beraduccii (2), Rh. acuminatus (2) and Rh. 

"uluguruensis " from Nguu (4). Removing these identi
cal, or nearly i dentical, sequences from the analyses 
reduced the final matrix to 3 1  taxa and 894 positions. 

A heuristic parsimony search of th is dataset returned 
nearly identical results whether gaps were treated as 
missing (four shortest trees, L 906, Cl 0.433 ,  RI  0 .704) 
of "fifth base" (six shortest trees, L 1 00 1 ,  Cl 0.447, RI 
0 .  72 1 )  (Fig. 1 2 ) :  a first well-supported basal clade com
prises three species, a basal Ri. kerstenii sister taxon of 
Ri. brachyurus and Ri. brevicaudatus (clade A, corre
sponding to the genus Rieppeleon). The second clade is  
rooted, although very weakly, by Rh.  spectrum, which is  
the si ster taxon of a large clade comprising Rh. 

temporalis, Rh. viridis and Rh. spinosus on one s ide 
(group B ,  together with Rh. spectrum) and the rest of the 
ingroup on the other ( clade C), corresponding respec
tively to M atthee et al. ' s (2004) subgenera 
Rhampholeon and Rhinodigitum . Technically, the 
subgenus Rh. (Rhampholeon) is thus paraphyletic .  
Within the latter group relationships are less clearly re
solved, although two subgroups, one with Rh. 

boulengeri, Rh. acuminatus and Rh. beraduccii (C I )  

and the other with Rh. uluguruensis, including Rh. 

moyeri and Nguu specimens (C2) are supported. The 
positions of Rh. platyceps and Rh. nchisiensis are un
certain within Rh. (Rhinodigitum), although both the 
parsimony analysis with gaps treated as missing and the 
ML analysis place them basal. 

The maximum l ikelihood best-fit model was 
SYM+I+G with the fol lowing parameters: Base=e qual, 
Nst=6, Rmat =(0.6538 5 .2 1 33 0 .5304 0.0728 3 . 7009), 
Rates=gamma, Shape=0. 7680, Pinvar=0.436 1 .  The 
analysis gave similar results as parsimony except for the 
clade C I ,  in which Rh. acuminatus is basal, and a few 
minor detai ls  within Ri. brevicaudatus and the Rh. 

uluguruensis complex (see caption to Fig. 1 2) .  

D I SCUSS ION 

Field studies of the pygmy chameleons are few and 
our understanding of the group is weak. A single recent 
paper addressed the overall systematics and evolution 
of the group (Matthee et al. , 2004), and, to our knowl
edge, no paper dealing specifically with the taxa from 
the EAR has been published apart from occasional spe
cies descriptions and a recent comparative study on the 
ecology of Rh. temporalis and Ri. brevicaudatus in the 
East Usambara ( Emmett, 2004). 

At the morphological level, the descriptions pre
sented herein c learly demonstrate the frailty of external 
morphology for differentiating species, and the impor
tant role that hemipenal analysis can play in 
discriminating between most species in this group. For 
example whilst the hemipenal differences are striking, 
the external morphological d ifferences between Rh. 

viridis sp. n. and Rh. temporalis are subtle and to a cer-
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tain extent subjective. The two species are sister taxa 
and Rh. temporalis differs only by showing more de
rived character states in the degree of development of 
the rostral process and plantar spines. 

However, the problem of external similarity is not al
ways simply solved just by examining the soft tissues. 
The phenotype and hemipenes ofa population ofNguru 
pygmy chameleons ( shown here to belong to the 
uluguruensis complex) cannot reliably differentiate this  
population from typical Rh. boulengeri from Rwanda. 
Notwithstanding the observation that the nearest recog
nized population of boulengeri is over 600 km away, 
the question must be asked as to why the Nguru popula
tion should not be assigned to boulengeri (see also 
Menegon et al. , 2003) .  Tol ley et al. ( 2004) demon
strated that phenotype in  chameleons (the Southern 
African Bradypodion) was a relatively plastic expres
sion sensitive to environmental selection pressures. We 
consider it l ikely that this observation in Bradypodion is 
mirrored in the pygmy chameleons and particularly in 
the EAR species. For example, on comparing Rh. 

boulengeri and Rh. uluguruensis within their stable for
est habitats, it would appear that their external 
phenotype has been under hardly any environmental 
pressure to evolve. Simi larly, and despite their impor
tance, the relatively simple hemipenis structures 
observed in these species are not sufficient to character
ize them. Their evolutionary differentiation has been 
rather at the genetic level as indicated by a sequence di
vergence of about 9%, a level that is clearly within the 
interspecific range in our data set. Although morphology 
easily indicates a placement within the subgenus 
Rhinodigitum, it does not allow for specific differentiation. 

