
INTRODUCTION

The venom and venom apparatus of elapid, viperid,
and atractaspidid snakes have been studied in consid-
erable detail. The venom, a biochemically complex
mixture of liquids comprised largely of toxic proteins,
is synthesized and stored within the paired venom
glands (e.g., Tu, 1977, 1982, 1991; Elliott, 1978;
Gans, 1978; Kochva, 1987; Chippaux et al., 1991;
Aird, 2002). Under pressure from associated muscles,
the glands expel their contents through the venom
ducts to a pair of hollow-tipped fangs (Rosenberg,
1967; Haas, 1973; Kochva, 1978; Mackessy, 1991;
Kardong and Lavin-Murcio, 1993; Young et al., 2000,
2001; Young and Zahn, 2001). The venom, when
injected (or sprayed, as in certain species of cobras)
into the tissues of another organism, exerts toxic and
often lethal effects. Although variable in effectiveness,
the venom apparatus and kinematics of biting have

evolved to deliver large quantities of venom during a
brief period of fang contact (e.g., Gans, 1961;
Kardong, 1982; Kochva, 1987; Hayes, 1992a;
Kardong and Lavin-Murcio, 1993; Kardong et al.,
1997a; Kardong and Bels, 1998). The actual amount
of venom expended is under control of the central
nervous system, and may vary with respect to both
intrinsic (under the snake’s control) and extrinsic
(beyond the snake’s control) circumstances (e.g.,
Hayes, 1992a, 1992b, 1993, 1995; Hayes et al., 1995).
The optimal amount of venom to expend will depend
upon its intended use.

In addition to the aforementioned families of
venomous snakes, a number of colubrid snakes (the
largest family of mostly nonvenomous taxa) also
possess toxic secretions (McKinstry, 1983; Minton,
1990, 1996). These secretions are produced by the
Duvernoy’s gland that is always associated with
enlarged rear maxillary teeth (McKinstry, 1983;
Weinstein and Kardong, 1994). Because toxicity of
the secretion is relatively weak in most species
(Weinstein and Kardong, 1994) and the venom appa-
ratus is poorly developed for delivery of venom (the
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teeth are not hollow and the gland is generally small,
lacking a storage reservoir and extensive muscular
attachment; Kochva, 1978; Kardong and Lavin-
Murcio, 1993), the function of this secretion has been
debated (Rodriguez-Robles, 1994; Kardong, 1996).
Nevertheless, it clearly functions as a venom in some
species for which it serves to subdue (or kill) prey or
contributes to defense.

In this paper, we review the various factors that
influence how viperid (and other snake species)
allocate their venom supplies when biting. We begin
by examining the biological roles, or functions, of
venom, and how these relate to the need of snakes to
have the ability to control the quantity of venom
released during a bite. Although this ability has proved
difficult to demonstrate, there are ample reasons why
snakes should accrue selective benefits in having the
capacity to “meter” their venom. We also briefly
review the history of attempts to measure venom
expenditure before we began to conduct our own
studies. Following this, we focus on the primary factors
that influence how snakes use their venom when biting.
We first discuss a number of factors that influence
venom delivery during predatory bites, and then we
discuss those associated with defensive bites.
Although we draw upon a number of studies, the
majority of data available is based on our own work
with North American crotalines. In some instances,
we present new data that have not yet been published.
Finally, we offer some general conclusions that
emphasize the importance of envenomation strategies,
not only to the snake, but to the human snakebite
victim as well.

The Functional Roles of Venom in Snakes
The primary roles of snake venom are for procuring

food (predation) and for protection against attack
(defense). Within each of these contexts, venom may
function in several ways.

When acquiring food, venom serves three important
functions: (1) rapid immobilization and killing of
prey, (2) facilitation of prey relocation, and (3) accel-
eration of prey digestion. Most snakes swiftly strike,
envenomate, and voluntarily release a larger prey
item, which minimizes the risk of sustaining retaliatory
injury (Kardong, 1986a). Prey that are released often
travel several meters or more before dying, making it
necessary for the snake to relocate its victim (Kuhn et
al., 1991; Hayes, 1992a). The venom alters the scent
of the prey such that the snake is able to relocate its
meal by following the odoriferous trail deposited by

the envenomated animal (reviewed by Chiszar et al.,
1992, 1999; Lavin-Murcio et al., 1993). Thus, in
addition to killing the prey, adequate venom delivery
is important to minimize the distance the snake must
travel to relocate its prey and to reduce the risk of
losing its meal (Chiszar et al., 1983; de Cock Buning,
1983; Hayes et al., 1995). The proteolytic properties
of venom also accelerate digestion, which may prevent
putrefaction and regurgitation of larger, bulkier prey
(Thomas and Pough, 1979; Rodriguez-Robles and
Thomas, 1992). Moreover, selection may favor venom
components that quickly immobilize prey but allow
for longer survival to distribute the venom more effec-
tively in the victim’s tissues. Depending on local prey
availability or other factors, selection may act on
venom components for any of these functions inde-
pendent of or in tandem with other functions (Chiszar
et al., 1999; Aird, 2002). There is evidence to suggest
that variation in venom composition within and
between species can be attributed in part to dietary
differences (e.g., Daltry et al., 1996; Jorge da Silva
and Aird, 2001).

When confronted by predators (e.g., canids, raptors)
or antagonists (e.g., ground squirrels, ungulates,
humans), snakes also rely on venom for defense. It is
important to distinguish between predators (which
attack the snake to consume it) and antagonists (which
harass or attack the snake but have no intention of
eating it), because the snake’s strategy for survival
may vary with context of the attack. Snakes appear to
benefit from defensive use of their venom in both
proximate (current mechanisms) and ultimate (adapta-
tions via natural selection) ways. Although envenoma-
tion may be fatal, venom injected into the tissues of an
animal presumably causes a painful sensation, which,
of itself, should be an effective deterrent to attack.
Because a defensive bite is highly unlikely to cause
death of the attacker before the snake itself dies, the
proximate benefit to the snake is that a painful bite
will often terminate an attack, allowing the snake to
survive. In ultimate terms, the lethal bite confers
protection against attack from predators that have
been selected to avoid or reduce predation on snakes
or to interact with them in a more cautious manner
(e.g., Coss et al., 1993; O’Connell and Formanowicz,
1998). Given these considerations, the effectiveness
of envenomation during defensive bites may vary with
composition of venom or biochemical resistance of
the target animal. Neurotoxic venoms, for example, do
not elicit painful sensations as readily as hemorrhagic
venoms (e.g., Minton, 1987). Thus, selection may
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favor particular venom components not only for their
roles in procuring food but also for their effectiveness
at defense.

