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ABSTRACT.—Two hundred twenty five prey items were identified from the stomach contents and faeces
of museum specimens, roadkills, and live Calloselasma rhodostoma collected throughout Southeast Asia.
Overall, this snake was found to eat a broad range of vertebrate and invertebrate prey, but exhibited strong
intraspecific variation in its diet. Ontogenetic variation was evident in all regions, typically expressed as a
transition from predominantly ectothermic prey (arthropods, amphibians, and/or reptiles) to endothermic
prey (mammals and birds), although the opposite trend occurred in parts of Thailand. Among snakes of
similar size, significant geographic variation emerged in the proportions of different prey taxonomic classes
constituting diet. Sexual variation in prey type was also detected and feeding behavior changed according
to reproductive status: gravid female pitvipers ceased feeding, and adult males appeared to fast during the
mating season. Possible reasons for intraspecific variation in feeding ecology are discussed.

Diet has often been found to vary within
snake species, with substantial differences in
prey size or taxon reported between different
populations (Arnold, 1977; Campbell and Solor-
zano, 1992), age groups (Fitch, 1960; Klauber,
1972; King, 1993), and genders (Pernetta, 1977;
Houston and Shine, 1993). Diet may also vary
seasonally and annually (Garcia and Drum-
mond, 1988; Kephart and Arnold, 1982; King,
1993). This phenomenon has a crucial bearing
on our ability to understand variation in many
other aspects of ophidian biology, such as den-
tition (Savitsky, 1983), body shape (Voris and
Voris, 1983), and niche separation (Toft, 1985).

Regrettably, relatively few species have been
adequately studied to determine whether they
exhibit patterns of geographic, ontogenetic, or
sexual variation in diet. The reason usually giv-
en is that the vast majority of specimens in mu-
seum collections or encountered in the field
have empty stomachs (e.g, Macartney, 1989;
King, 1993). However, it is more commonly fea-
sible to obtain faeces from these reptiles, and
past meals can be identified from their undi-
gested remains (e.g., Wallace and Diller, 1990;
Luiselli and Agrimi, 1991).

We report on the combined use of stomach
contents and feces to investigate intraspecific
patterns of variation in the diet of the Malayan
pitviper, Calloselasma rhodostoma. This small (<1
meter) ground-dwelling viperid occurs in low-
land forests, plantations, and gardens in Java,
northern Peninsular Malaysia, Thailand, Cam-
bodia, Laos, and southern Vietnam, where it has
the dubious distinction of being the leading
cause of venomous snakebite (Warrell, 1986). Al-
though abundant in many parts of Southeast

Asia and well represented in museum collec-
tions throughout the world, our past under-
standing of the feeding ecology of C. rhodostoma
was chiefly limited to anecdotal observations of
captive specimens, which reportedly accepted
amphibians, rodents, fish, lizards, and / or birds.

Our objectives were to quantitatively deter-
mine whether C. rhodostoma exhibits ontogenet-
ic, sexual and geographic variation in diet, and
to discern whether the feeding ecology of this
snake changes with reproductive status. This
study was principally conducted to enable us to
subsequently explore evolutionary relationships
between diet and intraspecific variation in mor-
phology, behavior, and venom. Further to this,
however, we felt that a better understanding of
the feeding habits of this medically important
species could prove useful for identifying ways
of controlling snake numbers in areas where
they pose a major hazard to humans.

MATERIALS AND METHODS

Prey samples from C. rhodostoma were collect-
ed by the following means: (a) feces from new-
ly-caught live snakes (if the pitviper did not de-
faecate voluntarily, we palpated feces from it
under light methoxyflurane anaesthesia [Meto-
fane®™: C-Vet Ltd, Bury St. Edmunds, UK]); (b)
spontaneous regurgitation of stomach contents
by newly-caught live snakes; (c) feces and stom-
ach-derived food items of snakes found dead on
roads; (d) feces and stomach-derived food items
of museum specimens (returned to the body af-
ter identification). Methods ““a,” “‘b,” and ‘¢’
were conducted during fieldwork in Vietnam,
Thailand, Malaysia, and Indonesia between
1991 and 1994, with visits to each country timed
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to coincide with the start of the rainy season.
Snakes were captured by hand during the day
and by driving along roads at night.

Note that although seasonal or annual varia-
tion in diet could potentially influence the find-
ings from self-caught pitvipers, data from meth-
od “d” reflects the species’ diet throughout its
distribution range year-round over many de-
cades, and thus should help counter any tem-
poral bias.

All snakes were sexed and measured, and fe-
males were examined for signs of eggs. No
snakes were intentionally sacrificed for this
study, and all live snakes were returned to their
capture sites shortly after examination.