At the molecular level, Matthee et al. (2004) pub
l ished a complete analysis of the pygmy chameleons 
and demonstrated their basic organization in two main 
clades that they proposed to consider as distinct genera, 
Rieppeleon and Rhampholeon, in accordance with the 
earl ier observations of Rieppel ( I  987)  and Ti lbury 
( 1 992) .  They also distinguished three distinct and well 
supported 1 ineages (Rhinodigitum, Bicuspis and 
Rhampholeon) within Rhampholeon. Our sampling is 
different from the one of Matthee et al. (2004), in  two 
main ways: first, we do not include members of their 
"Bicuspis" l ineage whose members are not found in the 
EAR (and in  Tanzania), and second, a few new species 
described herein are added to the dataset. Nevertheless 
our results (Fig. 1 2) confirm most of Matthee et al. ' s  

(2004) observations. We find strong support for the 
Rhampholeon and Rieppeleon l ineages. In the latter 
one, though, our data (as well as unpublished prelimi
nary cytochrome b sequences) support a (Ri. 

brachyurus - Ri. brevicaudatus) sister-group relation
ship instead of (Ri. kerstenii - Ri. brachyurus) as i n  
Matthee e t  al. (2004). This node, however, was rela
tively weakly supported by their I 6S data, and their 
RAG I data suggested the same clustering as found here. 

Within Rhampholeon sensu stricto a possible impor
tant difference lies with the position of the West African 

species Rh. spectrum, which is a sister group of the 
temporalis/viridis (Pare Mountain) clade in Matthee et 

. al. (2004), and is  basal to the whole Rhampholeon ge
nus in our work, even if bootstrap support for this 
position i s  weak. Matthee et al. (2004) explained that 
the close relationship between Rh. spectrum and Rh. 

temporalis was the result of historic cl imatic  changes 
that resulted in the desiccation of the pan-African for
ests about 25 mi l l ion years ago. The position of Rh. 

spectrum in our analysis is speculative given the weak 
support of this node, which might be due to saturation in  
th i s  case. We must also note that our sequence is  3 -4% 
different from the Equatorial Guinea sequences from 
Matthee et al. (2004), which may explain the sl ightly 
different position of this taxon on our tree. I n  any case, 
assuming our placement of Rh. spectrum is correct, this 
would suggest that this species might be the most an
c ient s i ster group to all other Rhampholeon, an 
interesting hypothesis given the wide distribution of this 
taxon. This would also imply that Rh. (Rhampholeon) i s  
paraphyletic and might therefore have further 
taxonomical consequences. Globally, the diversifica
tion of the genus in the easternmost extremity of the 
EAR ( i .e .  at least with Rh. temporalis, Rh. spinosus and 
Rh. viridis) is more extensive than previously thought. 
In Tanzan ia, Rh. (Rhampholeon) is restricted to the 
eastern/northeastern EAR. 

We confirm the existence of two main EAR lineages 
w ithin Rh. (Rhinodigitum ), one comprising Rh. 

boulengeri and other species, and the other with Rh. 
uluguruensis, and find the subgenus to be rooted with 
the non-EAR species Rh. nchisiensis and Rh. platyceps 

(although again with weak support) . A l l  species in
cluded in this subgenus are found in  the western/ 
southwestern part of the EAR (and beyond). Interest
ingly, we show that both newly described Rh. 
beraduccii and Rh. acuminatus are more closely related 
to Rh. boulengeri than to the uluguruensis complex. 
Given the overall simi larity of Rh. beraduccii with the 
members of the uluguruensis complex at the level of the 
head and appendages, this is again  an indication that 
these morphological characters can be deceptive, and 
that very similar morphologies may have evolved inde
pendently. Convergences can also occur for characters 
looking very original, l ike the discoid rostral append
ages of Rh. spinosus and Rh. acuminatus. 

We have not found any decisive argument to resolve 
the status of the taxa included in the uluguruensis com
plex. Relatively h igh genetic di stances between its 
components obviously plead for a heterogeneous as
semblage encompassing more than a single species; 
however, no satisfactory nomenclatural system can be 
derived yet. The status of both Rh. moyeri and of the 
new Nguu specimens remains equivocal within this 
group. 

Faunistical ly, it appears that the genus is  more spe
cies rich in the EAR than previously expected, and that a 
combination of ancient colonization and recent, or on
going, speciation processes can explain this situation. I n  
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the eastern EAR ( East and West Usambaras and South 
and North Pares), at least six species of pygmy chame
leon are described. These species belong to both pygmy 
chameleon genera and are representative of the most an
c ient l ineages of these l izards in our sampling, thus 
suggesting that the colonization of the EAR started in 
this geographical area. In parallel w ith these ancient 
events i t  seems that a further diversi fication of Rh. 

(Rhampholeon) is still ongoing and is fac i l itated by the 
complete separation of the East and West Usambara as 
well as the North and South Pare by lowland valleys. In 
the former mountain we observe a rather h igh DNA dis
tance (3 .5%) between Rh. spinosus specimens sampled 
on each side of the Lwengera valley (as compared to 
0.7% between two specimens from the East Usambara). 
Jn the Pare, Rh. viridis from the southern massif are 
clearly distinguishable at the mtDNA level (as well as, 
to a certain extent, morphologically) from conspecific 
specimens from the northern massif. In one of the few 
comparable studies in the area, Johanson & Wi llassen 
( 1 997), working on the Helicopsychidae (caddis fl ies), 
also reached the conclusion that the East and West 
Usambara formed distinct endemic areas. On the other 
hand, Gravlund (2002), who studied the snake 
Crotaphopeltis tornieri (Colubridae ), found no evi
dence that populations on both sides of the Lwengera 
valley were genetically distinct. He nevertheless con
cluded that they were most probably isolated. 

