ECOLOGICAL AND PHYLOGENETIC CORRELATES
OF FEEDING HABITS IN NEOTROPICAL PITVIPERS
OF THE GENUS BoTHROPS
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ABSTRACT: The Neotropical pitviper genus Bothrops (lanceheads) occurs from Mexico to Argentina. Data on feeding habits of
22 species indicate that most are (1) diet generalists, and (2) show ontogenetic diet shifts (both characters plesiomorphic). Four
species (three of them closely related), however, are mammal specialists, adults from one island species feed heavily on birds,
and another island species is a specialist on ectothermic prey. Mammal specialization may be related to life history strategies,
whereas the diet shifts observed in the two island species are a consequence of prey availability (there are no small, non-volant
mammals on the islands). Ontogenetic diet shifts that may be a consequence of growth were lost in some diet generalists,
especially the small forms. Species of Bothrops that have a generalist diet incorporate endotherms at a narrow range of sizes and
eliminate ectotherms at variable ones. Longer and more slender species eliminate ectotherms from their diets later in ontogeny
than shorter, stout species. Caudal luring (also plesiomorphic) is documented in seven species and may occur in juveniles of all
diet generalists. Feeding frequency is relatively low in Bothrops, perhaps due to sedentary habits and other factors related to
living in warmer climates. Mean relative prey size is moderate in Bothrops, but very large prey is occasionally eaten. Mammal
specialists are stouter and feed on larger prey than generalists, and relative prey size decreases during ontogeny in some species
of Bothrops. Sit-and-wait foraging is the main tactic in Bothrops, as in other viperids. A high diversity of microhabitat use occurs
in Bothrops and highly arboreal species feed more frequently on anurans. The lancehead species of Bothrops occur in several
types of forests and open habitats, and their diets seem to reflect local prey availability. Allometry seems to be an important
factor in the feeding habits of lanceheads. Although apomorphies appeared in some taxa, in general feeding habits in Bothrops
are conservative, as most characters we analysed were present in outgroup taxa. Our results indicate that early lanceheads were
probably stout, terrestrial forest dwellers that fed on a variety of prey (juveniles fed mostly on ectotherms that they lured with
pale tail tips, whereas adults preyed mostly on mammals). The generalist diet of early Bothrops may have facilitated some of the

ecological shifts described here and the great diversification that occurred in the genus in South America.

INTRODUCTION

The Neotropical pitviper genus Bothrops (including
Bothriopsis; see below) is a recent, apparently mono-
phyletic assemblage of about 40 species (ca. 25% of
the Crotalinae), occurring from Mexico to Argentina
(Hoge and Romano, 1973; Hoge and Romano-Hoge,
1981a, b; Rage, 1987; Campbell and Lamar, 1989;
Greene, 1992; McDiarmid et al., 1999). Most species
of Bothrops inhabit forests, but some are found exclu-
sively in more open vegetation types (Campbell and
Lamar, 1989). The genus comprises exclusively ter-
restrial species (e.g., B. alternatus and B. neuwiedi),
as well as several that use vegetation, such as the
semi-arboreal B. jararaca (Sazima, 1992) to the highly
arboreal B. bilineatus (Duellman, 1978; Dixon and
Soini, 1986). An ontogenetic shift in microhabitat use
occurs in some semi-arboreal species, with juveniles
found more frequently on vegetation than adults
(Sazima, 1992; Campbell, 1998; Martins and Oliveira,
1999). Published data on feeding habits of Bothrops
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(e.g., Amaral, 1921; Beebe, 1946; Neill, 1960; Greene
and Campbell, 1972; Cunha and Nascimento, 1975,
1978, 1982, 1993; Picado, 1976; Duellman, 1978;
Scott, 1983; Leloup, 1984; Dixon and Soini, 1986;
Sazima, 1988, 1989, 1991, 1992; Martins and Gordo,
1993; Norman, 1994; Duarte et al., 1995; Egler et al.,
1996; Campbell, 1998; Martins and Oliveira, 1999)
indicate that most species are diet generalists, at least
some show an ontogenetic diet shift (i.e., from
ectothermic to endothermic prey), and most ambush
prey from a coiled posture (but see Sazima, 1992;
Egler et al., 1996). Caudal luring was described in
four species of Bothrops (e.g., Neill, 1960; Greene and
Campbell, 1972; Sazima, 1991) and was suggested for
several others (Greene, 1992; Sazima, 1992).

Greene (1992) discussed that the natural history of
Bothrops might be relatively homogeneous when
compared to other crotalines such as Trimeresurus.
The present scarcity of behavioral and ecological
information (see references above), however, makes
further generalization impossible. Several interesting
questions may be addressed in comparative studies on
monophyletic assemblages of snakes. Greene (1992)
outlined the steps needed to reconstruct past pheno-
types and adaptive scenarios. Steps of interest here
are: (1) survey behavior and ecology across taxa, map
characters onto a phylogenetic tree, and infer historical
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changes; and (2) make comparisons to discover con-
cordances of shifts in morphology, behavior, and
ecology (see also Brooks and McLennan, 1991).
Despite the existence of several phylogenetic
hypotheses for diverse groups of snakes (e.g., several
chapters in Campbell and Brodie, 1992), such com-
parative methods have rarely been undertaken for
snakes (but see Greene and Burghardt, 1978; Greene,
1992; Shine, 1994; Schuett et al., 2001, this volume;
Greene et al., this volume).

During the last few years we gathered natural
history data on several species of Bothrops, mostly
from Brazil, in an attempt to uncover patterns and
processes involved in the evolution of morphological,
ecological, and behavioral traits in this diverse genus.
Here we describe the diversity of feeding habits in
Bothrops and attempt to answer the following ques-
tions, using a phylogenetic hypothesis based on recent
systematic studies (see below). (1) How diverse are
feeding habits in Bothrops? (2) Is feeding biology
related to body size and form? (3) Is feeding biology
related to habitat and microhabitat? (4) How did
feeding biology evolve in Bothrops? (5) How does the
feeding biology of Bothrops differ from other
pitvipers? (6) What are the reconstructed feeding
habits of the ancestor of Bothrops?

Taxonomy and Systematics of Bothrops

Recently, the taxonomy of bothropoid snakes has
undergone extensive revision (Campbell and Lamar,
1989; McDiarmid et al., 1999), mainly as a result of
systematic studies (see below). After splitting of the
genus Bothrops (sensu lato; e.g., Hoge and Romano,
1973; Hoge and Romano-Hoge, 1981a, b) into several
genera (Atropoides, Bothriechis, Bothriopsis,
Cerrophidion, Ophryacus, and Porthidium; see,
Campbell and Lamar, 1989, 1992; McDiarmid et al.,
1999), the genus now comprises about 40 species and
includes those previously allocated to Bothriopsis
(e.g., Gutberlet, 1998; Parkinson, 1999; Salomao et
al., 1997, 1999; Vidal et al., 1999; but see McDiarmid
et al., 1999). Some species of Bothrops, like most of
those related to B. atrox, are probably conspecific (see
Wister et al., 1997, 1999), but several forms in the B.
neuwiedi complex are, indeed, good species (Silva,
2000; Wiister et al., this volume). Thus, the taxonomy
(and number of species) of Bothrops will change.