Identification to species level was usually fea-
sible for prey items found whole in the stomach,
and intact prey were weighed and measured.
Material from the lower intestine was examined
under a binocular microscope for undigested
fragments. Our primary aim was to establish
the taxonomic class of the prey, although, where
possible, identification was continued to family,
genus, and species. Because keratin is highly re-
sistant to digestion, fur, feathers, scales, and
claws pass down the gastro-intestinal tract
largely unaffected (lizard feet and squamatan
tails, being encased in keratinous scales, often
remained intact and identifiable throughout the
system). Arthropod exoskeletons also resist di-
gestion, but often break apart at the joints due
to the mechanical effect of the stomach. Teeth
usually remain intact, especially enamelled
mammalian teeth. Bones are broken down with
greater efficiency, but fragments are sometimes
evident in snake scats. Soft body tissues are
even more readily digested, but fragments of
tough amphibian skin can sometimes be recov-
ered from the lower intestine. Seed husks and
other plant materials were occasionally encoun-
tered in the feces of the pitvipers, but we attrib-
uted these to accidental or secondary ingestion.

Recognition of arthropod and amphibian
prey from the feces posed special problems. Ar-
thropods could be primarily or secondarily in-
gested (Neill and Allen, 1956), and therefore
were recorded only if the arthropod was found
alone and intact in the stomach or would clearly
have been too big relative to the size of the
snake to have been ingested via an even larger
prey animal. Amphibians are efficiently digest-
ed by the snakes and ingestion of these could
only be confirmed if: (1) an amphibian was
found whole in the stomach, or (2) if there were
fine bone fragments, small arthropod fragments
from the amphibian’s gut and no remnants from
any other vertebrate prey in the stomach or fe-
ces.

Prey items in the feces were ignored if there
was doubt as to their taxonomic class and
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whether they had been primarily ingested. The
inevitable underestimation of amphibian and ar-
thropod prey as a result of this rule, together
with the variability in the rate at which different
types and sizes of prey are digested (Skoczylas,
1978; Schoener, 1989), prohibits extrapolation of
the contribution of different types of prey to the
snakes’ diets in terms of total number or bio-
mass. Because the criteria for identifying prey
items were kept constant throughout this inves-
tigation, however, the diets of snakes from dif-
ferent geographic regions or of different age-
groups, gender or reproductive status could jus-
tifiably be compared. The chi-squared good-
ness-of-fit test was used to statistically compare
the diets of different groups of pitvipers (Siegel
and Castellan, 1988).

REesuLTs

Calloselasma rhodostoma typically ingests one,
relatively large animal at a time; for example, a
male of 689 mm snout-vent length (SVL) con-
tained a 307 mm total length Enhydris jagori (Co-
lubridae: Serpentes); and a 680 mm SVL female
was observed in the field ingesting an adult
male rat, Niviventer cremoriventer (Muridae: Ro-
denta) weighing 75 g (30% snake’s body mass).
The only evidence of multiple meals came from
a 611 mm SVL female (AMNH 90639) which
had consumed three young N. cremoriventer in -
quick succession.

Fewer than 80% of dissected snakes contained
any material in the stomach, but most had iden-
tifiable fecal matter in the lower intestine. Sim-
ilarly, few of the live snakes had perceptibly full
stomachs, but feces were extruded from more
than 90% of non-gravid specimens. We identi-
fied a total of 225 prey items to taxonomic class
level or further, of which 216 were obtained
from 214 snakes of known geographic origin.
One hundred seventy-seven of the latter were
identified from the faeces of live, roadkilled, and
preserved specimens; the remaining 39 prey
items were from the stomach. The overall diet
of the species was found to be remarkably
broad, encompassing at least two arthropod and
five vertebrate classes (Table 1), but dietary find-
ings varied widely among different groups of
pitvipers (Table 2). Note that only prey identi-
fied from feces are shown in Table 2, and only
one prey taxonomic class was recorded per
snake.

To control for any discrepancies in the find-
ings from stomach and fecal analyses (see
Schoener, 1989), only prey items identified from
feces (Table 2) were used in statistical compar-
isons. The snakes were divided into four groups
according to capture locality: Java (West Java
Province), Malaysia and South Thailand (Pen-
insular Malaysia and Thai provinces south of
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TaBLE 1. Taxonomic distribution of the prey of
wild Malayan pit vipers (Calloselasma rhodostoma). 225
prey taxa were identified from the faeces and stomach
contents of snakes throughout Southeast Asia.

Class Family Genus/ species
Chilopoda  Scolopendridae  Scolopendra sp.
Neuroptera Myrmeleonidae
Coleoptera  Scarabaeidae
Pisces (unidentified)

Amphibia  Ranidae Rana spp.
Reptilia Agamidae Calotes versicolor
Scinicidae Mabuya multifasciata
Mabuya rugifera
Tropidophorus sp.
Gekkonidae Hemidactylus sp.
Colubridae Aplopeltura boa
Enhydris jagori
Liopeltis baliodera
Lycodon aulicus
Aves (unidentified)
Mammalia Muridae Mus musculus
Mus shortridgei
Niviventer
cremoriventer

Rattus rattus
Rattus surifer

Chumphon), North and West Thailand (all
provinces north of Chumphon and west of long.
101°E), and East Thailand and Indochina (Thai-
land east of long. 101°E, Laos, Cambodia, and
Vietnam).