A simi lar scenario might explain the situation in the 
western EAR with a fauna originating from the south or 
west of the area and a recent differentiation within the 
Uluguru-Nguru-Rubeho-Udzungwa massifs. The best 
example of such a scenario would be the "uluguruensis" 
complex where morphology is minimally useful for the 
identification of lineages but for which mtDNA shows 
that some populations ( i .e .  Rh. moyeri from Kitolomero 
or the Nguu specimens) are relatively well  character
ized. As many isolated forest reserves in this area have 
not yet been fully explored, especially in the Rubeho/ 
Ukaguru massifs, we shou ld  expect the discovery of 
more populations in this group. 

These hypotheses of relatively recent diversification 
in  the mountains are corroborated by simi lar observa
tions made for various groups of animals such as birds 
(Roy, 1 997), insects (Johanson & Wil lassen, 1 997) or 
amphibians ( Loader et al. , 2004a) and support an im
portant role of the "mountain speciation model" 
(Fjeldsa & Lovett, 1 997) .  In any case, the fact that no 
montane species of pygmy chameleons is  shared be
tween the eastern and western parts of the EAR tends to 
confirm the status of distinct "Evolutionary S ignificant 
Units" for the distinct mountains blocks of the range, as 
suggested by Gravlund (2002). This, added to the fact 
that the distribution area of most taxa discussed herein 
is, most probably, very reduced, should imply the 
strongest possible protection for the remaining forests 
in the EAR. 
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APPEN DI X  l : NEWLY COLLECTED SPEC I M ENS 

Location Species F ield no. No. Date Locality Sex 

M HNG Rh. acuminatus n .sp .  TZ4 1 2  2645 .002 2 1 . 1 0. 0 1  Komkore M 
Rh. acuminatus n .  sp. TZ4 1 3  2645 .003 2 1 . 1 0. 0 1  Komkore M 
Rh. acuminatus n. sp. TZ4 1 4  2645 .00 1 2 1 . 1 0 . 0 1  Komkore F 
Rh. acuminatus n. sp. TZ4 1 5  2645 .005 2 1 . 1 0. 0 1  Komkore F 
Rh. acuminatus n. sp. TZ4 1 6  2645 .006 2 1 . 1 0. 0 1  Komkore 
Rh. acuminatus n. sp. TZ4 1 7  2645 .004 2 1 . 1 0 .0 l Komkore M 

Rh. beraduccii n. sp. TZ343 2655.0 1 9  09. 1 0.0 1 Sali F 
Rh. beraduccii n. sp. TZ344 2655 .020 09. 1 0.0 1 Sali JUV 
Rh. beraduccii n. sp. TZ345 2655 .02 1 09. 1 0.0 1 Sali M 
Ri. brachyurus TZ33 1 265 5 .0 1 8  200 1 Ngurus 
Ri. brachyurus TZ525 2624.082 1 4.05 .02 Tanzania 
Ri. brachyurus TZ526 2624.083 1 4.05.02 Tanzania 
Ri. brachyurus TZ527 2624 .084 1 4.05 .02 Tanzania 
Ri. brevicaudatus TZ053 2609.062 28 . 1 l .99 Amani juv 
Ri. brevicaudatus TZ054 2609.063 28 . 1 1 .99 Amani F 
Ri. brevicaudatus TZ060 2609.064 28 . 1 l .99 Amani M 
Ri. brevicaudatus TZ06 1 2609.065 28 . 1 1 .99 Amani F 
Ri. brevicaudatus TZ 1 73 26 1 7 .087 02 . 1 0.00 Ni lo 
Ri. brevicaudatus TZ 1 74 26 1 7 .088 02 . 1 0.00 Ni lo 
Ri. brevicaudatus TZ 1 75 2 6 1 7.089 02. 1 0 .00 Ni lo M 
Ri. brevicaudatus TZ 1 76 26 1 9 .033 02 . 1 0 .00 N i  lo M 
Ri. brevicaudatus TZ 1 85 2 6 1 7 .094 03 . 1 0.00 Ni lo 
Ri. brevicaudatus TZ220 2 6 1 9.034 09. 1 0.00 Tegetero M 
Ri. brevicaudatus TZ22 1 26 1 7.095 09. 1 0.00 Tegetero F 
Ri. brevicaudatus TZ284 26 1 9.035 20. 1 0 .00 Kihansi F 
Ri. brevicaudatus TZ29 1 26 1 7. 1 00 2 1 . 1 0.00 Kihansi F 
Ri. brevicaudatus TZ292 26 1 8.00 1 2 1 . 1 0.00 Kihansi F? 
Ri. brevicaudatus TZ293 26 1 8 .002 2 1 . 1 0 .00 Kihansi F 
Ri. brevicaudatus TZ346 2655 .022 09 . 1 0.0 l Sali F 
Ri. brevicaudatus TZ347 2655 .023 09. 1 0 .0 1 Sali M 
Ri. brevicaudatus TZ348 2655 .024 09. 1 0 .0 1 Sali F 
Ri. brevicaudatus TZ349 2655 .025 09. 1 0.0 1  Sali F 
Ri. brevicaudatus TZ350 2655 .026 09. 1 0 .0 1 Sali F 
Ri. brevicaudatus TZ374 2655 .027 09. 1 0.0 1  Sali M 
Ri. brevicaudatus TZ405 2655.030 20. 1 0 .0 1  Komkore F 
Ri. brevicaudatus TZ406 2655 .03 1 20. 1 0 .0 1  Komkore M 
Ri. brevicaudatus TZ422 2655.038 2 1 . 1 0 . 0 1  Komkore F 
Rh. brevicaudatus TZ432 2655 .044 22. 1 0. 0 1  Komkore M 
Ri. kerstenii TZ5 1 7  2624.078 1 3 .05 .02 M asai plain M 
Ri. kerstenii TZ5 1 8  2624.079 1 3 .05 .02 M asai plain M 
Ri. kerstenii TZ530 2624.085 1 4.05 .02 Tanzania 
Rh. nchisiensis TZ5 3 1 2624.086 1 4 .05.02 Poroto Mtns M 
Rh. nchisiensis TZ532 2624.087 1 4 .05 .02 Poroto Mtns 
Rh. spinosus TZ24 2609.067 27 . 1 l . 99 Amani 
Rh. spinosus TZ329 2620.032 06. 1 0.0 1 E. Usambara 
Rh. spinosus TZ438 2620.034 26. 1 0.0 1 Mazumbai 
Rh. spinosus TZ440 2620 .036 26. 1 0.0 1 Mazumbai 
Rh. temporalis TZ 1 97 26 1 7 .096 0 1 . 1 0.00 Lutindi Pk F 
Rh. temporalis TZ 1 98 not kept 0 1 . 1 0 .00 Lutindi Pk JUV 
Rh. uluguruensis TZ267 26 1 7 .097 1 2 . 1 0.00 Mkungwe M 
Rh. uluguruensis TZ268 26 1 7.098 1 2 . 1 0.00 Mkungwe M 
Rh. uluguruensis TZ269 2 6 1 9.036 1 2 . 1 0.00 Mkungwe M 
Rh. uluguruensis TZ270 26 1 7 .099 1 2 . 1 0.00 Mkungwe M 
Rh. uluguruensis TZ394 2655 .028 1 7 . 1 0 .0 1 Mafwomero M 
Rh. uluguruensis TZ395 2655 .029 1 7 . 1 0.0 1  M afwomero M 
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Location Species Field no. No. Date Locality Sex 