Recent systematic studies (Cadle, 1992; Gutberlet,
1998; Salomao et al., 1997, 1999; Werman, 1992;
Wiister et al., 1996, 1997, 1999, this volume;
Parkinson et al., this volume; H. Ferrarezzi, pers.

comm.) indicate that species of Bothrops may com-
pose at least seven primary clades (with the species
treated herein in parentheses): the alternatus group (B.
alternatus, B. ammodytoides, B. cotiara, B. fonsecai,
and B. itapetiningae), the atrox group (B. asper, B.
atrox, B. leucurus, B. moojeni), the jararaca group
(B. alcatraz, B. insularis, and B. jararaca), the
Jjararacussu group (B. brazili and B. jararacussu), the
microphthalmus group (Bothrops hyoprorus), the
neuwiedi group (B. erythromelas, B. mattogrossensis,
B. neuwiedi, B. pauloensis, and B. pubescens), and the
taeniatus group (B. bilineatus and B. taeniatus).
When the above mentioned systematic studies are
considered jointly, it is possible to assess the relation-
ships among the clades: (1) the atrox and jararacussu
groups apparently form a monophyletic clade (Cadle,
1992; Werman, 1992; Wiister et al., 1997, this volume;
Parkinson et al., this volume;), with the taeniatus
group as sister to that clade (Werman, 1992; Kraus et
al., 1996; Salomaio et. al., 1997; C. Parkinson, pers.
comm.; but see Gutberlet, 1998, Salomio et. al.,
1999); (2) the jararaca and neuwiedi groups form a
clade that is sister to the atrox-jararacussu-taeniatus
clade (Parkinson et al., this volume; Wiister et al., this
volume; but see below); (3) the alternatus group is
sister to the clade formed by all groups above
(Werman, 1992; Salomaio et. al., 1997, 1999; Wiister
et al., this volume; Parkinson et al., this volume; H.
Ferrarezzi, pers. comm.); and the microphthalmus
group is basal in the phylogeny of Bothrops
(Gutberlet, 1998; Parkinson et al., this volume;
Waister et al., this volume). The relationship between
the jararaca and neuwiedi groups remains contro-
versial because morphological data indicate that the
neuwiedi group is more closely related to the alternatus
than to the jararaca group (Werman, 1992; H.
Ferrarezzi, pers. comm.). Two recent systematic studies
using DNA data (Parkinson et al., this volume; Wiister
et al., this volume) indicate, however, that the jararaca
and neuwiedi groups form a distinct clade. Also, the
relationships within each species group of Bothrops
are controversial. In our analysis, we adopt the resolu-
tion of Wiister et al. (this volume), except for the
neuwiedi group, for which we follow Silva (2000).
Nevertheless, eventual changes in the position of
species within groups, as well as of the jararaca and
neuwiedi groups within Bothrops, are unlikely to
substantially change the results and ideas we present.
Some of the relationships among genera of crotalines
are controversial (see Kraus et al., 1996; Vidal et al.,
1999; Werman, 1999), but comprehensive studies on
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the systematics of crotalines (Gutberlet, 1998a, b,
Gutberlet and Harvey, this volume; Parkinson, 1999;
Parkinson et al., this volume; see also Werman, 1992)
indicate that the clade composed by Atropoides,
Cerrophidion and Porthidium is sister to Bothrops.

Species identifications used here follow Campbell
and Lamar (1989), except that we treat the population
earlier assigned to B. pradoi as B. leucurus (see Wiister
et al., 1997, 1999) and former subspecies of the B.
neuwiedi complex as full species (B. mattogrossensis,
B. neuwiedi, B. pauloensis, and B. pubescens; Silva,
2000). An newly described species (B. alcatraz) from
Alcatrazes Island, southeastern Brazil, is also treated
herein (see Marques et al., 2002).

METHODS
Dietary Data

The diet of 22 species of Bothrops was analyzed by
examining the digestive tracts (DT) of approx. 3,000
preserved specimens, most of them in museum collec-
tions, but also of specimens obtained during field-
work, resulting in a total of 1,055 prey or prey
remains. Geographical data on the specimens exam-
ined are in Appendix I. Except for animals that were
maintained in captivity for long periods after being
collected in the field (over a week, for instance), in
most collections the DT of every specimen was
examined, regardless of evident stomach contents. In
the case of B. insularis, prey was detected by palpa-
tion of live animals in the field. The DT of preserved
specimens was examined through a series of short
incisions. Each prey or its remains (e.g., hair, feathers,
scales) was recorded, as well as insect remains (pre-
sumed prey contents). When only insect remains were
found in the hindgut of diet generalists, we inferred
that the prey was a frog (Martins and Gordo, 1993)
because hair, feathers, and squamate scales are evident
when present in the hindgut. No insects were found in
the foregut of any Bothrops. Where possible, each
intact prey item (or a reference specimen of comparable
size; see Greene, 1989) was measured to the nearest
1.0 mm and weighed to the nearest 0.1 g with spring
scales. We are aware that the proportion of different
prey in the diets of those species that show ontogenetic
shifts in prey type varies with varying ratios of juve-
niles to adults sampled. Unless stated otherwise,
however, our samples have similar proportions of
adults and juveniles. Museum specimens that contained
prey were dried with blotting paper, weighed to the
nearest 1.0 g with spring scales, and measured to the
nearest 1.0 mm with a flexible rule. Length measure-

ments were snout-to-vent (SVL), tail (TL), and head
length (HL).

We determined that a species is a diet specialist
when a single prey type accounts for over 75% of all
prey found. For diet generalists, we determined that a
species showed an ontogenetic diet shift when the
size of individuals that consumed endothermic prey
was significantly larger than those that consumed
ectotherms (Mann-Whitney test; see Rodriguez-
Robles et al., 1999). To assess the importance of body
size, head length, and stoutness in determining the
size at which endotherms were incorporated and
ectotherms were excluded from the diet of generalists,
we ran correlation analyses on these variables.
Feeding frequency (percent of individuals with stomach
contents) was estimated for snake species represented
by large, unbiased samples (those that did not include
specimens kept in captivity). Observations on habitat,
microhabitat, and foraging behavior of almost all
species were made in the field in several localities
in Brazil.

Snake Size and Morphology

For morphological analyses, we measured (SVL,
TL, and HL) and obtained the mass of 28-35 indi-
viduals of each species except B. ammodytoides and
B. asper. For Bothrops alcatraz, only 24 specimens
were measured. All samples included similar numbers
of males and females and the whole size range of each
species, from newborns to full-grown adults, except
for Bothrops alcatraz, for which no juveniles were
available. In analyses using juvenile and adult size, we
used the mean of the 10 lower and 10 higher values of
these samples, respectively. To compensate for differ-
ences in body size (see Forsman, 1991), in analyses
using snake mass and head length we used the residuals
of simple regressions between these variables and
SVL and trunk length (= SVL minus HL), respectively,
including data for all species treated in each analysis.
All variables were common log transformed. The
means of these residuals are treated here as relative
tail length and relative stoutness, respectively.

Prey-size/Snake-size Relationships

For each well preserved prey or a reference speci-
men of comparable size we calculated ingestion ratio
(IR = prey width/snake head length) and mass ratio
(MR = prey mass/snake mass; see Greene, 1983;
Pough and Groves, 1983). We determined that a
species showed ontogenetic shift in relative prey size
when the slope of the regression line between prey
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Fig. 1. Summary of diet composition in Bothrops, mapped onto a phylogenetic hypothesis of the species discussed (see Taxonomy and

Systematics of Bothrops). Note that: (1) mammals, frogs, and lizards are the main prey types in most species of Bothrops, (2) tremendous

variation in diet composition occurs within Bothrops, (3) mammal specialization is a synapomorphy of a subclade of the alternatus group

and of B. neuwiedi, and (4) distinct diets are apomorphies of both island species.
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size (width and mass separately) and snake size (SVL)
was significantly different from one. To compare rela-
tive prey size (IR and MR) among snake species, we
used Kruskal-Wallis median tests and post-hoc tests to
detect differences between pairs of species. To com-
pare prey mass and width among the three most com-
mon prey types consumed by Bothrops (mammals,
frogs, and lizards), we used the residuals of simple
regressions between these variables and prey length
(body length in mammals and SVL in frogs and lizards),
including data for all three prey types. All variables
were common log transformed. Statistical analyses
were performed using Statistica (StatSoft, 1998).

Character Reconstruction

Reconstruction of character states by linear parsi-
mony analyses was accomplished using MacClade
(Maddison and Maddison, 1992). The phylogeny used
in our reconstructions was modified from Wiister et al.
(this volume), by incorporating the outgroups
(Gutberlet, 1998; Parkinson et al., this volume) and a
different resolution within the neuwiedi group (Silva,
2000). Characters used in reconstructions were habitat
(forests, open areas, gallery forests), microhabitat
(terrestrial, semi-arboreal), and five characters related
to feeding biology (character states in parentheses):
(1) diet (generalist, mammal specialist, birds in adults,
restricted to ectotherms); (2) ontogenetic shift in prey
types (yes, no); (3) tail tip color in juveniles in relation
to the remainder of the tail (different, same, or vari-
able);( 4) retention of modified tail tip in adults (yes,
no); and (5) color of tail tip in relation to the remain-
der of the tail (paler, darker, same, or variable). In all
analyses, a clade formed by Porthidium nasutum and
P. yucatanicum was used as the outgroup. All charac-
ters were treated as unordered. Different results might
appear in reconstructions based on alternative phylo-
genetic hypotheses (see Greene, 1992), but extensive
exploration of our data with different phylogenies
indicates that the general trends described below are
generally insensitive to minor changes in tree topology,
especially within-species groups.