To compare the diets of snake size classes, the
pitvipers were simply classified as large (>400
mm SVL) or small (<400 mm SVL). Between
these two size classes, three of the regional

J. C. DALTRY ET AL.

groups (A, B, and C) exhibited a significant on-
togenetic shift from ectothermic prey (reptiles,
amphibians, and/or arthropods) to endother-
mic prey (mammals and birds). This trend was
particularly strong in snakes from Java (x* =
30.86; df = 1; P = < 0.0001). Surprisingly, in the
North and West Thailand group, the ontogenetic
shift was predominantly from endothermic prey
(small mice and possibly shrews) to ectothermic
prey (mostly reptiles) (x2 = 4.57;df = 1; P = <
0.05). These findings were supported by the
analysis of stomach contents.

As well as ontogenetic variation, strong geo-
graphic variation was evident in the classes of
prey eaten. In Java, for example, the principal
prey of large pitvipers were mammals, whereas
lizards and snakes were the main prey of large
C. rhodostoma in North and West Thailand.
Among the large snakes of the four regional
groups, the variation in emphasis on endother-
mic versus ectothermic prey was statistically
significant (x> = 11.60; df = 3; P < 0.01) and
cannot be attributed to variation in snake SVL
in the groups concerned (ANOVA, F = 1.89; P
> 0.1). The findings from stomach contents
again supported the results of the fecal analysis,
but the sample sizes of the former were too
small to be statistically tested.

The relative importance of ectothermic and
endothermic prey also showed significant geo-
graphic variation among the small snakes in the
four groups (x2 = 18.36; df = 3; P = < 0.001).
However, the patterns of geographic variation in
small and large snakes were not congruent:
small snakes of groups A, B, and C chiefly
preyed upon ectotherms (mainly amphibians in

TABLE 2. Percentage contribution of different prey taxonomic groups to the diet of Calloselasma rhodostoma
(177 prey items identified from the faeces of 177 snakes).

Snake snout- Mammals
vent length and birds Reptiles Amphibians  Arthropods
A. Java <400 mm 6.25 28.13 62.50 3.13
N =32
>400 mm 73.53 23.53 2.94 0.00
N = 34
B. Malaysia & South Thailand <400 mm 29.41 35.29 29.41 5.88
N =17
>400 mm 45.45 43.18 11.36 0.00
N =4
C. North & West Thailand <400 mm 70.00 30.00 0.00 0.00
N =10
>400 mm 26.67 66.67 6.67 0.00
N =15
D. East Thailand & Indochina <400 mm 18.75 50.00 25.00 6.25
N =16
>400 mm 66.67 2222 11.11 0.00

N=09
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Java; reptiles in groups B and C), whereas en-
dotherms formed a more dominant part of the
diet of small snakes in North and West Thai-
land. These patterns were repeated among the
stomach-derived samples.

Sexual differences in diet were also investi-
gated. Among the large snakes from group A
(N = 34) there was a significant difference in
the diet of males and females in the number of
ectothermic and endothermic prey recorded (x2
= 3.91; df = 1; P = < 0.05); that is, Javan males
showed a stronger tendency than Javan females
for eating ectotherms. However, there was also
a significant difference in the SVL of the two
genders within this group, with females tending
to be larger (ANOVA, F = 2229; P = < 0.005).
When snakes exceeding 570 mm SVL (the
length of the largest Javan male) were excluded
from the analysis, the gender-related discrep-
ancy in prey taxonomic class was still percepti-
ble, but no longer statistically significant (x> =
0.61; df = 1; P = >0.7). The large snakes from
the Malaysia and South Thailand group (N =
44) did not exhibit significant gender-related
variation in predation upon ectotherms versus
endotherms (x> = 0.017; df = 1; P = >0.9), but
nor did the the two genders in this group sig-
nificantly differ in body’ length (ANOVA, F =
1.35; P = >0.2).

Dissections of museum specimens and road-
kills revealed that the two genders vary in feed-
ing ecology according to their reproductive sta-
tus. Of more than 50 dissected gravid female C.
rhodostoma collected throughout Southeast Asia,
not one had food in the stomach and this organ
appeared severely shrunken and displaced an-
teriorly. The liver of dissected gravid females
was also much reduced in size and greatly fold-
ed upon itself: the normal position of the pos-
terior lobe in a non-gravid female was above the
94-97th ventral, but during early vitellogenesis
it had migrated to about the 85th ventral, and
was typically anterior of the 80th ventral in
specimens with fully developed eggs. The kid-
neys also appeared abnormally thin in gravid
females. These findings support Koch’s (1991)
observations that captive C. rhodostoma cease to
feed whilst gravid.