M HNG Rh. uluguruensis TZ427 2655.039 2 1 . 1 0 . 0 1  Komkore F 

(cont. . .  ) Rh. uluguruensis TZ428 2655 .040 2 1 . 1 0. 0 1  Komkore M 
Rh. uluguruensis TZ429 2655 .04 1 2 1 . 1 0. 0 1  Komkore M 
Rh. uluguruensis TZ430 2655 .042 2 1 . 1 0. 0 1  Komkore JUV 
Rh. uluguruensis TZ43 1 265 5 .043 2 1 . 1 0 . 0 1  Komkore M 
Rh. uluguruensis TZ48 1 2624.047 04.05 .02 Ikwamba M 
Rh. uluguruensis TZ482 2624.048 04.05 .02 Ikwamba F 

Rh. uluguruensis TZ483 2624.049 04.05 .02 Ikwamba M 
Rh. uluguruensis TZ484 2624.050 04.05 .02 Ikwamba M 
Rh. uluguruensis TZ492 2624.056 05 .05 .02 Mandenge M 
Rh. uluguruensis TZ493 2624.057 05 .05 .02 Mandenge F 

Rh. viridis n. sp TZ 1 39 26 1 7 .090 29.09.00 Chome M 
Rh. viridis n .  sp TZ 1 40 26 1 9.032 29.09 .00 Chome M 
Rh. viridis n .  sp TZ l 42 26 1 9.03 1 30.09.00 Chome M 

Rh. viridis n .  sp TZ 1 45 261 7.09 1 30.09 .00 Chome F 
Rh. viridis n. sp TZ l 46 26 1 7 .092 30.09 .00 Chome F 
Rh. viridis n. sp TZ 1 47 261 7.093 30 .09.00 Chome M 
Rh. viridis n. sp TZ495 2624.059 1 0.05 .02 Kindoroko M 
Rh. viridis n. sp. TZ5 1 0  2624.074 1 0.05 .02 Kindoroko 
Rh. viridis n. sp. TZ5 1 l 2624.075 1 0.05 .02 Kindoroko M 
Rh. viridis n .  sp. TZ5 1 2  2624.076 1 0.05 .02 Kindoroko F 

Rh. viridis n .  sp. TZ5 1 3  2624.077 1 0.05 .02 Kindoroko M 

NMZB Rh. viridis n. sp. CT l 1 9  1 6905 04.07 . 0 1  Shengena M 
Rh. viridis n. sp. CT 1 2 0  1 6906 04.07. 0 1  Shengena F 
Rh. viridis n. sp. KMH 1 95 86 1 9586 Mazumbai F 
Rh. viridis n. sp. KMH7935 1 4059 3 1 .07.93 Ngofi Pk M 

USDM Rh. viridis n. sp. 1 64 1  04.07 .0 1  Shengena M 
Rh. viridis n. sp. 1 642 04.07 .0 1  Shengena F 

NMB Rh.  viridis n .  sp. 79 1 3  1 8 .04.96 Kisiwani M 
Rh. viridis n. sp. 79 1 4  1 8 .04.96 Kisiwani M 

PEM-R Rh. acuminatus n .  sp. 1 62 7 1  2 1 . 1 0.0 1 Komkore M 
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APPEN D I X  2 : LOCALIT IES  

The specimens included in this study come from the 
following localities [locality, mountain (region), coor
dinates, altitude] : 