RESULTS AND DISCUSSION
Dietary Variation

Detailed information on the feeding habits of
Bothrops is available for very few species, mainly B.
asper (e.g., Neill, 1960; Picado, 1976; Scott, 1983;
Campbell, 1998), B. atrox (e.g., Beebe, 1946; Cunha
and Nascimento, 1975, 1978, 1982, 1993; Duellman,
1978; Dixon and Soini, 1986; Martins and Gordo,

1993), and B. jararaca (Sazima, 1989, 1991, 1992).
For some other species, only anecdotal information is
available (e.g., B. bilineatus, Greene and Campbell,
1972; B. insularis, Duarte et al., 1995; B. moojeni,
Leloup, 1984). Almost all species of Bothrops studied
thus far are diet generalists, and feed primarily on
mammals and ectotherms (frogs, lizards, and cen-
tipedes), although birds were also recorded for almost
all species (see brief reviews in Greene, 1992; Sazima,
1992). Norman (1994) suggested that B. alternatus
might feed primarily on mammals, whereas Yanosky
et al. (1996) provided unconfirmed information that
this species also feed on amphibians. Recently, a
detailed account on the natural history of B. neuwiedi
pauloensis (= B. pauloensis), including data on feeding
habits, was provided by Valdujo et. al., 2002).

Data on the diet of 22 taxa of Bothrops are sum-
marized in Figure 1 (percentages are in Appendix II).
Almost all species of Bothrops treated herein are diet
generalists (1. €., no prey type accounted for more than
75% of the diet), except for three species in the
alternatus group and B. neuwiedi that are mammal
specialists, and B. insularis, which is a bird specialist
that inhabits an island where no non-volant mammals
occur (M. Martins and O. Marques, unpublished).
Considering the diet generalists, for which our sample
sizes are moderate to large (over 10 prey; N = 14
species), small mammals are eaten by all, in propor-
tions varying from 15-70% of the prey (Appendix II).
Anurans and lizards are also important prey for diet
generalists, occurring in all species in proportions
varying from 8-50% and 6-33% of the diet, respec-
tively. Birds, centipedes, and snakes are generally less
important prey in generalists (< 10% of the prey
found), although they occur in the diet of most
species. Besides mammal specialists, and the bird
specialist B. insularis, exceptions for this general
pattern are Bothrops alcatraz, which seems to feed
heavily on centipedes (nine of the 12 prey found), and
B. erythromelas and B. brazili, whose juveniles feed
on centipedes (23% and 18%, respectively, of the prey
found). The absence of less important prey types
(birds, centipedes, and snakes) in other species may be
due to small sample sizes (this may be the case in most
species for which our sample is lower than 30 prey).
Besides the common prey types in Figure 1, some
species of Bothrops may occasionally feed on odd
prey, such as a freshwater eel found in B. atrox (M.
Oliveira and M. Martins, unpublished) and lizard eggs
in B. pauloensis (P. Valdujo, pers. comm.). Limited
data on a few species of Bothrops indicate that geo-
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Table 1. Summary of tests (Mann-Whitney) for ontogenetic shift in prey types (OSPT), tail tip color in juveniles (Ttc), mean adult total
length (maTTL), relative head length (RHL), relative stoutness (RST), and macrohabitat use (Mac; proportion of individuals found on
vegetation) in 22 species of Bothrops. Additional abbreviations are: d = distinct from the remainder of the tail; h = form that occurs in a
higher proportion of juveniles; Ni= number of specimens used to calculate RHL and RST; Nz = number of individuals found in the field

for macrohabitat characterization; s = similar to the remainder of the tail; SD = standard deviation.

Species OSPT (2)  OSPT (P) Ttc maTTL N RHL (X £SD) RST (X = SD) Mac N>
B. hyoprorus 1.94 0.052 s/d 527 30 0.207 +£0.112  0.495+£0.243 — —
B. alternatus — — s 1166 33 0.094 £0.110  0.286 = 0.336 0.00 24
B. cotiara — — s(hy/d 838 27 0.077 £0.067  0.364 = 0.220 — —
B. fonsecai — — s/d 918 28 0.053 £0.055 0.515+0.217 0.00 13
B. itapetiningae 0.85 0.397 d' 593 35 0.042 £0.065  0.125+0.256 0.10 10
B. erythromelas 0.79 0.430 s/d(h) 626 30 —0.061 £0.064 0.028 +0.268 —

B. mattogrossensis 0.17 0.861 d 742 28 —0.069+0.055 —0.145+0.204 0.00 6
B. neuwiedi — — d 803 29 0.003 £0.070  0.216 £0.217 0.09 11
B. pauloensis 3.44 <0.001 d 735 34 -0.031+£0.047 0.132+£0.223 0.00 50
B. pubescens 2.40 0.017 d 922 35 —-0.124+£0.090 0.151 £0.292 0.00 36
B. insularis — — d' 823 30 0.036 £ 0.065 —0.294 +0.305 0.32 273
B. jararaca 3.74 <0.001 d 1061 29 —0.003+£0.129 —0.068 +0.548 0.13 64
B. alcatraz — — s(thy/d! 490 24 —0.033 +£0.062 —0.214 +0.266 — —
B. bilineatus 2.73 0.006 d 753 30 —0.164 £0.073 —0.718 £0.253 0.90 33
B. taeniatus 1.78 0.075 d 1088 30 —0.092+0.071 —0.674+0.222 0.50 10
B. asper 2.72 0.006 s/d — — — — — —
B. atrox 8.73 << 0.001 d 1163 28 —0.031+£0.101 —0.290 £ 0.220 0.39 79
B. leucurus 3.42 <0.001 d 1233 33 —0.053+£0.091 —0.232+0.259 0.15 20
B. moojeni 4.88 << 0.001 d 1284 33 0.040 £ 0.092 —0.022 +0.305 0.18 22
B. brazili 3.05 0.002 d 1044 32 0.079£0.091  0.014 +0.325 0.00 11
B. jararacussu 3.39 <0.001 d 1291 33 0.025+0.131  0.171 £0.331 0.00 61

'Tail tip color present in adults. Possibly sexually dimorphic (Burger and Smith, 1950).

graphic variation in diet is negligible, perhaps because
prey availability is similar across species ranges (see
Habitats and Prey Availability).

Our results agree with those already published for
some Bothrops (e.g., Beebe, 1946; Neill, 1960;
Greene and Campbell, 1972; Cunha and Nascimento,
1975, 1978, 1982, 1993; Picado, 1976; Duellman,
1978; Scott, 1983; Leloup, 1984; Dixon and Soini,
1986; Sazima, 1988, 1989, 1991, 1992; Martins and
Gordo, 1993; Striissmann and Sazima, 1993; Norman,
1994; Duarte et al., 1995; Campbell, 1998; Martins
and Oliveira, 1999). Although our sample size is large
(85 prey), we failed to find amphibians in the gut of B.
alternatus as reported by Yanosky et al. (1996; Table 1).

Mammal specialization was noted in three species
of the alternatus group and one in the neuwiedi group
(Fig. 1); this also occurs in several other species of
pitvipers (Lachesis, some species of Crotalus; e.g.,
Ernst, 1992; Martins and Oliveira, 1999), and appar-
ently evolved independently in the alfernatus and
neuwiedi groups (see below). The venoms of juvenile

B. alternatus and B. cotiara seem to be more toxic to
mice than those of adults (Furtado et al., 1991; but see
conflicting results for B. alternatus in Andrade and
Abe, 1999), which indicates that mammal specializa-
tion could be associated with increased venom toxicity
in juveniles. Higher venom toxicity in juveniles of
mammal specialists may be a consequence of: (1) the
need to immobilize relatively larger prey (mammals
are, in general, larger than ectothermic prey; Andrade
and Abe, 1999; see below); (2) the need to quickly
immobilize relatively dangerous prey (small mam-
mals are generally more prone to inflict potentially
dangerous bites than ectotherms; I. Sazima, unpub-
lished); (3) the need to digest large prey (Pough and
Groves, 1983); and/or (4) the smaller amount of
venom available in juveniles (see Furtado et al., 1991;
Andrade and Abe, 1999).