For obtaining food, some authors have used the
phrase “offensive strikes” rather than “predatory
strikes.” We prefer to use predatory strike, which is
more descriptive of the context for the behavior.
Moreover, throughout this paper we refer to bites that
are generally associated with a rapid strike followed
by release of the target. On occasion, more so for
elapids and toxic colubrids, snakes will strike and then
maintain a hold rather than release the target. Unless
otherwise mentioned, our discussion of biting is
restricted to the strike followed by an immediate
release that is characteristic of many viperids.

The Importance of Venom Metering
There are reasons why snakes should be judicious

when deploying their venom reserves. Venom, no
doubt, is a valuable commodity. Although we do not
know how costly it is to produce or to store, we can
assume there is some kind of metabolic expense to
replacing venom that has been expended. Moreover, it
may be disadvantageous for a snake to have a depleted
supply of venom. A snake with insufficient venom
may be unable to procure additional prey or defend
itself against attack until its supply of venom has been
at least partially restored (Hayes et al., 1995). The
amount of time required to replenish venom is poorly
understood. When the venom glands are completely
emptied (e.g., by forceful venom extraction), up to
two weeks may be required to refill the glands
(Kochva, 1960; Schaeffer et al., 1972; Leinz and
Janeiro-Cinquini, 1994). Presumably, less time is
required after expenditure of smaller venom quantities,
but this hypothesis has not been tested.

In addition to the need for conserving a valuable
commodity, the optimal amount of venom to expend
may vary with context of use. Prey that is large and/or
more resistant to venom, for example, may be more
effectively procured or digested when more venom is
injected. Small prey, such as neonatal rodents, are
often captured and consumed without any apparent
use of venom (Klauber, 1972; Radcliffe et al., 1980).
The amount of venom used in a defensive bite may
vary depending on the identity of the attacker or the
level of perceived threat. A snake that is physically
grasped by an attacker, for example, is likely to inject
more venom because the immediate risk of death is far
greater than the risk of having depleted supplies
subsequently (Hardy, 1991; Herbert, 1998).

Showing that snakes expend varying quantities of
venom in different contexts does not necessarily imply
intentional metering by the snake. There may be
constraints to venom expenditure during a strike that
cannot be controlled by the snake and must be taken
into consideration by the investigator. For example,
when a snake strikes a large, vertical surface (typical
of defensive bites), as opposed to a small, horizontal
surface (typical of predatory bites), the different align-
ment of jaw and fangs may impede venom flow
(Kardong, 1986b). Brief duration of fang contact may
also reduce delivery of venom, which may be delib-
erate on the part of the snake (hence, metering in a
sense) or incidental to the reaction of the victim
(Hayes, 1991a; Herbert, 1998). Failure to insert both
fangs into the victim (Hokama, 1978; Kardong,
1986b), or the breakage of a fang during the bite, may
likewise lead to reduced venom expenditure. The
manner of prey handling can also influence venom
delivery. For example, snakes probably inject more
venom into prey that are struck and subsequently
retained in their jaws than into prey that are released
immediately after envenomation (Kardong, 1982,
1986a; Hayes, 1992b).

Until recently, the ability of snakes to meter their
venom was the subject of intense speculation and
debate (e.g., Gennaro et al., 1961; Klauber, 1972;
Allon and Kochva, 1974; Russell, 1980a, 1984;
Morrison et al., 1982, 1983a; Kardong, 1986a, b;
Hardy, 1991). Several carefully designed experiments
have now confirmed this ability in at least some taxa.
The fact that rattlesnakes deliver more venom into
larger prey without adjusting the kinematics of the bite
(e.g., duration of fang contact) constitutes the
strongest evidence to date that snakes indeed can
meter their venom supplies (Hayes, 1995; Hayes et al.,
1995). From the unpublished studies described in this
paper, we present evidence that snakes can also meter
their venom during defensive bites. Young et al.
(2000) recently demonstrated that the venom gland
musculature of rattlesnakes is functionally divided,
which provides a mechanism for regulating venom
flow during strikes.

Snakes are not unique in their ability to meter
venom. Organisms as simple as anemones and jellyfish
appear to regulate how much venom they expend.
These cnidarians capture prey by use of their harpoon-
like nematocysts, and the number of units recruited
may correspond to the struggle of their prey. In addi-
tion to mechanical and vibrational cues, the supporting
cells of anemone nematocysts can respond to chemical
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cues released by the prey that inhibit further discharge
of nematocysts, thereby conserving venom (Watson
and Hessinger, 1994; Thorington and Hessinger,
1998). Both spiders and tarantulas are similarly judi-
cious in their use of venom. These arachnids release
more venom if the prey struggles longer or more vigor-
ously, and they inject more into larger prey or prey
with greater ability to escape (Robinson, 1969; Perret,
1977; Pollard, 1990; Rein, 1993; Boeve, 1994; Boeve
et al., 1995; Malli et al., 1998, 1999). Electric fish
(eels and rays), which use an alternative weapon
(electric shock) that is energetically costly to deploy,
appear capable of metering the number and duration
of electric organ discharges depending on prey
responsiveness and the type of threat (e.g., Belbenoit,
1986; Lowe et al., 1994). They may also seek to stun
but not kill their prey. We anticipate that eventually a
wide diversity of venomous animals will be shown to
have the capacity to meter their venom supplies.
These non-reptilian organisms, however, generally
deliver multiple doses of venom in contrast to single
ones when subduing their prey, and their metering
decisions are often made in response to the prey’s
reaction to the venom (e.g., Malli et al., 1999).
Because many snakes inject their venom during a
single brief bite, metering decisions may need to be
made prior to the attack and without feedback from
the prey’s reaction to envenomation.