Adult male C. rhodostoma appeared to fast
earlier in the year, during the mating season. In
Malaysia, for example, none of the 25 road-
killed adult males collected during late
February/March (the peak mating season for
this region) contained any evidence of food
throughout the gastro-intestinal tract. Pitvipers
found on roads typically had empty stomachs
(perhaps partly because snakes generally be-
come more sedentary after feeding), but the lack
of remains even in the lower intestine is indic-
ative of prolonged aphagia.
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DiscussioN

Analysis of stomach contents is generally
preferable to fecal studies because newly-in-
gested prey can more easily be identified to spe-
cies level, but very few of the Calloselasma rho-
dostoma examined had food in the stomach. This
absence presumably reflects (1) a naturally low
rate of feeding, (2) the tendency of snakes to
become less active after a meal (and hence less
likely to be seen and collected), and (3) the re-
markable speed with which even large prey
items are digested. The venom of C. rhodostoma
contains powerful digestive enzymes (Daltry et
al, 1996a) and the bulge in the stomach of a
post-prandial pitviper was normally perceptible
for only a couple of days after ingestion.

Fortunately, feces provided a valuable alter-
native source of dietary information in this
study, with approximately 4.5 times more prey
items identified from scats than from stomach
contents. Although fecal analysis incurs several
drawbacks, such as a greater risk of underesti-
mating the importance of invertebrate and am-
phibian prey, we generally found it much easier
to palpate feces from the pitvipers than their
stomach contents. Moreover, this approach was
probably less detrimental to the live snakes.

Our fecal analysis showed that although the
overall diet of the pitviper C. rhodostoma is re-
markably broad, these snakes specialize upon a
rather narrow range of prey according to their
area of origin, age (size) and, to a lesser extent,
gender.

Geographic variation in diet has previously
been discerned in other snakes including No-
techis ater (Schwaner, 1985), Crotalus viridis (Ma-
cartney, 1989), and Pseudechis australis (Shine,
1991a). Shine (1991b) suggested that ““in species
with very broad dietary habits, the types of prey
encountered will have a strong effect on the
types of prey eaten.” In support of this hypoth-
esis, Kephart (1982) reported that the “’general-
ist” colubrids Thamnophis sirtalis and T. elegans
displayed congruent patterns of local specializa-
tion at 22 sites in California, with the prey taken
at each site closely correlating with the local rel-
ative abundance of fish, amphibians, and other
taxa. The abundance of different classes of small
vertebrates shows geographic variation
throughout the distribution range of C. rhodos-
toma, apparently in association with climatic
variation (Fisher, 1968). Relatively arid regions
such as northern Thailand, for example, support
relatively more terrestrial lizards and fewer
frogs than humid regions such as Malaysia (In-
ger and Colwell, 1977; Inger, 1980). However,
there was no obvious correlation between the
diet of C. rhodostoma and regional variation in
rainfall. Moreover, the pattern of geographic
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variation in the diet of small snakes often op-
posed the adults’ pattern (Table 2).

Alternatively, it is possible that different pop-
ulations of C. rhodostoma are genetically predis-
posed to select particular prey, as has been con-
vincingly demonstrated in the colubrid snake
Thamnophis elegans by Arnold (1981a, b). Per-
haps differing selection pressures, such as
evolved anti-snake defenses in local prey pop-
ulations (Poran et al., 1987) or competition from
sympatric snakes (Shine, 1977; Toft, 1985) could
cause pitvipers to specialize upon different
classes of prey in different regions.

Ontogenetic variation in diet has previously
been recorded in a variety of snake species.
Large and small snakes differ in their ability to
catch, subdue, and ingest prey of different sizes,
so it is hardly surprising that an ontogenetic in-
crease in the size of prey is commonly observed
(reviewed by Arnold, 1993). Because prey spe-
cies vary in mean size, adult snakes usually eat
larger taxa than juveniles; for example, young
Crotalus viridis in Idaho feed almost exclusively
upon shrews, whereas adults can manage larger
mammals such as rabbits (Wailace and Diller,
1990).

The shift in prey species is often more dra-
matic than this, however, with a growth-related
transition from predominantly ectothermic to
endothermic prey. This is a particularly com-
mon phenomenon among the Viperidae
(Greene, 1992), but cannot easily be explained.
In the case of Calloselasma rhodostoma, for in-
stance, it seems unlikely that the ontogenetic
shift can be attributed to changing nutritional
requirements because populations in different
geographical regions showed major discrepan-
cies in the nature of the ontogenetic change. Per-
haps the change in diet simply reflects age (size)
related differences in habitat use or activity cy-
cles, causing adults and juveniles to encounter
a different spectrum of potential prey (see Gar-
cia and Drummond, 1988; Houston and Shine,
1993; Greene et al., 1994).

Alternatively, the type of prey taken may be
a consequence of different selection pressures
acting upon the various age groups, leading to
congenital changes in prey selection according
to the snake's size. After all, snakes of dissimilar
size differ in susceptibility to local predators
and probably also with regard to interactions
with local competitors (which may also vary in
abundance, and hence influence, between differ-
ent geographic regions). Divergence of feeding
habits among different age-groups might even
be an adaptive mechanism for avoiding intra-
specific competition. Evidence that the ontoge-
netic dietary changes in Calloselasma rhodostoma
are congenital comes from Koch (1991), who ob-
served that his captive group readily ate frogs,
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but refused mice of comparable size until six
months of age. Juvenile Nerodia erythrogaster
similarly show an ontogenetic switch from fish
to a batrachian diet, regardless of previous feed-
ing experience (Mushinsky et al.,, 1982).