Among the island species, B. insularis exploits
migrant passerine birds (M. Martins, O. Marques, and
I. Sazima, unpublished), and Bothrops alcatraz appar-
ently evolved paedomorphic feeding habits in the
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sense that adults retain the diet of juveniles (and also
the venom composition; M. Furtado, pers. comm.).
Birds are a major food source in at least three species
of insular pitvipers: B. insularis (this study), Crotalus
catalinensis (Rubio, 1998), and Gloydius sheddaoensis
(Jian-Li, 1995). In a study comparing Prairie
Rattlesnakes (C. v. viridis) feeding on birds and mice,
Hayes (1992; see Hayes et al., this volume) indicated
that birds are more difficult to immobilize and kill
than small mammals. Thus, bird specialization in
pitvipers would be facilitated by increased venom
toxicity. Indeed, the venom of B. insularis is about
five times more toxic to neonatal chickens than that of
the sister species B. jararaca (Cogo, 1991), which
rarely feeds on birds (Fig. 1, Appendix II; see com-
ments below on the possibility of adult B. insularis
luring birds with their tail tips). Mammals and birds
are present in the diet of most generalist Bothrops
(Fig. 1), and were probably in the diet of the ancestors
of the alternatus, jararaca, and neuwiedi groups (see
below), which include four mammal specialists (B.
alternatus, B. cotiara, B. fonsecai, and B. neuwiedi)
and a bird specialist (B. insularis). Thus, birds and
mammals are not novel prey in Bothrops, like perhaps
orthopterans are in the diet of Cerrophidion godmani
(Campbell and Solérzano, 1992).

Diet shifts observed in both of the insular species
of Bothrops are probably related to prey availability,
since small mammals are not available. The mammal
specialization that appeared in a subclade of the
alternatus group and in B. neuwiedi, however, does
not seem related to prey availability, as ectothermic
prey and birds are more abundant in the habitats occu-
pied by these species than in those occupied by diet
generalists (M. Martins, unpublished). Indeed, other diet
generalist species of Bothrops (e.g., B. itapetiningae,
B. jararaca, B. neuwiedi, B. pauloensis) occur in the
same habitats occupied by the mammal specialists.
Based on the present distribution of the mammal
specialists and the availability of prey types in their
habitats, it seems improbable that mammal specializa-
tion appeared as a response to differential availability
of mammals in relation to other prey types.

Saint Girons and Naulleau (1981) observed that
juveniles of some species of Vipera feed on ectotherms,
and in those species litters are composed of many
small offspring (in length and mass). In contrast, in
those species of Vipera where juveniles feed on mam-
mals, litters have fewer but larger offspring. A similar
situation occurs in Bothrops (see Ontogenetic Shift in
Prey Size). Perhaps the mammal specialists in

Bothrops and Vipera (as well as Lachesis; Martins and
Oliveira, 1999) adopted the strategy of investing more
mass in fewer, larger newborns. The consequent shift
in newborn stoutness (but not in length in Bothrops;
Table 1), thus, facilitated the adoption of a juvenile
diet based on mammals, which is perhaps more prof-
itable energetically than an ecthothermic diet. Whatever
the selective agent(s) that led to mammal specializa-
tion in some Bothrops, a diet composed exclusively of
mammals would require a stout body, and the putative
ancestors of the alternatus and neuwiedi groups were
most probably stout species (Martins et al., 2001).
Indeed, mammal specialization has not appeared in
any semi-arboreal Bothrops, which are more slender
than terrestrials (Martins et al., 2001).

The reconstruction (character mapping) of diet in
Bothrops (Fig. 2a) indicates that: (1) a generalist diet
is plesiomorphic, (2) mammal specialization is
synapomorphic in a subclade of the alternatus group
(B. alternatus, B. cotiara, and B. fonsecai) and autapo-
morphic for B. neuwiedi; (3) a diet based mostly on
birds is autapomorphic for B. insularis; and (4) a diet
apparently restricted to ectotherms is autapomorphic
for Bothrops alcatraz.

Ontogenetic Shift in Prey Types

Snakes from several families show ontogenetic diet
shifts (Greene, 1989; Shine and Slip, 1990), which are
generally attributed to changes in body size and other
behavioral, morphological, and physiological charac-
teristics during ontogeny (Mushinsky, 1987).
Ontogenetic diet shifts are widespread in crotalines
and viperines (Greene, 1997; Holycross et al., this
volume; see Comparisons with Other Crotalines).
Descriptions of ontogenetic diet shifts are known in
Bothrops asper (Campbell, 1998), B. atrox (Martins
and Gordo, 1993; Martins and Oliveira, 1999; see
Sexton, 1956-57), B. jararaca (Sazima, 1991, 1992),
and B. moojeni (Andrade et al., 1996). In the latter two
species, venom toxicity to frogs decreases during
ontogeny, whereas venom toxicity to mice increases in
B. jararaca (Andrade et al., 1996; Andrade and Abe,
1999). Andrade and Abe (1999) suggest that prey
immobilization and death are the main roles of juvenile
venom, whereas a digestive role becomes more impor-
tant as snakes mature and their prey become larger.

Among the generalist species of Bothrops dis-
cussed herein, ontogenetic diet shifts occur in all but
the small-bodied B. erythromelas, B. itapetiningae,
and B. mattogrossensis (Table 1); the result for B.
taeniatus (P = 0.07) may be due to inadequate sample
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in prey types (mostly ectotherms in juveniles to mostly

endotherms in adults; white

present; cross
distinctly colored;

absent; black =

%

hatched = equivocal). (C) Tail tip color (white

variable; cross

hatched = equivocal). (D) Tail tip paler, darker or same color of the

remainder of the tail (white = paler; light gray

gray = similar to the remainder of the tail; black

E

darker; dark gray

variable; cross hatched = equivocal). (E) Remaining

same; black
of modified tail tip in adults (white = does not remain in adults;

gray = remains in adults; black

neither juveniles nor adults have

modified tail tip; cross hatched = equivocal). Note that relatively

few gains and losses occurred in these characters.
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Fig. 3. Total length range (horizontal lines), length at which
endotherms are included in the diet (left vertical bars), and length
at which ectotherms are excluded from the diet (right vertical
bars) for 10 species of Bothrops for which large samples of prey
are available. Sample sizes are in Table 1.

size, and our sample of B. ammodytoides is likely too
small to detect a possible ontogenetic shift. The
generalist species for which we have sufficient samples
of prey incorporate endotherms in their diets at 285 to
360 mm total length (TTL) (=334 £ 23 mm) and drop
ectotherms from their diets at 560 to 1251 mm ( = 905
+ 237 mm; Fig. 3). There is no apparent relationship
between the size at which generalists (N = 9) incorpo-
rate endotherms in their diets and either mean adult
TTL (r = 0.538, P = 0.135), relative stoutness (r =
0.214, P= 0.580), or relative head length (»=0.571, P
= 0.108), but the size at which they eliminate
ectotherms from their diets is positively correlated
with mean adult TTL (» = 0.825, P = 0.006) and nega-
tively correlated with relative stoutness (» =— 0.699, P
= 0.036; Fig. 4). Thus, the larger and more slender the
species, the later it excludes ectotherms from its diet
(Fig. 4). There was no relationship between the size at
which generalists exclude ectotherms from their diets
and relative head length (» = 0.034, P = 0.930).

The proportion of mammals in the diet of Bothrops
is highly variable (15-100%; N = 18 species;
excluding B. ammodytoides, B. asper, and the two
island species; Appendix II), and significantly corre-
lated with relative stoutness (r = 0.511, P = 0.036),
but not with relative head length (» = 0.265, P =
0.303) and mean adult TTL (» = 0.240, P = 0.354).
Thus, the stouter the species, the greater the frequency
of mammals consumed. Shine (1994) found a strong
relationship between mean body length and propor-
tion of mammals in the diet of Australian snakes (100
species from four families). Snakes are gape-limited
predators (e.g., Greene, 1983, 1997; Pough and
Groves, 1983; Arnold, 1993; Rodriguez-Robles et al.,
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Fig. 4. Relationships between the length at which ectotherms are
excluded from the diet and (A) mean adult total length (» = 0.825,
P =0.006 and relative stoutness) and (B) (r=-0.699, P = 0.036).

1999), and vipers are characterized by a large gape
that allows the consumption of relatively large prey
(Greene, 1992; Cundall and Greene, 2000; Cundall,
this volume; see Prey-size/snake-size relationships).
Other morphological characters in Bothrops, however,
such as stoutness, may also be important for consuming
large prey.