The fact that many venomous animals judiciously
meter their venom confirms the biological impor-
tance of venom conservation and the need of condi-
tional strategies for feeding and defense. The ability
to meter venom has evolved independently in diverse
groups of organisms, and it appears to have important
adaptive value.

Attempts to Measure Venom Expenditure
Interest in measuring venom expenditure during

bites by snakes has inspired researchers to develop a
variety of techniques. Early attempts to measure such
quantities involved crude estimates based on forceful
venom extractions (manual pressure exerted on the
head and glands) that followed a voluntary bite of a
membrane-covered beaker (e.g., Acton and Knowles,
1914a, b; Fairley and Splatt, 1929), or the weighing of
a mouse before and after a bite (Kochva, 1960). More
refined techniques were subsequently developed to
measure venom expenditure directly.

The majority of studies on venom expenditure have
focused on predatory bites. Gennaro et al. (1961),
using injected radioiodide excreted in the saliva con-

comitantly with the venom as an indicator, concluded
that Agkistrodon piscivorus delivered more venom
into rats than into mice (but see below). In contrast,
Allon and Kochva (1974), using snakes that produced
C14-labeled venom after consuming labeled food,
found no difference in venom mass injected by Vipera
(= Daboia; see Lenk et al., 2001) palaestinae into
mice and rats. Kondo et al. (1972) developed a toxicity
assay to show that Trimeresurus (= Protobothrops)
elegans and T. (= P.) flavoviridis released less than
10% of their available venom in a single bite of
mouse-sized (20 g) pieces of rabbit muscle. Morrison
et al. (1982, 1983a,b, 1984) pioneered enzyme-linked
immunosorbent assay (ELISA) to compare sequential
strikes at mice among various Australian elapids.
Although venom delivery patterns differed signifi-
cantly between species, venom quantities injected
generally declined through successive bites as strike
coordination and efficiency deteriorated. Tun-Pe et al.
(1991b) also used ELISA to show that D. russelii
expended similar amounts of venom in each of four
successive bites of mice. For many of these species,
the envenomation efficiency (proportion of venom
delivered into tissues rather than spilled on the surface)
and percentage of available venom expended are sum-
marized and compared by Hayes et al. (1992).

For defensive bites, Hokama (1978) used spec-
trophotometric measurements to quantify venom
injected into saline bags by P. flavoviridis. There was
no correlation between size of snake and amount of
venom expended, but the snakes showed an apparent
decline in venom delivery through successive bites
(we cannot ascertain whether statistical tests supported
their conclusion). Tun-Pe and Khin-Aung-Cho (1986)
weighed pieces of plastic foam bitten by D. russelii
and found that larger snakes delivered more venom
than smaller snakes, and that the amount released
declined through up to five successive bites. The mean
amount of venom released during defensive bites by
adult snakes (63 mg in first bite) was substantially
more than that measured in predatory bites (1.2–2.4
mg in first bite) by adults of the same species in the
aforementioned study of Tun-Pe et al. (1991b).
Morrison et al. (1983a) used ELISA measurements to
experimentally compare predatory versus defensive
bites. They reported that the Australian Rough-scaled
Snake (Tropidechus carinatus) injected less venom
into an agar-filled glove (defensive stimulus) than into
a mouse (predatory stimulus) in the first bite, but more
in the second bite. Unfortunately, they did not cite
statistical tests to support their conclusion.
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In a series of recent studies, Hayes used the ELISA
technique pioneered by Morrison et al. (1982) to quan-
tify venom injected into various prey by rattlesnakes
(genus Crotalus) under varying circumstances (Hayes,
1991a, b, 1992a, b, 1993, 1995; Hayes et al., 1992,
1995). In addition to venom measurements, video was
used to carefully review the kinematics of individual
strikes to better understand the proximate causes
affecting venom delivery. More recently, we have
begun to explore venom expenditure during defensive
bites (Herbert, 1998; Rehling, 2002). In these studies,
we are using a simple protein assay of venom injected
into models of human limbs (warm, saline-filled
gloves) or released during routine venom extraction.
We will describe these studies in more detail in the
following sections. 

Finally, Young et al. (2001) recorded unilateral
(one side only) venom flow through the venom duct of
Crotalus atrox via surgically implanted transonic flow
probes. Actual measurement of venom ejected from the
fangs was not recorded. However, when flow traces
were combined with high-speed digital videography,

the mechanics of venom flow (and estimates of venom
injection) were studied at an unprecedented resolution.

FACTORS INFLUENCING VENOM EXPENDITURE
Predatory Bites

Many factors potentially influence venom expendi-
ture by snakes during predatory bites, and these are
discussed below.

Species of snake.—The average amount of venom
expended in a single bite of a mouse is summarized
for various taxa in Table 1. Although venom delivery
may vary substantially from species to species, the
quantity injected may vary considerably from bite to
bite within a single individual as well. Comparisons
among closely related taxa, such as the two
Oxyuranus species, the Crotalus species (when
accounting for size differences), and the two afore-
mentioned Protobothrops species, show similarity
(Table 1). Whereas most investigators presumably
used laboratory mice (Mus musculus) in their studies,
W. Hayes (see Table 1) used wild mice (Peromyscus
maniculatus) in most of his experiments. However,

Biology of the Vipers 211

Species N (bites) Length (cm) Venom expended (mg) Source
Mean ± SE Range

Elapidae
Acanthophis antarcticusa 5(6) < 100? 42 ± 16 3–109 Morrison et al., 1983b

Notechis scutatusa 11(13) ca. 100 14 ± 4 1–37 Morrison et al., 1982
Oxyuranus microlepidotus 5(8) 100–200 18 ± 5 1–46 Morrison et al., 1984
O. scutellatusa 11(13) 115–190 22 ± 7 1–74 Morrison et al., 1982
Pseudonaja textilisa 10(12) 90–150 5 ± 1 0–10 Morrison et al., 1983b