Kindoroko FR, North Pare (Kil imanjaro), 3 °43144" S 
, 37°391 1 6" E ,  1 600 m; Ngofi Pk, M inja F R, North Pare 
(Ki l imanjaro), 3°361 S, 3 7°431 E; Chome FR, South Pare 
(Ki l imanjaro) ,  4° 1 7'29" S, 37°SS 1 l 6" E, 1 8SO  m ;  
Shengena FR ( Hingi l i  Stream), South Pare (Ki l iman
jaro) ,  4° 1 41SO" S, 3 7°S9128" E; above K isiwani, South 
Pare (Ki l imanjaro), 4°7' S, 38°S 1  E; M azumbai FR, 
West Usambara (Tanga), 4°4814S"  S ,  3 8°301 1 3 " E,  
l SOO m;  Amani ,  E ast Usambara (Tanga), S0S 1S8"  S ,  
3 8°37'SS "  E ,  1 000 m; Ni  lo FR, East U sambara (Tanga), 
4°S4138"  S, 3 8°39149" E, 7SO m; L utindi Pk, E ast 
U sambara (Tanga), 4°S3 1  S, 3 8°38 1  E ,  1 300 m; 
Komkore (above Ubi l i ) ,  Nguru (Morogoro), 6°21S l "  S, 
37°3 1 143" E, 1 000 m;  M afwomero FR (above Mbuga), 
Rubeho ( Dodoma), 6°S6127" S, 36°3 S 1 1 4" E ,  1 900 m; 
Tegetero, Uluguru ( Morogoro ),  6°S6130" S, 3 7°431 1 1 " 
E, 1 000- 1 200 m; M kungwe, Uluguru ( Morogoro), 
6°S214 1 "  S, 3 7°SS1 l S " E, 1 000 m; Mandenge, U kaguru 
(Dodoma), 6°2 1 1 I 4" S, 36°S71S4" E, 1 600 m; Ikwamba 
F R, Ukaguru ( Dodoma), 6°2013 I "  S, 36°S81S8" E, l SOO 
m; K ihansi gorges,Udzungwa ( Morogoro ), 8°3S1  I O" S, 
3S0S I 12" E ,  800 m;  Sal i ,  M ahenge (Morogoro), 
8°S7 'S7" S, 36°4 1 1 1 8" E, 900- 1 000 m. Additional 
comparative material comes from:  B amba F R, 
M agrotto H i l l ,  Kwamkoro/Kwamsambia and M onga 
E state, all E ast Usambara; Kitolomero, U dzungwa; 
Kihanga, Udzungwa; M amiwa Kisara F R, Ukaguru; 
Nguu F R, Nguu; Ukalini  Forest, Namuli ,  Mozambique; 
Cyangugu/Cyamudongo Forest, Rwanda; Cameroon; 
and Irangi, Kivu, Democratic Republic of Congo. 

APPENDIX 3 :  KEY TO THE PYGMY 
CHAMEL EONS OF THE EASTERN ARC RANGE 

I a. Soles of feet covered with sharply pointed/ spinous 
(acuminate) tubercles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

1 b .  Soles of feet covered with sub-conical to rounded 
tubercles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 

2a. A single small beardlike tuft of tubercles present un-
der chin/mentum . . . . . . . . . . . .  Rieppeleon brevicaudatus 

2b. Gular region either smooth or with conical tubercles 
scattered or in divergent rows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

3a. Tai l very short, averaging less than 20% of the total 
length of the chameleon . . . . . .  Rieppeleon brachyurus 

3b .  Tail  averaging 2S-30% of the total length of the 
chameleon, suprac i l l iary process in adult males 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Rieppeleon kerstenii 

4a. Claws offeet are simple non-bicuspid . . . . . . . . . . . . . . . . . . .  S 
4b. C laws offeet are strongly bicuspid . . . . . . . . . . . . . . . . . . . . . . . .  7 
Sa .  Rostral process prominent cushion-l ike ( East and 

West Usambara Mountains) . . . . . . . . .  Rhampholeon 

(Rh) spinosus 

Sb.  Rostral process short stubby or indistinct. . . . . . . . . . . . . .  6 
6a. Accessory plantar spines well  developed and prom-

inent (Eastern Usambara) . . . . . . . . . . . . . . . . . .  Rhampholeon 

(Rh) temporalis 

6b. Accessory plantar spines weak or indistinct, (Pare 
Mtns and West Usambara) . . . . . . . . . . . . . . .  Rhampholeon 

(Rh) viridis 
7a.Deep dermal pits in the groin/inguinal 

region . . . . . . . . . . . . . . . . . . . .  Rhampholeon (Rhin) beraduccii 

7b. Groin/inguinal dermal pits absent or indistinct. . . . . . .  8 
8a. Axil lary dermal pits prominent . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
8b. Axillary dermal pits absent. . .  . . .  Rhampholeon (Rh in) 

acuminatus 

9a. 1 1 -1 3  tubercles between bases of supra-optic peaks 
(Uluguru, Nguru, Ukaguru, Nguu Mountains) 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  Rhampholeon (Rh in) uluguruensis 

9b. l S-1 9 tubercles between bases of supra-optic peaks 
(Udzungwa, Rubeho Mtns) . . . . . . . . . . . . .  Rhampholeon 
(Rhin) moyeri 
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LARVAL TRANSPORT DOES NOT 

AFFECT LOCOMOTOR 

PERFORMANCE IN THE STREAM 

FROG MANNOPHR YNE TRINITA TIS 

J . M.  SMITH 1 , J .  BUCHANAN 1 , J .  R .  DOWNIE 1 
AN D M .  0 .  RIEH LE2 

'Divisions of Environmental and Evolutionwy B iology 

and 21nfection and Immunity, Institute of Biomedical and 

L ife Sciences, University o.f Glasgow, Glasgow UK 

The j umping performance of Mannophryne lrinitatis 
(Anura: Dendrobatidae), assessed by the parameters of 
take-off angle, height, length and speed, did not differ 
significantly between females and males, whether or not 
males were transporting larvae or had just deposited 
their larvae. The results are discussed in  the context of 
the possible costs of larval transportation in  
dendrobatids. 