Mammals are generally larger prey than anurans
and lizards (see Prey-size/Snake-size Relationships),
and ontogenetic diet shifts may be largely a conse-
quence of changing body size (length and stoutness;
see, Shine, 1994). Thus, the size constraints may
prevent the consumption of mammals by the small,
slender juveniles of most species of Bothrops. Not
surprisingly, juveniles of mammal specialists are
stouter than those of generalists (#1,1%0 = 19.9, P <0.001;
N = 19 species; see similar result in Saint Girons and
Naulleau, 1981), besides having a relatively larger
head (Fi,190 = 39.2, P < 0.001). Furthermore, three of
the smallest species of Bothrops discussed here (B.
erythromelas, B. itapetiningae, and B. mattogrossensis)
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do not show ontogenetic diet shifts. Our results indi-
cate that allometry is important in the feeding biology
of Bothrops (see Shine, 1994, for Australian snakes).
The phylogenetic reconstruction of ontogenetic diet
shifts (Fig. 2b) indicates that this character was
already present in the sister group of Bothrops, and
was lost in the alternatus group and at least once in the
neuwiedi group.

Caudal Luring

Caudal luring in snakes occurs in species of at least
five families, including several species of pitvipers
(Strimple, 1995; Greene, 1997; R. Reiserer and G.
Schuett, unpublished; Table 4). This behavior is fre-
quently associated with feeding on ectothermic prey,
especially anurans (e.g., Burger and Smith, 1950;
Neill, 1960; Greene and Campbell, 1972; Schuett et
al., 1984; Sazima, 1991, 1992; Greene, 1992; Martins
and Gordo, 1993). For Bothrops, caudal luring is
known to occur in B. atrox, B. bilineatus, B. jararaca,
B. jararacussu, and B. moojeni (Andrade et al., 1996;
Greene and Campbell, 1972; Sazima, 1991, 1992),
and suggested for B. asper, B. leucurus, and B.
neuwiedi based on the possession of a distinctly
colored tail tip in juveniles (Greene, 1992; Sazima,
1991, 1992).

In addition to the abovementioned species, caudal
luring occurs in B. leucurus and B. taeniatus (M.
Martins, O. Marques, and I. Sazima, unpublished).
Postures of foraging in free-living animals (with the
tail tip exposed, lying over body coils, and close to the
head; Plates 7f, 8a, c¢) indicate that caudal luring prob-
ably occurs in B. insularis, B. pauloensis, and B.
pubescens (M. Martins, O. Marques, and I. Sazima,
unpublished). Thus, caudal luring may occur in most
species of Bothrops that are diet generalists (but see
below). Juveniles of most diet generalists treated here
bear a distinctly colored tail tip (Table 1), generally
paler than the remainder of the tail, but darker in B.
itapetiningae, B. insularis, and B. taeniatus, as well as
some individuals of B. bilineatus, B. jararaca, and B.
moojeni. Juveniles of the generalist B. hyoprorus are
variable: some bear a pale tail tip while others lack it.
Among mammal specialists, juveniles of B. alternatus
lack a distinctly colored tail tip. This character is vari-
able in B. cotiara and B. fonsecai, but all juveniles of
B. neuwiedi bear pale tail tips. The complete loss of a
modified tail tip in B. alternatus may be a conse-
quence of mammal specialization. However, despite
their diets being almost restricted to mammals, B.
cotiara, B. fonsecai, and B. neuwiedi may have

retained the distinctly colored tail tip from a generalist
ancestor that used caudal luring. Caudal luring has not
been recorded for the latter three species. The posses-
sion of a modified tail tip is also variable in four diet
generalists (B. alcatraz, B. asper, B. erythromelas, and
B. hyoprorus). Perhaps these species lost caudal luring
behavior, as suggested for B. asper (Burger and Smith,
1950), or caudal luring in these species does not
necessarily require a modified tail tip.

Observations on captive B. moojeni (D. Andrade,
pers. comm.) and B. taeniatus indicate that caudal
luring behavior is different in these two species when
compared to the descriptions by Sazima (1991) for B.
Jjararaca and B. jararacussu. For example, B. moojeni
adopts the erect tail posture described for Agkistrodon
bilineatus (Neill, 1960), and the tail of B. taeniatus
reaches larger distance than those recorded for B.
Jjararaca and B. jararacussu. Further observations on
caudal luring in additional species of Bothrops would
probably reveal additional differences between
species and the factors responsible for such variation
(e.g., prey types, microhabitat, phylogeny).

Adults of B. insularis, B. itapetiningae, and B.
bilineatus retain the distinctly colored tail tip of
juveniles (and probably caudal luring behavior; see
Greene and Campbell, 1972), which may be associated
with a high proportion of ectotherms in the diet of
adults of all but B. insularis. Greene (1992) consid-
ered that B. bilineatus is paedomorphic in that adults
retain the diet and caudal luring behavior of juveniles
(although ontogenetic diet shift seems to occur in this
species; Table 1). This may also be the case for B.
itapetiningae, which does not exhibit an ontogenetic
diet shift. Retention of a modified tail tip in adult B.
insularis may indicate that they lure birds with their
dark tail tip (all bird prey are primarily insectivorous).

The reconstruction of presence/absence of distinctly
colored tail tips in juvenile Bothrops indicates that: (1)
this character was already present in the ancestor of
Bothrops; (2) variation in this character (some juveniles
bear a distinct tail tip while some lack it) appeared in
five species, three of them mammal specialists; and
(3) the complete loss of a distinctly colored tail tip is
autapomorphic for the mammal specialist B. alternatus
(Fig. 2c). Reconstructions of tail tip color (paler or
darker than the remaining of the tail; Fig. 2d) and
presence/absence of distinct tail tip color in adults
(i. e., whether adults retain a distinctly colored tail tip;
Fig. 2e) indicate that a pale tail tip and its restriction
to juveniles characterized the ancestor of the clade
formed by Bothrops and its sister group (Table 1).
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Table 2. Mean, range, and ontogenetic shift (OS) of ingestion ratio (IR) and mass ratio (MR) in nine selected species of Bothrops (see
Methods for details). A significant P for ontogenetic shift in these characters indicates that they decrease during ontogeny (see Methods).

Abbreviations are: N = sample size; ns = regression not significant.

Species IR (X) N Range oS (P) MR (m) N Range OS (P)
B. alternatus 0.774 7 0.477-1.207 ns 0.293 9 0.045-0.925 0.044
B. fonsecai — — — — 0.355 4 0.076-0.882 —
B. pubescens 0.779 16 0.509-1.157 ns 0.163 28 0.002-0.627 ns
B. insularis — — — — 0.201" 31 0.024-0.482 —
B. jararaca — — — ns 0.209 10 0.096-0.421 0.008
B. atrox 0.959 87 0.357-2.000 ns 0.203 78 0.009-0.824 0.001
B. moojeni 0.613 10 0.241-0.920 ns 0.257 10 0.008-0.889 0.004
B. brazili — — — — 0.290 5 0.114-0.504 _
B. jararacussu — — — — 0.109 14 0.012-0.395 ns

'Almost all prey were detected through palpation; thus, results may be biased toward larger prey.

Feeding Frequency

The proportion of snakes with prey in their stomachs
is low in six species for which we have large, unbiased
samples: B. alternatus (0.18, N = 33), B. atrox (0.18,
N = 205), B. jararaca (0.29, N = 76), B. jararacussu
(0.23, N = 74), B. moojeni (0.15, N = 176), and B.
pauloensis (0.16, N = 83). Shine (1986) found a mean
proportion of 0.57 for eight species of viperids, 0.51
for colubrids, and 0.45 for elapids. The low proportion
of recently-fed individuals in Bothrops may reflect:
(1) under-representation of recently-fed individuals in
the samples due to more sedentary and/or secretive
habits during the first days after prey ingestion (Shine,
1986; Lillywhite, 1987); (2) a higher digestive ability
in snakes inhabiting warmer climates (e.g., Lillywhite,
1987; Peterson et al., 1993); and (3) a low feeding
frequency due to more sedentary habits and lower
energy needs (Shine, 1986). Perhaps species from
temperate climates [all vipers and most colubrids used
in the review of Shine (1986) are from temperate
areas] have a higher feeding rate than tropical species,
because the active season of the former is shorter.
Accordingly, all seven tropical colubrids used in
Shine (1986) have lower feeding rates than the mean
rate for viperids.