Tropidechus carinatusa 8(10) 40–100 6 ± 2 0–23 Morrison et al., 1983b

Viperidae
Agkistrodon piscivorus 10(35) 152–175 14 ± 2 0–58 Gennaro et al., 1961; this study
Crotalus concolor 10(10) 44–58 SVL 6 ± 1 2–10 W. Hayes, unpublished
C. oreganusb 6(6) 62–76 SVL 15 ± 5 1–31 Hayes et al., 1995
C. viridis 11(34) 76–95 SVL 15 ± 1 5–25 Hayes, 1992b

Daboia palaestinaec 7(21) > 100? 54 ± 52 1–188 Allon and Kochva, 1974
D. russeliia 4(4) 87–100 1.7 ± 0.5 1.2–2.4 Pe et al., 1991
Protobothrops elegansd 21(21) 102–132 11 2–31 Kondo et al., 1972
P. flavoviridisd 17(17) 123–165 13 3–33 Kondo et al., 1972

Colubridae
Boiga irregularis 9(9) 122–184 SVL 3.6 ± 0.3 2.5 Hayes et al., 1993

a = studies that involved multiple bites in succession; only data from the first mouse bitten is included. b = range of venom expended not
cited in paper, hence retrieved from notes. c = snakes were large (500–700 g) and assumed by us to be close to or in excess of 100 cm;
each snake bit three mice and three rats in succession and in random order; we present values for all mice pooled from Table 2 of the
original paper. d = mouse-sized (20 g) pieces of rabbit muscle were bitten; we calculated range of venom expended using their data.

Table 1. Comparisons of total venom expended during a single predatory bite of an adult mouse by various elapid, viperid, and colubrid
snakes. The number of snakes used (N) and total number of bites measured are provided, as well as the length of the snakes (in some cases
reported as snout-vent length, SVL).



Crotalus viridis was found to inject similar quantities
of venom into laboratory mice and wild mice
(Hayes, 1991b).

One might predict that larger species of snakes
inject more venom when feeding than smaller ones
because size is an important determinant of venom
expenditure (see below), but the comparisons in Table
1 offer little support for this assumption. The
Australian Death Adder (Acanthophis antarcticus), for
example, expended considerably more venom than
other, larger snakes in the study of Morrison et al.
(1983b). Although these authors did not disclose body
size measurements of the specimens tested, A.
antarcticus is relatively small and rarely attains a
length in excess of 90 cm (Phelps, 1989). However,
A. antarcticus is distinct from most other Australian
elapids in having a stout, viper-like body form with a
relatively large head and venom supply (Broad et al.,
1979; Mirtschin and Davis, 1983). This morphologi-
cal difference may account for the large amount of
venom expended on mice. The apparent venom supply
of Pseudonaja textilis, in contrast, is relatively small
(mean extraction yield = 2 mg and maximum yield
= 67 mg; Broad et al., 1979; see Whitaker et al.,
2000). Despite the exceptionally large specimens of
Cottonmouth (A. piscivorus) used by Gennaro et al.
(1961), the mass of venom expended when feeding on
mice was similar to that of rattlesnakes.

As reviewed by Hayes et al. (1992), the amount of
venom injected during a single predatory bite is
generally a small percentage of that which is available
in the venom glands. The proportion varies from less
than 12% in D. russelii (Tun-Pe et al., 1991b), D.
palaestinae (Allon and Kochva, 1974), and two
species of Protobothrops (Kondo et al., 1972), to up to
50% in the elapid snake, A. antarcticus (Morrison et
al., 1983b). The amounts of venom delivered into
mice by several species of Crotalus constitute roughly
one-quarter to one-third of the venom available in the
glands (Klauber, 1972; Glenn and Straight, 1982;
Hayes et al., 1992), but these values are likely based
on underestimates of the amount of venom available.
There is a trend for elapids to release a proportionally
greater amount of their venom than viperids when
biting a mouse (Hayes et al., 1992). This trend may
result from the tendency of elapids to hold on to prey
for several seconds or more (Fairley and Splatt, 1929;
Kardong, 1982; Radcliffe et al., 1986; Kardong et al.,
1997b), which would allow for delivery of additional
venom (unfortunately, the duration of fang contact
was not reported in the studies of Australian elapids by

Morrison et al., 1982, 1983a,b. 1984). Generalizations
must be made with caution, however, because the
measurement of venom available in the glands
(venom yield) is problematic (Glenn and Straight,
1982; Whitaker et al., 2000) and the exponential rela-
tionship between snake size and venom availability is
obscured when the “species average” for venom yield
is used in these calculations (Hayes et al., 1992). As a
point of clarification, three methods are typically used
to extract venom from snakes (Glenn and Straight,
1982): voluntary (in which the snake bites once or
repeatedly a membrane-covered vessel), manual
(application of finger pressure to forcibly express
venom from glands, which may be injurious to the
snake), and electrical (shock delivered to stimulate
contraction of glands). In our own studies, we conduct
only voluntary extractions, which are less reliable for
determining yield but are least injurious to the snake
and more closely resemble a defensive bite.

The percentage of venom that is successfully
injected into prey tissues, as opposed to being spilled
harmlessly on the skin, varies from 89% in C. viridis
to 97% in A. antarcticus (see review in Hayes et al.,
1992). One might expect viperid snakes, with their
longer fangs, to be more efficient at delivering venom
into prey tissues, but viperids and elapids exhibit com-
parable envenomation efficiency (Hayes et al., 1992).

Although venom expenditure has not been evalu-
ated for atractaspids, it has been quantified for one
species of colubrid, the Brown Tree Snake (Boiga
irregularis; Hayes et al., 1993; Table 1). As is true for
most toxic colubrids (Hill and Mackessy, 1997), the
amount of venom available in the glands is limited for
this species, yet it expends on average 54% of its
secretion (3.6 mg of 6.7 mg available) when consum-
ing a mouse (Hayes et al., 1993). The amount deliv-
ered seems surprising, but is still less than that
expended by elapid and viperid snakes of smaller
sizes (Table 1). However, B. irregularis holds on to
mice that are killed by constriction (Rochelle and
Kardong, 1993), and venom flow is presumably con-
tinuous during the several minutes required for the
prey to die. Moreover, much of the venom (45%)
remains within the integument rather than penetrating
into the viscera (Hayes et al., 1993; see Rodriguez-
Robles and Leal, 1993). Thus, colubrid snakes differ
from elapid and viperid snakes in several key aspects
of venom delivery. Due to their poorly developed
venom apparatus, they cannot deliver large quanti-
ties of venom quickly (Kardong and Lavin-Murcio,
1993), the reservoir of venom available is small
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(Weinstein and Kardong, 1994; Hill and Mackessy,
1997), and the quantity delivered into prey viscera is
limited (Hayes et al., 1993). Accordingly, Duvernoy’s
secretion in some species may function more in a
digestive rather than killing capacity by opening
holes in the integument of prey to facility entry of
digestive enzymes from the snake’s gut into the
prey’s viscera (Hayes et al., 1993). Other functions of
the secretion, however, have been proposed
(Rodriguez-Robles, 1994; Kardong, 1996).