Whether a passive reflection of locally acces-
sible prey or the result of intrinsic selection pro-
cesses, when diet becomes spedialized there is
scope for morphological, physiological, and be-
havioral adaptations to improve feeding effi-
ciency on the selected prey (Gans, 1983). We
have presented evidence in earlier papers that
geographic and ontogenetic variation in the diet
of C. rhodostoma is closely and seemingly adap-
tively associated with geographic and ontoge-
netic variation in venom composition (Daltry et
al., 1996b, 1997).

In the present study, we have also shown that
young C. rhodostoma commonly eat insectivo-
rous vertebrates, which may help to explain this
species’ ontogenetic variation in caudal colora-
tion and behavior. The tails of juveniles are yel-
low and are gently undulated in a manner
which attracts other herptiles to within striking
distance (Schuett, 1984). The tail even has one
or two black “eye-dots” at the distal end; a re-
finement which, curiously enough, does not ap-
pear to have been documented previously. Cau-
dal luring is widespread among, and probably
synapomorphic for, the Viperidae (Greene,
1992), and is usually seen in juveniles with
brightly colored tails (Neill, 1960; Carpenter and
Gillingham, 1990). Neither the luring behavior
nor the yellow color or eye-dots on the dorsum
of the tail have been recorded in C. rhodostoma
exceeding 350 mm SVL.

The extent of sex-based differences in the diet
of C. rhodostoma are harder to determine, owing
to the relatively small samples sizes obtained
from most populations. Dietary data from Java
revealed that males more frequently consumed
reptiles, however, perhaps partly because they
were generally smaller than females and there-
fore fewer were capable of tackling rats.

Although, surprisingly, sexual dimorphism in
body size was not evident among the present
sample from Malaysia and South Thailand, fe-
male C. rhodostoma are typically larger than
males throughout the distribution range (Gloyd
and Conant, 1990; Daltry, 1995). The larger
body size of female C. rhodostoma probably
evolved primarily to promote fecundity, but
might also have a selective advantage as a
means of relieving competition for food be-
tween the sexes (Schoener, 1971; Fitch, 1981).
Gender-related variation in prey size has also
been detected in the sexually dimorphic sea
snake Laticauda colubrina (Pernetta, 1977) and
filesnake Acrochordus arafurae (Houston and
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Shine, 1993), but few other studies have explic-
itly compared the genders.

As well as sexual differences in snake body
size, dissimilarities in diet may be causally as-
sociated with other gender-related differences in
morphology, behavioral ecology, and physiol-
ogy. Interestingly, there are consistant discrep-
ancies in the venom composition of male and
female C. rhodostoma throughout Southeast Asia
which could affect their ability to subdue and
digest different types of prey (Daltry et al,
1996a).

We also obtained evidence that the genders
differed in their frequency of feeding according
to their reproductive status. Female snakes of
many species show reduced foraging activity in
comparison with non-gravid mature females,
including Thamnophis elegans (Fox, 1948), Crotal-
us horridus (Keenlyne, 1972), Sistrurus catenatus
(Reinert and Kodrich, 1982), Austrelaps spp.
(Shine, 1987a), Crotalus viridis (Macartney, 1989),
Vipera aspis (Luiselli and Agrimi, 1991), and Por-
thidium godmani (Campbell and Solorzano,
1992). 1t has been suggested this can simply be
attributed to the reduced activity of gravid fe-
males which limits their opportunity for en-
countering prey (Shine, 1980), but this can hard-
ly explain aphagia in an ambush predator such
as Calloselasma rhodostoma. In fact, Koch (1991)
observed that gravid female C. rhodostoma refuse
food even when placed within striking distance.
A more plausible explanation in this case is that
the females devote such a high proportion of the
body cavity to house the developing clutch that
they simply lack room to digest a (typically)
large prey animal. Female C. rhodostoma produce
up to 35 eggs, each of approximately 20 X 30
mm in size (Smith, 1915), which greatly distend
the body and cause several major organs to be
displaced anteriorly. The females rely upon vis-
ceral fat for body maintenance and embryogen-
esis, and resume feeding shortly after oviposi-
tion (Koch, 1991).

During the mating season, adult male C. rho-
dostoma similarly appeared to undergo a period
of aphagia. Our radiotelemetry study found that
free-living males did not feed during the peak
mating season whereas females normally fed
once every fortnight until early vitellogenesis
(unpubli data). Because this species typically in-
gests relatively large prey items, we suggest that
feeding could damage the short-term reproduc-
tive success of a male by interfering with the
locomotory activities associated with locating
females, courtship, and contesting with other
males (York, 1983, 1984). Reduced feeding
among breeding male viperids has previously
been reported in, among others, Vipera berus
(Prestt, 1971) and V. aspis (Luiselli and Agrimi,
1991).
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We hope that this study will pave the way for
further investigations into the causes of intra-
specific variation in ophidian feeding ecology
using C. rhodostoma. Experimental feeding trials
in captivity would help resolve whether diet
merely reflects variation in prey availability or,
as we suspect, congenital differences in prey
choice. This species would be an excellent sub-
ject for studying the heritability of prey choice
because it is easily maintained, matures at only
two years of age in captivity, and females can
produce two large clutches of eggs each year
(Gloyd and Conant, 1990).