Prey-size/Snake-size Relationships

Vipers are capable of ingesting prey of relatively
high ingestion ratio (IR; herein prey width divided by
snake head length) and mass ratio (MR; prey mass
divided by snake mass; e.g., Pough and Groves, 1983;
Greene, 1992), and species of Bothrops seem to be
typical vipers in this regard: Sazima (1992) reported
on relatively high MRs (= 0.21 and 0.44 for juveniles
and adults, respectively) for B. jararaca and Greene

(1992) illustrated two examples of large prey for B.
asper and B. atrox (MR 0.65 and 1.60, respectively).
Allometric constraints, however, are known to have a
strong effect on prey consumption by snakes (e.g.,
Pough and Groves, 1983; Shine, 1991; see above).
Thus, the considerable variation in size and stoutness
that occurs in Bothrops (Table 1; Greene, 1992;
Martins et al., 2001) may have led to considerable
variation in prey-size/snake-size relationships in
this genus.

Mean IR and MR are low to moderate in adequately
sampled species of Bothrops (IR = 0.61-0.96, N = 4,
and MR = 0.11-0.35, N = 9; Table 2). However, these
snakes can swallow very large prey, up to IR 2.00 in
B. atrox and MR 0.92 in B. alternatus (Table 2). There
is also a MR record of 1.46 for B. jararaca (1. Sazima,
unpublished). High MRs in B. alternatus and B.
fonsecai (= 0.29 and = 0.35, respectively; Table 2)
may be associated with mammal specialization and/or
a stouter body (see Table 2). We see no obvious reason
why B. jararacussu should feed on relatively small
prey (MR = 0.11), but this result is perhaps due to
small sample size.

Mass ratio approaches significance among different
species (Hs. 104 = 15.4, P = 0.052), but IR is highly sig-
nificant (Hs1s= 14.8, P = 0.002), and a post hoc test
indicates that B. atrox feeds on significantly higher IR
prey than B. moojeni. Besides the consequences of
specializing on larger prey, as suggested above for B.
alternatus and B. fonsecai, further variations in MR
and IR among species perhaps reflect differential
availability of prey of different size and shape in the
habitats where these snakes occur.

Arnold (1993) suggested optimal foraging strate-
gies for snakes (mostly aquatic piscivorous species)
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that eliminate small prey from their diets during
ontogeny. In all six adequately sampled species of
Bothrops, adults do not eliminate small MR prey from
their diets (B. alternatus, B. insularis, B. jararaca, B.
Jjararacussu, B. moojeni, and B. pubescens). Perhaps
small prey remain valuable in large individuals of
Bothrops due to low costs of predation (e.g., Cruz-
Neto et al., 1999).

In general, because mammals are larger prey than
ectotherms (see below), it might be expected that
relative prey size would increase during ontogeny in
diet generalists, as a consequence of the ontogenetic
diet shift. However, MR decreases during ontogeny in
three generalists (B. atrox, B. jararaca, and B. moojeni),
as well as in one mammal specialist (B. alternatus),
while no trend is apparent in two other generalists (B.
jararacussu and B. pubescens). Thus, although mam-
mal prey tends to be larger than ectotherms consumed,
we found no positive allometric trend in prey size.
Juveniles of several snakes are known to occasionally
attack relatively large prey when compared to adults
(e.g., Sazima and Martins, 1991; Greene, 1992),
which results in an ontogenetic decrease in relative
prey size as described here for several species of
Bothrops and recorded in other snake taxa (Shine et
al., 1998). This decrease in MR may also be a conse-
quence of the parallel decrease in relative head size
during ontogeny, which occurs in all species of
Bothrops treated here. Ingestion ratio remains constant
in all four species that were adequately sampled
(Table 2), indicating that gape is an important limita-
tion in feeding ontogeny (Pough and Groves, 1983;
Cruz-Neto et al., 1999).

Relative mass and width are significantly different
among the three most common prey types consumed
by Bothrops (mammals, frogs, and lizards; for mass
F> 10 =529, P= 0.006; for width F> 19 = 4.82, P =
0.010). In post hoc tests, anurans and lizards are sig-
nificantly different in relative mass, whereas mam-
mals and lizards are significantly different in relative
width. Although poorly explored (see Greene, 1983;
Cruz-Neto et al., 1999), these differences in prey
shape and mass are probably important in determining
patterns and constraints in the feeding habits of snakes
(see putative examples above).

Feeding and Foraging Behavior

Few published accounts of feeding behavior are
available for species of Bothrops. Sazima (1989,
1992) described in detail the feeding behavior of B.
jararaca in southeastern Brazil, based on staged

encounters between snakes and mammal prey (mice
and rats) in the field. The feeding behavior of this
snake on small mammals may be characterized by six
components: orientation towards prey, approach,
strike (with bite and release), trailing, inspection, and
swallowing (see details and figures in Sazima, 1989,
1992). The feeding behavior described by Sazima
(1989) for B. jararaca is similar to those described for
several other pitvipers (see reviews in Sazima, 1989,
1992). Egler et al. (1996) described an instance of
predation on a snake (Atractus torquatus) by B. atrox
(Plate 7c); in this case, the snake prey was held until
apparently dead. A few staged encounters made in the
field indicate that B. atrox always retains frogs after
the strike (M. Martins, unpublished), and a B. jararaca
juvenile observed in the field showed the same
behavior (Sazima, 1992). In captivity, the feeding
behavior of B. atrox on mice (M. Martins and M.
Oliveira, unpublished) is similar to that described by
Sazima (1989) for B. jararaca in the field. Limited
observations in the field (e.g., Plate 7c—e) and labora-
tory on several species of Bothrops indicate that all
prey types except mammals (rodents), are held from
strike through ingestion (M. Martins, I. Sazima, and
O. Marques, unpublished).

Releasing rodent prey is thought to reduce the risk
of handling dangerous prey (Chiszar et al., 1982;
Kardong, 1986; Sazima, 1992; Stiles et al., this vol-
ume), and may be regarded as a secondarily acquired
trait. When held after a strike, birds may also inflict
potentially dangerous bites. Even so, B. insularis holds
birds until swallowing (Amaral, 1921; O. Marques,
unpublished), perhaps due to its extremely toxic
venom that immobilizes them very quickly (Cogo,
1991). Birds flee by flying or jumping after being
struck, leaving no adequate trail for the snake to find
them after the strike, and the same may hold true for
frogs. Thus, holding prey until swallowing may also
relate to the chance of finding prey after post-strike.

Ambush hunting is typical of vipers (Greene, 1992,
1997), and the main tactic used by Bothrops (Plate
7a—b). Observations of two radiotracked B. atrox
followed for eight and 16 months (M. Martins, unpub-
lished) indicate that this species is a typical “mobile
ambusher” that searches for good foraging sites to
spend a few days to several weeks hunting by ambush
(Greene, 1992). Some species of Bothrops, however,
may occasionally forage actively. Egler et al. (1996)
found a B. atrox foraging actively and eating a snake
by day, and Sazima and Striissmann (1990) and
Sazima (1992) described scavenging in B. jararaca;
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Table 3. Summary of macrohabitat (see Table 2) and microhabitat of 21 species of Bothrops described herein (see also Campbell and
terrestrial.