Phylogenetic constraints on morphology (e.g.,
relative head, venom gland, and fang size), venom
composition, and diet undoubtedly influence the quan-
tities of venom expended by different species of
snake. Other factors, such as body size, are better
understood determinants of the amount of venom used
when feeding (see below). 

Size of snake and venom availability.—There are
reasons to believe that the envenomation behavior of
snakes may vary with ontogeny. For example, the
fangs that introduce venom into prey are proportionally
longer in juvenile rattlesnakes than in adults (Klauber,
1972). The composition and properties of venom vary
with age (often from more toxic to more proteolytic),
and the supply of venom increases exponentially with
growth (e.g., Mackessy, 1985, 1988; Kardong, 1986a;
Chippaux et al., 1991). Young snakes of some species
(e.g., Demansia psamnophis, an Australian elapid) use
alternative killing methods, such as constriction,
because they cannot effectively dispatch prey with
their venom (Shine and Schwaner, 1985). Diet also
shifts with age, as adults take on larger, more poten-
tially dangerous prey, and these are usually handled
with much more caution (e.g., Kardong, 1986a;
Mackessy, 1988). Of these, the exponential relationship
between snake size and venom availability is probably
the most relevant for questions of venom expenditure.

Hayes (1991a) examined the ontogeny of venom
use in C. viridis. Snakes of three size classes (31–95
cm SVL) were offered mice of corresponding size
(i.e., small snakes bit small mice, large snakes bit
large mice). The mass of venom expended increased
exponentially as a function of the length of the snake.
Hayes also noted that larger snakes more quickly
extricated their fangs from prey, which was probably a
learned behavior in response to being bitten during
prior feeding experiences (Kardong, 1986a).
Nevertheless, despite the briefer period of fang contact,
ample venom was delivered. Clearly, snake size is an
important determinant of how much venom is used
during a predatory bite.

Hunger level.—Because the potential value of a
meal corresponds to the risk of starvation, animals
should place higher value on a prey item when they
are hungry. Most venomous snakes typically release
larger, more dangerous prey to avoid retaliatory
injury. This strategy, although accompanied by a
remarkable ability to relocate prey that are released
and die some distance from the snake (Diller, 1990;
Chiszar et al., 1992), nevertheless leaves the snake at
risk of losing its meal.  

Hayes (1993) hypothesized that hungry rat-
tlesnakes (C. viridis) should reduce the risk of losing
envenomated prey by holding on to them more often
following the bite and/or by injecting more venom to
produce more rapid immobilization. He found, how-
ever, that hungry snakes (food deprived for 28 days)
actually injected less venom when feeding than
well-fed snakes (food deprived for 7 days), and they
showed no substantive changes in associated feeding
behaviors. The reason for the difference in venom
expenditure is unclear. Although the discrepancy
could be the result of compositional changes in
venom, we have subsequently learned that the protein
content of venom is similar in C. concolor and C.
oreganus after 7 and 28 days of food deprivation
(Hayes et al., unpublished). It is conceivable that
hungry snakes are attempting to conserve their
venom, or in their eagerness to feed they are less
efficient when biting, but more study is needed to
clarify this issue. Copperheads (Agkistrodon contortrix),
in contrast to the rattlesnakes studied by Hayes, do
appear to hold on to mice more frequently when hungry
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Fig. 1. Quantities of venom expended (x
_

± SE) during predatory
strikes at prey of different sizes (mouse < rat < guinea pig) by
exceptionally large Cottonmouths (Agkistrodon piscivorus) in
the heretofore-unpublished study of Gennaro et al. (1961). For
each mean, N = 35.



(G. Schuett, pers. comm.). There may also be a differ-
ence in venom use immediately following hibernation,
when the snakes may have energy deficits and dehy-
dration can result in higher protein concentrations
within the venom.

Size of prey.—There are several reasons why it
may be adaptive for snakes to meter more venom into
larger prey (Hayes et al., 1995). First, larger animals
are less affected by a given amount of venom than
smaller ones. If insufficient venom is injected into
prey released after the strike, large prey may flee
beyond recovery range before dying. Second, because
of the unfavorable (lower) surface-to-volume ratio of
larger animals, snakes may obtain digestive benefits
by injecting greater quantities of their proteolytic
venom (Thomas and Pough, 1979; Kardong, 1986a;
Mackessy, 1988; Rodriguez-Robles and Thomas,
1992) into larger prey. Third, injection of too much
venom into smaller prey could be metabolically
wasteful and temporarily deplete the snake’s venom
reserves. Fourth, larger prey may require injection of
more venom to alter their chemistry so that snakes
can more reliably distinguish between odor trails
deposited by prey before and after being bitten
(Chiszar et al., 1999).