Acknowledgments.—We thank everyone who
provided assistance and advice with fieldwork,
especially Merel J. Cox, Toby Ross, Rom Whi-
taker, and Trinh Xuan Kiem. The following col-
lections are gratefully acknowledged for the
loan of material: AMNH, BM, CM, FMNH,
FSM, MCZ, MNHF, NHM, NHMB, NHMW,
RMNH, UMMZ, USNM, ZFMK, ZMB, and the
Thai National Research Collection. This research
was supported by a Science and Engineering
Research Council Research Studentship (JCD),
the Leverhulme Trust (RST) and NERC (fellow-
ship to WW).

LITERATURE CITED

ARNOLD, S. J. 1977. Polymorphism and geographic
variation in the feeding behavior of the garter
snake, Thamnophis elegans. Science 197:676—678.

. 1981a. Behavioral variation in natural popu-

lations. I. Phenotypic, genetic and environmental

correlations between chemoreceptive responses to
prey in the garter snake, Thamnophis elegans. Evo-

lution 35:489-509.

. 1981b. Behavioral variation in natural popu-

lations. II. The inheritance of a feeding response in

crosses between geographic races of the garter

snake, Thamnophis elegans. Evolution 35:510-515.

. 1993. Foraging theory and prey-size-preda-
tor-size relations in snakes. In R. A. Seigel and J.
T. Collins (eds.), Snakes: Ecology and Behavior, pp.
87-116. McGraw Hill, New York.

CAMPBELL, ]. A, AND A. SOLORZANO. 1992. The dis-
tribution, variation and natural history of the Mid-
dle American montane pit viper Porthidium god-
mani. In J. A. Campbell and E. D. Brodie (eds.),
Biology of the Pitvipers, pp. 223-250. Selva, Tyler,
Texas.

CARPENTER, C. C, AND J. C. GILLINGHAM. 1990. Rit-
ualized behavior in Agkistrodon and related genera.
In H. K. Gloyd and R. Conant (eds.), Snakes of the
Agkistrodon Complex: A Monographic Review, pp.
523-532. Society for the Study of Amphibians and
Reptiles, Oxford, Ohio.

DALTRY, J. C. 1995. The evolutionary biology of the
Malayan pit viper, Calloselasma rhodostoma: a study
of the causes of intraspecific variation. Unpubl.
Ph.D. Diss., Univ. Aberdeen, United Kingdom.

, G. PONNUNDURAJ, C. K. SHIN, N-H. TaN, R.

S. THORPE, AND W. WUSTER. 1996a. Electrophoret-

ic profiles and biological activities: intraspecific




204

variation in the venom of the Malayan pit viper

(Calloselasma rhodostoma). Toxicon 34:67-79.

, W. WUSTER, AND R. S. THORPE. 1996b. Diet

and snake venom evolution. Nature 379:537-540.

, W. WUSTER, AND R. S. THORPE. 1997. The role
of ecology in determining venom variation in the
Malayan pitviper, Calloselasma rhodostoma. Symp.
Zool. Soc. London No. 70:155-171.

FisHER, D. R. 1968. A study of faunal resemblance
using numerical taxonomy and factor analysis.
Syst. Zool. 17:48-63.

FircH, H. S. 1960. Autecology of the copperhead.
Univ. Kansas Publ. Mus. Nat. Hist. Misc. Pub. 13:
85-288.

. 1981. Sexual size differences in reptiles. Univ.
Kansas Publ. Mus. Nat. Hist. Misc. Pub. 70:1-72.

Fox, W. W. 1948. Effect of temperature on develop-
ment of scutellation in the garter snake, Thamno-
phis elegans atratus. Copeia 1948:252-262.

GaANs, C. 1983. Snake feeding strategies and adapta-
tions—conclusions and prognosis. Amer. Zool. 23:
455-460.

GARrcia, C. M., aND H. DRUMMOND. 1988. Seasonal
and ontogenetic variation in the diet of the Mexi-
can garter snake, Thamnophis eques, in Lake Teco-
comulco, Hidalgo. J. Herpetol. 22:129-134.

GrLoyp, H. K, AND R. CONANT. 1990. Snakes of the
Agkistrodon Complex: a Monographic Review. So-
ciety for the Study of Reptiles and Amphibians,
Oxford, Ohio.

GREENE, B. D, J. R. DIxON, J. M. MUELLER, M. J. WHIT-
ING, AND O. W. THORNTON. 1994. Feeding ecology
of the Concho water snake, Nerodia harteri pauci-
maculata. ]. Herpetol. 28:165-172.