Lamar, 1989). S = semi-arboreal; T =

Species Macrohabitat Microhabitat

B. alternatus T Open formations and swamps

B. cotiara T Open areas and edges of moderate to montane broadleaf and Araucaria forests
B. fonsecai T Open areas and edges of moderate to montane broadleaf and Araucaria forests
B. itapetiningae T Cerrados

B. ammodytoides T Deciduous open shrublands in low elevations to montane, temperate broadleaf forests
B. erythromelas T Dry to wet habitats in caatinga vegetation

B. mattogrossensis T Open areas adjacent to semidecidual forests in seasonally flooded open plains
B. neuwiedi T Rocky outcrops and adjacent grassy fields and gallery forests in mountains

B. pauloensis T Cerrados

B. pubescens T Broadleaf forests

B. insularis S? Atlantic forest at Queimada Grande Island

B. jararaca S Atlantic forests

B. alcatraz S Atlantic forest at Alcatrazes Island

B. bilineatus S Lowland rainforests throughout Amazonia, and Atlantic forests

B. taeniatus S Lowland rainforests

B. atrox S Lowland rainforests

B. leucurus S Lowland to moderate elevation Atlantic forests

B. moojeni S Gallery forests and swamps in cerrados

B. asper T Forests

B. brazili T Lowland rainforests

B. jararacussu T Lowland to moderate elevation Atlantic forests

'Juveniles are occasionally found on low-lying plants (up to 50 cm above the ground). “Individuals may be found on higher locations of
vegetation (up to 8 m; M. Martins and O. Marques, unpublished) than other species of the jararaca group.
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Fig. 5. Reconstructions of microhabitat (A) white = terrestrial; black = semi-arboreal; cross-hatched = equivocal; and habitat (B) white =
forests; gray = open areas; black = gallery forests and nearby swamps in cerrados, in Bothrops. Note that: (1) early Bothrops were terrestrial
forest inhabitants, (2) semi-arboreal habits appeared one to three times in the genus (Table 1), and (3) invasion of open areas occurred in
two clades (the alternatus and neuwiedi groups).
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Fig. 6. Relationship between proportion of anurans in the diet and
arboreality (proportion of individuals found on vegetation) in 12
species of Bothrops (r = 0.815, P = 0.001).

and Sazima (1992) inferred that two moving individ-
uals of B. jararaca were foraging actively, and that
another individual containing a nestling passerine bird
in the DT found this prey by active foraging (but see
Greene, 1997:261). Lizard eggs found in the DT of B.
pauloensis (P. Valdujo, unpublished) were most likely
found by active foraging. Sazima (1992) suggested
that slender species of crotalines are more prone to
forage actively than the stouter ones, a hypothesis that
remains untested.

Microhabitat Use and Feeding Biology

Although early pitvipers were probably terrestrial
(Greene, 1992; Martins et al., 2001), arboreality
evolved several times within this group (Greene,
1992, 1997). The genus Bothrops shows a relatively
high diversity of microhabitat use within the crotalines
(Table 3), encompassing exclusively terrestrial species
as well as several species that use vegetation, from the
sporadically arboreal B. jararaca (Sazima, 1992) to
the almost completely arboreal B. bilineatus (Dixon
and Soini, 1986; Duellman, 1978; this paper). In at
least some of the semi-arboreal species, an ontogenetic
shift in microhabitat use also occurs, with juveniles
found more frequently on the vegetation than adults
(e.g., B. asper, Campbell, 1998; B. atrox, Duellman,
1978; Martins and Oliveira, 1999; B. jararaca,
Sazima, 1992).

The phylogenetic reconstruction of microhabitat
use in Bothrops provided equivocal results. Semi-
arboreal habits may have appeared up to three times in
the genus (Fig. 5a). Visual comparisons of this recon-
struction with the characters related to feeding habits
in Figure 2a—c indicate that there is no association
between microhabitat use and any of these characters.

There is, however, a strong positive correlation
between the proportion of anurans in the diet and that
of individuals found on vegetation in Bothrops (Fig. 6;
N = 12 species, mammal specialists, island species, B.
ammodytoides, B. asper, and B. erythromelas excluded;
r=0.815, P=0.001). This result may reflect the rela-
tively high abundance of arboreal frogs (hylids, and
the leptodactylid Eleutherodactylus) in the tropical
forests inhabited by most semi-arboreal species. On
the other hand, there seems to be no relationship
between the proportion of mammals and lizards in the
diet and the intensity of use of vegetation (» =— 0.326,
P =0.300, and r = — 0.333, P = 0.291, respectively).

Habitats and Prey Availability

Besides proximate factors (e.g., head morphology
and kinetics, sensory mediated preferences), the diet
of many snakes may be determined also by ultimate
factors, such as the relative availability of different
prey types in the habitats they occupy (e.g., Wallace
and Diller, 1990), rather than by cognitive decisions to
capture or ignore a particular prey species (Greene,
1997). Bothrops species inhabit several types of open
areas and forests in Central and South America
(Table 3; Plate 8d—f; see Campbell and Lamar, 1989),
and this diversification in habitat use could have been
associated with a similar diversification in feeding
biology, mainly if prey availability differs within
habitats. However, this does not seem to be the case
when Figure 5b is compared to Figure 2a—c.

The main prey types consumed by Bothrops,
mammals, lizards, and frogs, as well as less important
prey (centipedes, snakes, and birds), are relatively
abundant in all kinds of habitats used by the species
treated herein (Table 3), although frogs may be highly
seasonal in drier and/or colder habitats. However,
more localized differences in the abundance of certain
prey may occur. For instance, in the cerrados, B.
itapetiningae and B. pauloensis occur in dry inter-
fluvial areas where lizards are relatively common and
frogs tend to be rare, whereas B. moojeni occurs in
gallery forests and swamps, wet habitats where frogs
are relatively abundant and lizards are generally rare.
Indeed, B. itapetiningae and B. pauloensis apparently
feed more frequently on lizards (24% and 23% of prey
found in the gut, respectively) and less frequently on
frogs (20% and 21%) than B. moojeni (16% of lizards
and 34% of frogs; Appendix II). Thus, perhaps most
variations observed in the proportion of different prey
types in the species of Bothrops treated here simply
reflect differential prey availability in the habitats and
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Table 4. Main habitat, macrohabitat, and prey types, as well as presence/absence of modified tail tip (and caudal luring behavior) in extant
crotaline genera (data from Pope, 1935; Klauber, 1972; Mori et al., 1989; Moriguchi, 1989; Gloyd and Conant, 1990; Campbell and
Soloérzano, 1992; Ernst, 1992; David and Vogel, 1996; McDiarmid et al., 1999). Forests include woodlands. M = mammals, F = frogs, and

L = lizards.

Genus Main habitat Main macrohabitat Main prey types  Distinctly colored tail tip
Agkistrodon Forests, open areas Terrestrial M, F, L Yes
Gloydius Forests, open areas Terrestrial M, F, L Yes
Deinagkistrodon Forests Terrestrial M, F, L Yes
Tropidolaemus Forests Arboreal M, F, L Yes
Protobothrops Forests, open areas Terrestrial, arboreal M, F, L No
Ovophis Forests, open areas Terrestrial M, F, L Yes
Hypnale Forests Terrestrial M,F L Yes
Calloselasma Forests, open areas Terrestrial M, F, L Yes
Trimeresurus Forests, open areas Terrestrial, arboreal M, F, L Yes
Lachesis Forests Terrestrial M No
Porthidium Forests Terrestrial M, F, L Yes
Atropoides Forests Terrestrial M, F, L Yes
Cerrophidion Forests Terrestrial M, F, L Yes
Ophryacus Forests, open areas Arboreal ? Yes
Bothriechis Forests Arboreal M, F, L Yes
Bothrops

(and Bothriopsis) Forests, open areas Terrestrial, arboreal M, F, L Yes
Crotalus Open areas Terrestrial M, L Yes
Azemiops Forests Terrestrial M? No

microhabitats they use, as suggested by Greene (1997)
for snakes in general (see Shine, 1994).

Comparisons with Other Crotalines

Although most Bothrops studied are diet general-
ists, there seems to be considerable variation in the
relative importance of each prey type among species
(Fig. 1, Appendix II), a situation similar to that
recorded for other pitviper genera (e.g., Agkistrodon,
Crotalus, Gloydius, Trimeresurus; see Pope, 1935;
Klauber, 1972; Mori et al., 1989; Gloyd and Conant
1990; Ernst, 1992; David and Vogel, 1996). However,
for most species of Bothrops that are diet generalists,
mammals, frogs, and lizards are very important prey,
and together represent over 80% of the diet of most
species (except for the bird specialist B. insularis).
Besides mammals, frogs, and lizards, pitvipers of sev-
eral genera also consume, at least occasionally, cen-
tipedes, birds, and snakes (e.g., Klauber, 1972; Mori
and Moriguchi, 1988; Moriguchi, 1989; Gloyd and
Conant, 1990; Campbell and Solorzano, 1992; Ernst,
1992; Taylor, 2001; Holycross et al., this volume).

Several characters analysed herein occur in most
crotalines and are apparently plesiomorphic in the
subfamily (Table 4). Phylogenetic reconstructions of

the characters in Table 4, using the crotaline phylogeny
of Parkinson (1999), indicate that at least terrestriality,
a generalist diet, and the presence of a modified tail tip
were already present in the earliest pitvipers (Fig. 7).
Furthermore, most of these characters occur in several
viperines (Greene, 1992), and thus may be plesiomor-
phic in the Viperidae. Besides the four characters in
Table 4, diets based on relatively large prey (i. e., prey
with high IR and MR), ambush foraging tactics, and
ontogenetic diet shifts occur in most pitvipers and
may be plesiomorphic characters in crotalines and
other viperids (Greene, 1992). Thus, although a few
apomorphies appeared in some species of Bothrops, in
general the feeding habits in the genus are conserva-
tive, as suggested by Greene (1992). Similar studies
on other viperid genera would show whether the
several patterns we described for Bothrops are wide-
spread in pitvipers.