Gennaro et al. (1961), in a widely cited abstract
(see Gennaro, 1963), reported that the Cottonmouth
(A. piscivorus) injects more venom into larger prey,
but complete details of their study were never pub-
lished (see below). Allon and Kochva (1974), in con-
trast, found no difference between venom quantities
injected into mice and rats by D. palaestinae. Russell
(1980a) cited unpublished data of his own to support
the findings of Gennaro et al. (1961). Hayes  (1995)
compared naive (never exposed to large prey) and
“experienced” juvenile Prairie Rattlesnakes (C.
viridis) feeding on mice of three size classes. With
experience, the snakes injected significantly more
venom into larger prey. Because no other behavioral
aspects of striking varied among prey sizes or changed
between the two trials (naive, experienced) for each
snake, venom expenditure was concluded to be under
intrinsic control of the central nervous system (i.e. a
decision was made by the snake) rather than subject to
extrinsic aspects of striking, such as duration of fang
contact. Hayes et al. (1995) similarly found that
medium and large Northern Pacific Rattlesnakes (C.
oreganus) delivered more venom when feeding on
large compared to small mice. Again, no extrinsic
factors of striking varied between the prey sizes, which
further supports the notion that snakes have intrinsic

control of venom expenditure and make decisions
regarding how much venom to release when biting.

Data from the original study of Gennaro et al.
(1961) are presented in Fig. 1. Ten exceptionally large
A. piscivorus (152–175 cm, 5.5–6.6 kg) were given
repeated opportunities to bite small prey (mice,
10–20 g), medium prey (rats, 80–100 g) and large
prey (guinea pigs, 350–400 g). The snakes injected
similar quantities of venom into mice and rats, but
significantly more venom into guinea pigs (one-way
ANOVA of rank-transformed data: F2, 20 = 19.3, P <
0.001; Scheffe post hoc tests). The feeding strikes
were not videotaped for more detailed analyses of
strike kinematics, but the results constitute evidence
that crotaline snakes meter their venom when feeding
on prey of different sizes. The results also suggest that
a wide range in prey size may be required to detect
venom metering in large snakes (Hayes, 1992a; Hayes
et al., 1995).

Species of prey.—One might expect snakes to
allocate different quantities of venom not only for
prey of different sizes, but also for prey of different
species. Many venomous snakes are opportunistic
predators, feeding on a wide range of  vertebrates and
invertebrates (e.g., Klauber, 1972; Gloyd and Conant,
1990; Greene, 1997). Thus, snakes may utilize a
variety of strategies for acquiring different types of
prey that vary in ease of detection, escape tactics, and
biochemical resistance to venom.

Several experimental studies suggest that rat-
tlesnakes use more venom on some prey types than
others. Whereas Prairie Rattlesnakes (C. viridis) typi-
cally strike and release mice, they usually strike and
hold on to songbirds (sparrows similar in mass to
mice; Hayes, 1992b). The snakes also appear to inject
more venom into sparrows. These strategies may be
adaptive because, if the bird is released after being
bitten, it may be able to fly some distance and, there-
fore, not leave a chemical trail by which it could be
relocated by the snake. By holding on to sparrows that
are bitten, the snakes presumably trade off the risk of
losing prey for an increased risk of being injured. The
snakes appear to reduce the risk of injury by metering
more venom into the birds and by aiming the strike at
the head-neck region to immobilize the bird’s most
effective weapon—its beak. Hayes (unpublished) also
found that Midget Faded Rattlesnakes (C. concolor)
treat mice and lizards similarly by usually striking and
releasing both and delivering the same quantities of
venom (5.7 mg and 6.2 mg, respectively). However,
because the mice were much larger than the lizards
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(20 g vs 5 g, respectively), the snakes could be
expected to deliver more venom into the mice. The
fact that lizards received a similar quantity of venom
during a period of similar fang contact time suggests
that the snakes deliberately injected (or metered) more
venom into lizards than into mice. This strategy also
may be adaptive because lizards are less affected by
venom than mice and survive much longer after
envenomation.

Numerous anecdotal observations suggest that
many venomous snakes swallow without envenoma-
tion a number of prey types that can be ingested with
minimal risk or struggle (e.g., invertebrates, neonatal
vertebrates, fish, amphibians; Klauber, 1972;
Radcliffe et al., 1980; Savitzky, 1992). The West
Indian colubrid snake, Alsophis portoricensis, has a
toxic secretion from the Duvernoy’s gland that
appears to be effective in subduing prey. Rodriguez-
Robles and Leal (1993) found that these snakes use
their venom when capturing and swallowing lizard
prey, but seldom use it when feeding on anuran prey.
Jones (1988) reported that another colubrid snake with
a toxic secretion, Trimorphodon biscutatus, uses its
venom to paralyze lizards, but relies largely on con-
striction to kill mice. The ability of ectothermic prey
to resist capture presumably varies with body temper-
ature. Warmer ectotherms not only have more energy
available for sustained activity, but also die more
quickly after envenomation (W. Hayes, unpublished).
Thus, although not studied yet, snakes may allocate
different amounts of venom when feeding on
ectotherms of varying body temperature.

From these studies, we conclude that many ven-
omous species not only distinguish specific prey
species but utilize different envenomation strategies
when feeding on them. The strategies employed
appear to be adaptive and reflect the need to conserve
their venom. 

Multiple bites.—When snakes strike repeatedly at
a single prey item or at multiple prey within a rela-
tively short period, the amounts of venom expended
can be expected to decline eventually. Snakes possess
a finite quantity of venom that requires several days
(presumably) or several weeks to replenish (Kochva,
1960; Schaeffer et al., 1972; Leinz and Janeiro-
Cinquini, 1994). Thus, the amount of venom remaining
after biting once or several times may influence how
much is released in subsequent bites. Numerous anec-
dotal reports, at least for rattlesnakes, suggest that
multiple predatory bites within a short time frame are
routine in nature (e.g., Klauber, 1972).

A number of studies have explored venom expen-
diture by viperid snakes when biting multiple prey
offered in sequence. Kochva (1960) observed that some
individuals of D. palaestinae could deliver up to 10
potent bites of mice before experiencing a decline in
venom delivery. Kondo et al. (1972) measured venom
delivered in three successive bites of mouse-sized
pieces of meat by two specimens of P. elegans.
Although variability was substantial, the total amount
expended was approximately three times that released
in a single bite. Allon and Kochva (1974) compared
venom expenditure by D. palaestinae striking at 5–6
mice in succession (two snakes) and at mice and rats
(seven snakes) offered in semi-random order within a
series of 4–6 presentations in succession. Due to the
nature of their study design, data on multiple bites and
prey size were confounded in the larger study.
Nevertheless, there was substantial variation in venom
delivery regardless of bite order or prey size, and the
snakes appeared to use similar quantities of venom in
each of up to six bites. Tun-Pe et al. (1991b) similarly
found no differences among four mice bitten in
sequence by D. russelii.  Kardong (1982) reported that
up to four mice bitten in sequence by A. piscivorus
died in a similar amount of time, though mice bitten
later in the sequence were more likely retained in the
jaws rather than released. Rehling (2002) measured a
decline in the mean amounts of venom expended by A.
piscivorus (N = 8) and C. helleri (N = 13) that struck
three agar/condom models of mice, but also suggested
that the snakes might have treated the models some-
what different than live mice. Clearly, viperid snakes
are adequately equipped to procure a sizeable number
of prey before their venom reserves are depleted.