GREENE, H. W. 1992. The ecological and behavioral
context for pitviper evolution. In J. A. Campbell
and E. D. Brodie (eds.), Biology of the Pitvipers,
pp- 107-108. Selva, Tyler, Texas.

Houston, D. L., AND R. SHINE. 1993. Sexual dimor-
phism and niche divergence: feeding habits of the
Arafura filesnake. J. Anim. Ecol. 62:737-748.

INGER, R. F 1980. Densities of floor-dwelling frogs
and lizards in lowland forests of Southeast Asia
and Central America. Amer. Natur. 115:761-770.

, AND R. K. COLWELL. 1977. Organisation of
contiguous communities of amphibians and rep-
tiles in Thailand. Ecol. Monogr. 47:229-253.

KEENLYNE, K. D. 1972. Sexual differences in the feed-
ing habits of Crotalus horridus horridus. J. Herpetol.
6:234-237.

KepHART, D. G. 1982. Microgeographic variation in
the diets of garter snakes. Oecologia 52:287-291.

, AND S. J. ARNOLD. 1982. Garter snake diets
in a fluctuating environment: a seven year study.
Ecology 63:1232-1236.

KiNG, R. B. 1993. Microgeographic, historical and
size-correlated variation in water snake diet com-
position. J. Herpetol. 27:90-94.

KLAUBER, L. M. 1972. Rattlesnakes: Their Habits, Life
Histories, and Influence on Mankind, 2nd ed. Univ.
California, Berkeley.

KocH, E 1991. Experiences in keeping and breeding
the Malayan moccasin viper, Calloselasma rhodosto-
ma (Boie 1827). Sauria 1:17-21.

LuiseLLy, L., AND U. AGRiMI. 1991. Composition and
variation in the diet of Vipera aspis fracisciredi in

J. C. DALTRY ET AL.

relation to age and reproductive stage. Amphibia-
Reptilia 12:137-144.

MACARTNEY, J. M. 1989. Diet of the northern Pacific
rattlesnake, Crotalus viridis oreganus, in British Co-
lumbia. Herpetologica 45:299-304.

MusHINSKY, H. R,, ]. J. HEBRARD, AND D. S. VODOPICH.
1982. Ontogeny of water snake foraging ecology.
Ecology 63:1624-1629.

NEILL, W. T. 1960. The caudal lure of various juvenile
snakes. Q. J. Florida Acad. Sci. 23:173-200.

NEILL, W. T,, AND E. R. ALLEN. 1956. Secondarily in-
gested food items in snakes. Herpetologica. 12:
172-174.

PERNETTA, J. C. 1977. Observations on the habits and
morphology of the sea snake Laticauda colubrina
(Schneider) in Fiji. Can. J. Zool. 55:1612-1619.

PoraN, N. S, R. G. Coss, AND E. BENJAMINIL. 1987.
Resistance to california ground squirrels (Sperm-
ophilus beecheyi) to the venom of the northern pa-
cific rattlesnake (Crotalus viridis oreganus): a study
of adaptive variation. Toxicon. 25:767-777.

PRESTT, 1. 1971. An ecological study of the viper Vi-
pera berus in southern Britain. J. Zool., London 164:
373-418.

REINERT, H. K, AND W. R. KODRICH. 1982. Move-
ments and habitat utilization by the massasauga,
Sistrurus catenatus catenatus. J. Herpetol. 16:162-171.

Savrrsky, A. H. 1983. Coadapted character complexes
among snakes: fossoriality, piscivory, and duro-
phagy. Amer. Zool. 23:397-409.

SCHOENER, T. W. 1971. Theory of feeding strategies.
Ann. Rev. Ecol. Syst. 2:369—404.

. 1989. Should hindgut contents be included in
lizard dietary compilations. ]. Herpetol. 23:455-
458.

ScHUETT, G. W. 1984. Calloselasma rhodostoma (Malay-
an pit viper). Feeding mimicry. Herpetol. Rev. 15:
112.

SCHWANER, T. D. 1985. Population structure of black
tiger snakes, Notechis ater niger, on offshore islands
of South Australia. In G. C. Grigg, R. Shine, and
H. Ehmann (eds.), Biology of Australasian Frogs
and Reptiles, pp. 3546. Royal Zoological Society
of New South Wales, Sydney.

SHINE, R. 1977. Habitats, diets and sympatry in
snakes: a study from Australia. Can. J. Zool. 55:
1118-1128.

. 1980. “Costs”

Oecologia 35:92-100.

. 1987a. Ecological ramifications of prey size:

food habits and reproductive biology of Australian

copperhead snakes (Austrelaps, Elapidae). ]. Her-

petol. 21:21-28.

. 1991a. Australian Snakes—A Natural Histo-

ry. Reed, Chatswood, Australia.

—. 1991b. Why do larger snakes eat larger prey
items? Funct. Ecol. 5:493-502.

SIEGEL, S., AND N. J. CASTELLAN. 1988. Nonparametric
Statistics for the Behavioural Sciences. McGraw-
Hill, New York.