CONCLUSIONS AND FUTURE RESEARCH

Our results indicate that early lancehead bothropoid
species were likely stout, terrestrial forest dwellers
that fed on a variety of prey types. Juveniles fed
mostly on ectotherms that they lured with pale tail
tips, whereas adults preyed mostly on mammals. This
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Fig. 7. Reconstruction of (A) habitat: white = forests; gray = open areas; black = variable; cross hatched = equivocal. Reconstruction
of (B) macrohabitat: white = terrestrial; gray = arboreal; black = variable). Reconstruction of (C) diet: white = generalist; gray = variable;
black = mammal specialist. Reconstruction of (D) presence/absence of a modified tail tip in juveniles (and probably caudal luring):
white = present; black = absent, on a phylogeny of the Crotalinae (phylogeny from Parkinson, 1999: Fig. 3b). Note that terrestrial habits,
a generalist diet, and the presence of a modified tail tip are likely plesiomorphic characters in pitvipers.

lifestyle is widespread among modern Bothrops,
though incompletely conserved. Invasions of open
areas occurred more than once in the genus Bothrops,
although with no evident consequence to feeding
biology, since prey availability is in general similar
among habitats. However, changes toward arboreality
in some clades led to considerable variation of stout-
ness and to a larger representation of frogs in lance-
head diets. Body size apparently had a considerable
effect in dietary variation, prey-size/snake-size rela-
tionships, and ontogenetic diet shifts by constraining
the consumption of large prey (especially mammals)
in small, slender species and/or individuals.
Differential prey availability, namely the absence of

small, non-volant mammals (an important prey for
most Bothrops), was probably an important selective
agent in the evolution of feeding habits in both island
species. Specialization of mammal prey evolved in at
least two clades, but the selective agent(s) involved
are unclear and require future studies.

The generalist habits of early Bothrops may have
facilitated the shifts described here (including the diet
shifts observed in island species), and may be one of
the factors responsible for the relatively high abun-
dance observed for Bothrops in most habitats
(Duellman, 1978; Strissmann and Sazima, 1993;
Guyer, 1994; Sazima and Manzani, 1995; Martins and
Oliveira, 1999). Similarly, generalist habits in early
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pitvipers may have facilitated the great diversification
that occurred in the crotalines in tropical and sub-
tropical regions of Asia and the Americas (e.g., Pope,
1935; Klauber, 1972; Campbell and Lamar, 1989;
Gloyd and Conant, 1990; Ernst, 1992; David and
Vogel, 1996).

Despite the omissions due to rarity in collections
(e.g., B. iglesiasi and B. pirajai), the 22 species we
studied represent a reasonably comprehensive treat-
ment of the genus Bothrops. However, many impor-
tant questions remain to be answered on the feeding
biology of Bothrops (see Greene, 1992; Sazima,
1992): (1) Are the known patterns of feeding behavior
typical for all Bothrops? (2) How does feeding
behavior vary with different prey types? (Hayes,
1992); (3) How toxic are Bothrops venoms for differ-
ent prey types and how do they vary ontogenetically?
(see Andrade et al., 1996; Andrade and Abe, 1999); (4)
Do common prey types vary in quality? (caloric
and/or nutrient content; see Arnold, 1993); (5) Do
costs of foraging and feeding vary among different
prey types? (see Hayes, 1992; Cruz-Neto et al., 1999);
(6) Which prey and predator characters are most
important in determining prey size-snake size rela-
tionships?; (7) What is the relationship between
feeding biology and other life history traits, especially
reproduction (see Shine, 1994)?; (8) Do Bothrops
diets precisely reflect prey availability in the habitats
they use? and (9) Are there further relationships
between microhabitat use and feeding biology in
Bothrops? Answers to the above questions will require
additional data on the ecology and natural history of
Bothrops. A particularly promising research program
would incorporate field studies with work on animals
in the laboratory.
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Data on feeding habits, habitat, and microhabitat were collected from populations from the following states in
Brazil, from south to north: B. alternatus from Rio Grande do Sul, Santa Catarina, Sdo Paulo, Minas Gerais, and
Goias; B. cotiara from Rio Grande do Sul, Santa Catarina, and Parand; B. fonsecai from Sao Paulo, Rio de
Janeiro, and Minas Gerais; B. itapetiningae from Sao Paulo, Minas Gerais, Mato Grosso do Sul, Distrito Federal,
and Goias; B. erythromelas from several states in northeastern Brazil; B. mattogrossensis from Mato Grosso; B.
neuwiedi from Minas Gerais and Sao Paulo; B. pauloensis from Sao Paulo, Minas Gerais, Distrito Federal, and
Goias; B. pubescens from Rio Grande do Sul; B. jararaca from Rio Grande do Sul, Santa Catarina, Parand, and
Sao Paulo; B. insularis from Queimada Grande Island in Sao Paulo; Bothrops alcatraz from Alcatrazes Island in



328 M. Martins, O. Marques, and 1. Sazima

Sao Paulo; B. bilineatus from Espirito Santo, Minas Gerais, Para, Amazonas, and Rondonia (as well as one indi-
vidual from Leticia, Colombia); B. taeniatus from Para, Maranhdo, and Roraima (as well as two individuals from
Leticia, Colombia); B. atrox from Para, Maranhao, Amazonas, and Rondonia; B. leucurus from Espirito Santo; B.
moojeni from Sao Paulo, Minas Gerais, Distrito Federal, Goias, and Mato Grosso; B. brazili from Maranhao,
Para, and Rondonia; B. jararacussu from Sao Paulo, Rio de Janeiro, Parand, and Santa Catarina.

Data for B. ammodytoides are from Argentina; for B. asper from Mexico, Belize, Guatemala, Honduras, Costa
Rica, Panama, Colombia, and Ecuador; and for B. hyoprorus from Amazonian Peru, Ecuador, and Brazil.

APPENDIX II
Diet of 21 species of Bothrops and “Porthidium” hyoprora (see Appendix I; Plate 8b); N = number of prey found

in the gut. Data for B. mattogrossensis include four records from Striissman and Sazima (1993); those for
B. brazili include one record from Dixon and Soini (1986).

Taxon N Centipedes Anurans Lizards Snakes Birds Mammals
B. hyoprorus 12 8.3 25.0 41.7 0.0 0.0 25.0
B. alternatus 85 0.0 0.0 0.0 0.0 0.0 100.0
B. cotiara 18 0.0 0.0 0.0 0.0 0.0 100.0
B. fonsecai 41 0.0 0.0 0.0 0.0 0.0 100.0
B. itapetiningae 42 9.5 21.4 23.8 0.0 2.4 42.8
B. ammodytoides 5 0.0 0.0 40.0 0.0 0.0 60.0
B. erythromelas 13 23.1 30.8 30.8 0.0 0.0 15.4
B. mattogrossensis 27 0.0 333 333 0.0 0.0 333
B. neuwiedi 29 0.0 0.0 6.9 0.0 0.0 93.1
B. pauloensis 65 10.8 20.0 23.1 7.7 3.1 354
B. pubescens 79 2.5 17.7 6.3 7.6 7.6 58.2
B. insularis 36 5.5 8.3 0.0 2.8 83.3 0.0
B. jararaca 45 2.2 17.8 2.2 0.0 6.7 71.1
B. alcatraz 12 66.7 0.0 333 0.0 0.0 0.0
B. bilineatus 14 0.0 50.0 7.1 7.1 0.0 35.7
B. taeniatus 22 0.0 40.9 13.6 0.0 4.5 40.9
B. asper 32 0.0 18.7 6.2 12.5 3.1 59.4
B. atrox 233 1.7 33.5 14.2 2.1 2.6 45.5
B. leucurus 39 0.0 12.8 25.6 2.6 2.6 56.4
B. moojeni 107 0.9 33.6 15.9 4.7 2.8 42.1
B. brazili 34 17.6 23.5 14.7 0.0 0.0 44.1

B. jararacussu 67 1.5 16.4 10.4 1.5 0.0 70.1