Morrison et al. (1982, 1983a, b) studied multiple
bites (up to five in succession) by various species of
Australian elapid snakes. In most taxa, the quantities
of venom expended declined consistently after the
first bite as strike coordination and envenomation
efficiency (measured as proportion of venom spilled
harmlessly on skin) appeared to wane. The Taipan
(Oxyuranus scutellatus), however, was an exception
in that there was no decline in venom delivery through
the third bite. This elapid species has relatively long
fangs, a large supply of venom, is aggressive, and has
a tendency to strike repeatedly (Morrison et al., 1982;
Mirtschin and Davis, 1983; Phelps, 1989). Because
the Tiger Snake (Notechis scutatus) showed a dramatic
reduction in venom expenditure after the first bite and
the Taipan was consistent (or injected more venom) in
subsequent bites, the authors concluded that the
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Taipan can probably control, or meter, its venom
release. Kardong (1982) did not measure actual
venom expended, but showed that when Egyptian
Cobras (Naja haje) were presented up to four mice in
close sequence, time to death was similar for each.

When compared to viperid snakes, it appears that
elapids may be less capable of maintaining effective
delivery of venom when striking multiple prey items.
This may be because elapids seem to expend a higher
proportion of their venom in the first bite (Hayes et al.,
1992), but the difference could also result from dissim-
ilar methods used by investigators. Snakes apparently
exhaust quickly after several or more strikes, which
could be expected to lead to reduced coordination and
efficiency in biting. It is important that investigators
carefully describe all details of strike trials, including
the interval between each bite and presentation of the
next prey, as well as the number of missed strikes,
which can also contribute to exhaustion of a snake.

Do snakes inject more venom by striking a single
prey item more than once? In contrast to elapid
snakes, which tend to hold on to their prey (until bitten
in retaliation) or to bite prey items more than once
(Kardong, 1982; Radcliffe et al., 1986; Kardong et al.,
1997b), many crotaline snakes are inhibited from
striking prey more than once (Chiszar and Scudder,
1980; Kardong, 1986a; Hayes, 1992a). Kardong
(1986a) observed adult C. oreganus strike the same
mouse more than once (2–3 times each) in only 6% of
727 feeding episodes. Mice that were bitten multiply
took significantly longer to die than those bitten once.
In the study by Hayes (1992a), four of 38 deer mice (P.
maniculatus) bitten by adult rattlesnakes (C. viridis)
were struck multiply (2–3 times each) within a 5 min
period during which the rodents were always within
view of the snake due to the confines of the open-field
arena. The amount of venom expended was not dou-
bled or tripled in these rodents, which received a mean
of 21 mg venom compared to 15 mg venom injected
into mice struck only once. Thus, rattlesnakes appear
capable of treating multiple prey items spaced apart in
time differently than a single prey item that remains in
close enough vicinity to be bitten several times.

Environment, physiology, and composition of
venom.—Snakes that occupy different habitats may be
under different selective pressures for use of their
venom when feeding. We know, for example, that
geographical variation in venom composition occurs
(reviewed in Chippaux et al., 1991), and this may
reflect adaptation to local prey (Daltry et al., 1996) or
predators. It is tempting to speculate that more toxic

snakes require less venom to kill their prey, but they
may also need to inject more to compensate for the
reduced proteolytic (digestive) capacity of their
venom. The physiological status of a snake may also
affect the amount of venom expended during feeding.
In addition to hunger, as discussed previously, other
factors that remain to be considered include level of
hydration, body temperature, time of day, time of year,
and pregnancy. We suspect that body size and other
variables discussed in this section are likely to be
more important determinants of venom expenditure,
but future studies may reveal important influences
associated with local environment, physiological sta-
tus, and/or venom composition. It would be interesting
to determine whether any such variation reflects
constraints on venom delivery or adaptive strategies
of venom usage.

Labeling of prey for relocation after envenoma-
tion.—The amount of venom injected into prey
released after being bitten may facilitate relocation of
the dispatched meal by chemosensory searching.
Several studies have shown that the action of venom
on prey tissues actually alters the odor of a bitten
mouse, and this distinctive odor is then incorporated
into the trail of the fleeing rodent (e.g., Chiszar et al.,
1992; Smith et al., 2000; Stiles et al., this volume).
Chiszar et al. (1999) explored the possibility that
snakes need to inject a minimum or threshold amount
of venom to be able to discriminate efficiently
between the two odoriferous trails left behind by a
rodent before and after being bitten. Their estimate of
the minimal perceptible dose for discrimination by
C. atrox was 6–7 mg of venom. Laboratory studies
suggest that rattlesnakes have some capacity to dis-
criminate trails of mice that are punctured by fangs
without injection of venom, but the delivery of venom
into tissues substantially improves trailing ability
(Lavin-Murcio et al., 1993; Smith et al., 2000). Thus,
the remarkable ability of snakes to distinguish and
respond to venom-altered prey odors suggests that
they are under selective pressure to inject a threshold
amount of venom to more efficiently relocate their
dispatched prey.

Kinematics of biting.—There are many proximate
factors associated with the act of biting that might
influence the amount of venom delivered. The suc-
cessful injection of adequate venom during a bite is
dependent upon a kinematically complex set of behav-
iors that typically not only involve the head, jaws, and
placement of fangs, but also a substantial portion of
the trunk (Kardong and Bels, 1998).