SkoczyLas, R. 1978. Physiology of the digestive tract.
In C. Gans and K. A. Gans (eds.), Biology of the
Reptilia Vol 8 Physiology B, pp. 589-718. Academic
Press, London.

SMITH, M. A. 1915. Notes on some snakes from Siam.
J. Bombay Nat. Hist. Soc. 23:784-789.

of reproduction in reptiles.




CALLOSELASMA RHODOSTOMA FEEDING ECOLOGY

Torr, C. A. 1985. Resource partitioning in amphibi-
ans and reptiles. Copeia 1985:1-21.

Voris, H. K., AND H. H. Voris. 1983. Feeding strat-
egies in marine snakes: an analysis of evolutionary,
morphological, behavioral and ecological relation-
ships. Amer. Zool. 23:411-425.

WALLACE, R. L. AND L. V. DILLER. 1990. Feeding ecol-
ogy of the rattlesnake, Crotalus viridis oreganus, in
northern Idaho. J. Herpetol. 24:246-253.

WARRELL, D. A. 1986. Tropical snake bite: clinical
studies in Southeast Asia. In J. B. Harris (ed.), Nat-

Journal of Herpetology, Vol. 32, No. 2, pp. 205-210, 1998
Copyright 1998 Sodety for the Study of Amphibians and Reptiles

205

ural Toxins—Animal, Plant and Microbial, PP- 25—
45. Clarendon Press, Oxford.

YORK, D. S. 1983. Agonistic and reproductive behav-
iors in the Malayan pit viper (Calloselasma rhodo-
stoma). Unpubl. M.S. Thesis, Univ. Tennessee,
Knoxville.

- 1984. The combat ritual of the Malayan pit

viper (Calloselasma rhodostoma). Copeia 1984:770—
772

Accepted: 15 January 1998.

Chondrocranial Anatomy and Skeletogenesis in Dendrobates auratus

RAFAEL O. DE SA AND SHANNON HILL
Department of Biology, University of Richmond, Richmond, Virginia 23173, USA

ABSTRACT.—The larval chondrocranium and visceral skeleton of Dendrobates auratus is described and
compared with those of other dendrobatids. Four characters, i.e, lack of fusion between orbital cartilages
and otic capsules, wide processus muscularis palatoquadrati, lack of processus pseudopterygoideus, and
lack of processus anterolateralis hyalis, represent derived conditions for Dendrobates within Dendrobatidae.
Cranial and postcranial ossification sequences are reported for D. auratus and Epipedobates tricolor. Skele-
togenesis is earlier in E. tricolor, but the overall pattern of ossification is similar in the two species.

RESUMEN.—Se describe el condrocraneo y esqueleto visceral de Dendrobates auratus comparandolo con el
de otros dendrobatidos Cuatro caracteristicas—no fusién de cartilagos orbitales con capsulas éticas, proceso
muscular del palatocuadrado ancho, ausencia de proceso pseudopterigoideo, y ausencia de proceso antero-
lateral hyalis—representan estados derivados para Dendrobates. Se reportan la secuencia de osificacién cra-
nial y post-cranial para D. auratus y Epipedobates tricolor. La osificacién es mas temprano en E. tricolor, pero

el patrén general de osificacion es similar en las dos especies.

The family Dendrobatidae consists of approx-
imately 157 recognized species clustered in six
genera (Frost, 1985; Ford, 1993). The genus Den-
drobates comprises 47 recognized species whose
combined distribution extends from southern
Nicaragua throughout South America, reaching
Bolivia and Peru. Dendrobates auratus (Girard,
1855) is found from southern Nicaragua to Co-
lombia at elevations of 0-800 m.

Chondrocranial anatomy has been reported for
only seven species of Dendrobatidae (Haas, 1995),
representing about 4% of known species of den-
drobatids. Data on skeletogenesis has not been
reported for any species in the Dendrobatidae.
Herein, we describe the chondrocranial anatomy
and ossification sequence of Dendrobates auratus.
Skeletal development of D. auratus is compared
with that of Epipedobates tricolor.

MATERIALS AND METHODS

Tadpoles were staged following Gosner’s ta-
ble (1960). Specimens were cleared and double-

stained for bone and cartilage using Alizarin
Red S and Alcian blue respectively, following
the technique of Dingerkus and Uhler (1977). A
total of 26 tadpoles of Dendrobates auratus (stages
29-44, and one juvenile) and 28 tadpoles of Epi-
pedobates tricolor (stages 29-46) were examined.
Specimens are deposited in the National Muse-
um of Natural History, Washington D.C. (Den-
drobates auratus USNM 509456-509482; Epipedo-
bates tricolor USNM 509483-509510).

The chondrocranium of Dendrobates auratus is
described based on a stage 32 tadpole, this cor-
responds to the latest larval stage before cranial
ossification was observed. Terminology follows
that of de S4 (1988) and Haas (1995). Observa-
tions and illustrations were made using a Wild
MC3 stereomicroscope with the aid of a camera
lucida attachment.

REsuLTs

The lower horny beak of Dendrobates auratus
larvae is supported by two cartilagines infra-