Key words : larval transport, reproductive costs, Trinidad 

The stream frog Mannophryne trinitatis, Trinidad 's 
only dendrobatid, occurs in and around small mountain 
streams ( Murphy, 1 997; Jowers & Downie, 2004). Call
ing males attract females to rocky crevices where eggs 
are laid and the males guard them until hatching. Males 
then transport the whole batch of larvae on their backs 
(F ig. 1 )  until a suitable pool or stream is found, where the 
tadpoles are deposited and then grow unt i l  metamorpho
sis ( Wells, 1 980). Downie et al. (200 1 )  showed that an 
important characteristic in making a pool or stream suit
able for deposition is the absence of tadpole predators, 
particu larly the fish Rivulus hartii and the shrimp 
Macrobrachium carcinus . M trinitatis carried their lar-

F I G  I .  Mannophryne lrinitatis male carrying larvae (e ight 
larvae visible). 

Correspondence: J .  M. Smith, Division of Environmental & 
Evolutionary B iology, Graham Kerr B ui lding, University of 
Glasgow, G lasgow G I 2 8QQ, Scotland, UK. E-mail: 
J .Smith@bio.gla.ac.uk 

vae up to 4 days ( in laboratory conditions) in the ab
sence of a suitable pool , but then deposited the larvae 
on damp leaf l itter. Downie et al. (2005) then tested 
which factors might limit the duration of larval trans
port in this species. They found that males were able to 
forage for food during transportation, that an extended 
period before feeding began had no harmful effects on 
the abi l ity of larvae to grow, but that larvae were at risk 
from dehydration during extended transportation.  A 

priori, one of the most obvious l imitations seemed to 
be on male mobi l ity, given that a full load of larvae 
adds about 30% to the mass of a male frog. Downie et 
al. (2005) were surprised not to be able to detect any 
effect of tadpole transportation on male frog mobility 
but measured this only in terms of the jump distance. 

A number of studies have considered the effects of 
increasing mass on jumping ability in frogs; in general, 
jump distances increase but acceleration and velocity 
decrease (Wi lson et al., 2000; Choi et al. , 2000; 
Emerson, 1 978) .  Field observations on Mannophryne 

trinitatis suggested that transporting males were a l i ttle 
slower and easier to catch than non-transporting frogs 
( M .  Jowers, pers. comm. )  and if this were the case 
might reflect a substantial predation cost of tadpole 
transport. However, as M. trinitatis from Trinidad ' s 
north coast sites tend to attempt to escape into crevices 
and under leaf l i tter (Jowers & Downie, 2004), dis
tance may not be the most important parameter in  
jumping abil ity as  it relates to predator avoidance. In 
th is note, we report on follow-up experiments to deter
mine whether locomotor costs of larval transport might 
be detected by considering additional jump parameters 
to those in Downie et al. (2005) ;  particularly speed, 
height and take-off angle - these might all be expected 
to be lower in heavier frogs. 

Ten transporting male and ten female M. trinitatis 

were captured at three locations in Trinidad' s  Northern 
Range, known to be frequented by the frogs due to 
presence of suitable  tadpole deposition sites. Numbers 
were l imited by the availabil i ty of transporting males 
within the field season. Captured frogs were trans
ported in individual tubs, together with damp leaf l itter 
taken from the site, to our laboratory at the University 
of the West Indies. Frogs were maintained singly in vi
varia, as described in Downie et al. (2005) .  A l l  in itial 
assessments of locomotor performance were carried 
out within at least 24 hours of the frogs ' capture and 
frogs re-released to original collection sites the day af
ter tadpole deposition occurred. 

Locomotor perforrnance was measured on a bench
top runway 90 cm long by 30 cm wide (Fig.  2). At the 
back, we placed a board showing 5 cm height and 1 0  
cm distance markers. At the end was a shaded area 
containing a tub of water set in leaf l itter and rocks, to 
act as a positive directional stimulus for an escape 
jump. At the start was a glass circle of 1 1 . 5 cm diam
eter to act as a fixed starting point. Above the runway, 
a mirror was set at a 45° angle : this allowed accurate 
determination of j ump length even when frogs did not 
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FIG. 2 .  Z-projection image showing the runway, backing grid 
and m irror (above) with stacked sequence of images of a 
j umping frog. 

jump straight along the runway. Before locomotor as
sessment, each frog was placed in a Petri dish with a 
measured grid base, weighed to 0 .0 I g using an elec
tronic balance, and photographed from below using a 
digital camera, so that length measurements could be re
corded later using the software Image J (Rasband, 
2005) .  Frogs were placed on the glass circle at the start 
of the runway under a Petri dish base darkened all over 
except at one end, which was orientated towards the end 
of the runway, to encourage the frog to face in that di
rection. Frogs were kept there for 3-5 minutes to allow 
them time to settle, then the Petri dish base was re
moved. Frogs were encouraged to jump by moving a 
hand net above and behind the frog to induce an escape 
response; this was repeated three times within a short 
period for each frog. After assessment, transporting 
males were kept overnight in tanks and provided with a 
tub ofrainwater, to allow them to deposit their tadpoles: 
their locomotor performance was re-assessed the next 
day. Each frog was 'jumped' three times to ensure that 
values were typical, 

All jumps were fi lmed at 60 Hz using a Canon XL2 
video camera. Films were edited using Windows Movie 
Maker and analysed using Image J. To try and ensure 
that for each assessment we were considering the maxi
mal escape response, we analysed the initial, longest 
jump made by the frog. A single image was created from 
each video sequence of a j ump by stacking the indi
vidual frames together using Image J (F ig. 2 ) .  The 

resultant projection image showed the position of the 
frog at 0.0 1 7  sec intervals throughout each jump, and 
allowed calculation of all parameters using a single im
age, again using Image J. Speed was calcu lated by 
dividing jump distance by time (calculated from the 
number of frames it took to complete and frame fre
quency). Statistical analyses were undertaken for all  
parameters using the mean values of three j umps for 
each frog, using SPSS v 1 1 . 5  software. This sample size 
was chosen to minimise the stress to the transporting 
males and to reduce any condition ing effects; jumps 
were variable but simi lar within individuals ( i .e. for dis
tances, percentage standard errors typically represented 
I 0- 1 5% of the mean).  

Males collected from north coast sites were 
(mean±SD) 2 1 .94± 1 .53 mm SVL, and weighed an aver
age of 1 .27±0. 1 6  g pre-deposit ion and 1 .06±0.08 g 
post-deposit ion. Female frogs were, on average, 
20.59± 1 .30 mm SVL and comparable to pre-deposition 
males in body mass at 1 .23±0.23 g. Results for four 
jump parameters (take-off angle, length, maximum 
height and speed) for male and female frogs are shown 
in Table 1 .  J ump lengths, height and speed were lower 
in transporting males compared to the two other catego
ries, but differences were not statistically significant in  
any case (One-way ANOV As,  P> 0.05) .  

A more detailed analysis of males alone, comparing 
the performance of individuals while transporting lar
vae and post-deposition, is shown in Table 2. Take-off 
angle decreased post-deposition in 8 out of l 0 frogs, but 
differences were not stat istically significant 
(Wi lcoxon ' s  matched pairs, T= l 1 ,  NS, n= I O) .  Maxi
mum he ight increased in  5 out of I 0 frogs post
deposition, though again differences were not signifi
cant (Wi lcoxon's  matched pairs: T=2 1 ,  NS, n= l O) .  
Jump distance increased in 8 out of 1 0  frogs, and jump 
speed in 6 out of I 0 frogs, but differences were not sig
n ificant (Wilcoxon ' s matched pairs: T= l 3 and T= l 8 
respectively, both NS, n= I O).  From visual inspection of 
the data, there is  a suggestion that the post-deposition 
frogs might j ump lower, faster and further. However, 
we did not find evidence of this tendency in our formal 
stati stical test, although th is may be due to the low 
power of the non-parametric test that was necessary. It 
might have been expected that the biggest differences 
would occur in frogs carrying the largest number of lar
vae, but Table 2 shows this not to be the case. Frog 1 0  
carried the largest number i n  our sample ( 1 1 ) but 

TABLE 1 .  Descriptive statistics for size and jump parameters. For each frog, the data point analysed was the mean value from three 
jumps. 

Frog category n 

Females 8 
Transporting males 1 0  
Post-deposition males I 0 

Take-off 

angle (0) 
32 .8 1 ±3 . 1 8  
32 .80±4.48 
30.73±5 .65 

Jump parameter (mean±SD) 

Length Maximum Speed 

(cm) height( cm) (msec· 1 ) 
32 .22± 1 0 .79 7 .78±6.2 1 2 . 83±0.60 
3 1 . 32± 1 3 .68 7.48±3 .86 2 .72±0. 79 
3 6.86± 1 2 .52  8 . 37±4. 1 0  2 .95±0.42 
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TAB L E  2 .  Morphometric and j ump characteristics o f  males ( L  = males transporting larvae; P-D = post-deposition males). 

Jump parameters (each data point is  the mean of three) 

Number Mass SVL No. Tadpoles Take-off angle Maximum Distance Speed 
(g) (mm) Tadpoles as % of (0 ) 

frog mass L 

1 0 .97 22.8 3 9 . 1 36 .0 
2 1 .02 22. 1 3 9. 1 26 .5 

3 1 .06 24.6 4 1 3 .3  32 .3  
4 1 .00 2 1 . 8 5 1 4 .5  32 .3  
5 1 .00 20. 1 6 1 5 . 8  33 . 3  
6 1 .05 2 1 .4 7 1 7.2  4 l .2 
7 1 .03 22.5 7 1 7 .5  3 3 .6 
8 1 .4 2 l .  I 9 1 9.3  3 5 .9 
9 1 . 1 7  1 9.5  8 20.3 26.0 
1 0  1 . 1 8  23 .5  l l 24. 7  30 .9 

j umped lower, slower and for a shorter distance post
deposition. 

Overall the results reported here support the earlier 
conclusion of Downie et al. (2005) that larval transpor
tation has no significant effect on jumping performance 
in M. trinitatis males, at least using the parameters 
tested of jump distance, speed, height and take-off angle 
in an initial escape jump. 

A possible caveat is  that we have not tested locomo
tor endurance. However, we feel that this would be of 
l imited biological relevance to predator avoidance. 
These frogs l ive in and alongside mountain streams 
l ined by complex boulders with overhangs and crevices. 
Jn order to escape into hidden crevices, they would nor
mally need to j ump for less than 1 m, so the runway 
distances we used were real istic. Comparing the vari
able measured both in th is study and by Downie et al. 
(2005) ,  - j ump length - the earl ier report found dis
tances in females, post-deposition males and 
transporting males consistently around l 0 cm shorter 
than those in our study. Downie et al. (2005) calculated 
mean jump length by dividing the length of the runway 
by the number of jumps taken; the smaller values in this 
earlier study are likely to be due to the inclusion of sub
maximal jumps subsequent to the in itial escape j ump. 
As our study found that initial escape jumps are not dif
ferent between the three groups, and Downie et al. 
(2005) found no differences in the total number of 
jumps taken to traverse the runway this may suggest 
there is  l ittle effect of tadpole transport on submaximal 
jumps, especial ly over short distances. It may be that 
costs to endurance would be observed over longer dis
tances. Frogs travel as far as 20 m from streams to 
deposit tadpoles (Jowers & Downie, 2005) .  I t  is  l ikely 
that frogs in our study were sampled at different times 
within the transport period, which may explain some in
ter-individual differences, but since there is  no way of 
knowing how long they had been carrying tadpoles prior 
to assessment, it is  not possible to draw any conclusions 
about this .  

P-D 

34.6 
2 1 .4 
30.4 
35 . 3  
30 .5 
37 . 8  
36 . 8  
3 1 . 1  
25 .7  
23 .6  

height (cm) (cm) (msec- 1 ) 

L P-D L P-D L P-D 

9 .72 5 .99 24. 8 1  29 .85 2 . 1 2  2 .99 
4.2 1 3 . 53  1 9.33  2 l .52 2 . 1 4  2 .55  
7 .94 1 3 .34 39 .88 55 .27 2 .99 3 .32  
6 .80  1 2 .22 26.95 49.80 2 . 1 7  3 . 1 9  
3 .76 5 .26 1 3 .39  2 1 . 55  1 . 59  2 .27  

1 5 .69 1 5 .24 59 .55 44.50 4 .01  2 .87  
1 1 . 5 1  1 0 .04 45 .78 50.29 3 . 73 3 .64 
4.23 8 .03 24. 1 7  3 8 . 7 1  2 .23 3 .32 
4.67 5 .34 26.45 30 .2 2 .90 2 .59  
6.22 4.66 32 .90 26.94 3 .29 2.79 

As in the study by Downie et al.  (2005),  the number 
of tadpoles carried by male frogs was very variable 
(present study, 3 - 1  l ;  previous study, 3- 1 0) but there 
was no obvious relationship between jump parameters 
and tadpole number or frog size (SVL or mass) . It may 
be that restricting observations to frogs with the same 
number of tadpoles could reduce variability in the data, 
but obtaining such a sample would be very time-con
suming, and inspection of the data in Table 2 does not 
actually suggest such an interpretation. To some extent 
this may be due to the combination ofa narrow range of 
values in tadpole number and a h igh variabi l ity in indi
vidual j ump performance in a small sample, but as 
normal numbers of tadpoles range from 2- 1 2  (Wells,  
1 980), a much wider range would be difficult to achieve 
for this  species. 

In a study somewhat comparable to ours, where 
weight changes within normal biological parameters oc
curred, Buchanan & Taylor ( 1 996) found that emptying 
the bladder ( 1 3 . 9% of body mass) allowed squirrel tree 
frogs to jump 1 8 .5% further. Our study found no simi lar 
effect in unloaded frogs. There are biomechanical fac
tors such as size, muscle mass, tendon e lasticity, leg 
length and joint morphology that all have effects on 
jump performance in frogs (Choi et al. 2000; Wi lson et 
al. , 2000; Marsh & John-Alder, 1 993 ;  Emerson, 1 978) .  
Small changes in any of these in male frogs transporting 
tadpoles may well be sufficient to compensate for a load 
of 30% of the body mass. 

Although it seems likely that the costs of larval trans
port in stream frogs do not include effects on locomotor 
performance in escape jumps, l imitations to the dura
tion of larval transport may stil l  be due to h igher 
predation risk for transporting males. Egg-carrying 
bugs and spiders are more visible and are consequently 
significantly more susceptible to predation than non
carrying conspecifics (L i  & Jackson, 2003 ; Kaitala et 

al. 2000). Although tadpole-carrying frogs are gener
ally fairly cryptic,  increased vis ibi l ity to predators 
might be incurred behaviourally; for example, if they 
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spend proportional ly more time in exposed areas i n  
stream or  river beds .  Once threatened though, male 
stream frogs can jump comparable distances and speeds 
whether loaded or unloaded, which is  crucial, since their 
fitness is h ighly dependent on their abil ity to protect 
their tadpoles. 
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