216 W. Hayes, S. Herbert, G. Rehling, and J. Gennaro



The recent use of video to examine proximate
variables associated with venom expenditure has led
to some interesting conclusions. Gennaro et al. (1961),
for example, suggested that the force of the strike
appeared to be correlated with the amount of venom
expended by crotaline snakes. Although this variable
has not been measured simultaneously with quantifi-
cation of venom, the force of the strike is likely corre-
lated with distance of the strike or duration of the
launch (measured from initiation of strike to contact
with prey). Hayes (1992a), however, found no corre-
lation between these latter variables and amount of
venom expended by Prairie Rattlesnakes feeding on
mice. Although the site of fang penetration affects
survival time of mice (mice bitten anteriorly succumb
more rapidly; Kardong , 1982, 1986a; Hayes, 1992a),
it does not appear to influence venom delivery (Hayes,
1992a). When mice are released immediately after
being bitten, the duration of fang contact has no dis-
cernable effect on venom expenditure (Hayes, 1992a).
However, mice that are held on to rather than released
after envenomation die more quickly (Kardong,
1986a), presumably because more venom is injected
(but see Kardong, 1982). Hayes (1993) suggested that
by holding on to sparrows, rattlesnakes inject more

venom into birds than mice. Elapid snakes frequently
hold on to prey and probably deliver more venom in
the process. Kardong (1982) showed that mice held on
to by N. haje died more quickly than those that were
released. Likewise, many colubrid snakes having
Duvernoy’s secretion hold on to their prey for a period
of time before they begin to swallow it (e.g.,
McKinstry, 1978). It appears that by doing so, the prey
may become weakened or immobilized by the
Duvernoy’s secretion, which makes ingestion easier.

Despite the remarkable guidance systems that
assure well-coordinated strikes from crotaline snakes
(eyes, facial pits, tactile receptors in the mouth and
jaws), errant and ineffective strikes sometimes occur.
Kardong (1986b) examined high-speed movies of
ineffective bites by rattlesnakes that resulted in excep-
tionally long survival of mice, presumably from poor
venom delivery. In some cases, only one fang pene-
trated the prey. Young and Zahn (2001) also reported
unilateral (single fang) bites in which venom was not
expelled from the fang that failed to penetrate. Thus,
successful fang placement can be crucial to enveno-
mation success. Some snakes are capable of reinserting
fangs that missed during initial contact with prey
(Kardong, 1975), which illustrates the importance of a

Table 2.  Comparisons of total venom expended during a single defensive bite of a model human limb (or comparable target) by various
elapid and viperid snakes.
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Species N (bites) Length (cm) Venom expended (mg) Source
Mean ± SE Range

Elapidae
Naja kaouthiaa 20(20) 105–172 SVL 66 ± 8 0–125 S. Herbert et al., unpublished
Tropidechus carinatusb 6(6) 66–91 4 0–16 Morrison et al., 1983a

Viperidae
Agkistrodon contortrixc 4(4) 58–60 SVL 24 ± 13 3–61 Rehling, 2002
A. piscivorusc 8(8) 50–92 SVL 23 ± 5 8–39 Herbert, 1998

8(8) 52–97 SVL 18 ± 11 0–83 Rehling, 2001
Crotalus atroxd 28(28) 45–140 SVL 21± 5 1–103 Herbert, 1998
C. helleric 11(11) 29–102 SVL 72 ± 25 4–235 Herbert, 1998

7(7) 58–105 SVL 57 ± 19 0–145 Rehling, 2002
C. lutosusc 2(2) 59–71 SVL 33 ± 17 16–50 Herbert, 1998
C. oreganusc 3(3) 46–78 SVL 64 ± 15 41–93 Herbert, 1998
Daboia russeliie 17(17) 50–90 41 ± 8 3–138 Tun-Pe and Khin-Aung-Cho, 1986

31(31) 91–123 63 ± 7 6–147 Tun- Pe and Khin-Aung-Cho, 1986
Protobothrops flavoviridisf 38(38) ~ 100–190 23 0–106 Hokama, 1978
a = posterior of snake grasped by investigator during entire trial; struck at warm saline-filled gloves. b = struck at warm agar-filled gloves;
mean is for first of up to three successive bites, and range is based on 13 bites from six snakes. c = unrestrained snakes in open field arena;
struck at warm saline-filled gloves. d = unrestrained snakes on roads at night or in open field arena at rattlesnake round-up; struck at warm
saline-filled gloves. e =  snakes physically restrained by snake hook; struck at piece of plastic foam (L35 x W75 x H25 mm). f = snake
length and range of venom expended based on 168 bites from 82 individuals; struck at warm 100 ml saline bags.



bilateral bite. In Kardong’s (1986b) study, poor enven-
omation also resulted from bites that were immediate
follow-ups to missed strikes and from strikes that
involved a collision with an obstacle (the side of the
cage). Kardong concluded that flaws in the strike
could disrupt normal jaw kinesis and neural control of
venom delivery.

The timing of venom expulsion during the bite may
influence venom delivery, particularly if prone to
errors. The fact that venom is often spilled (or perhaps
leaked from the wound) harmlessly on the skin of
mice (Morrison et al., 1982, 1983a, b; Hayes et al.,
1992) suggests that venom may be ejected just before
or after fang contact during the bite. If such venom
spillage occurs often and can be perceived by snakes
during a given bite, they may compensate by deliv-
ering more venom during the bite. However, in high-
speed video analyses of strikes by C. atrox, venom
spillage (in ca. 5% of all strikes, including predatory
and defensive) was observed only after withdrawal of
the fang (B. Young, pers. comm.), at which time the
snakes would be unable to compensate by delivering
more venom. Young and Zahn (2001) showed that
venom expulsion from the fang of C. atrox usually
begins simultaneously with fang penetration or within
0.01 sec after penetration, but not prior to penetration.

Last, the reactions of prey to the incoming strike
and during the bite itself may influence the site of fang
penetration as well as the kinematics of fang penetra-
tion and disengagement of fangs from prey (Klauber,
1972; Hayes, 1992a). Unfortunately, we can only
speculate on how such reactions may influence the
success of venom delivery into prey tissues. When
snakes hold on to larger prey, retaliatory bites often
induce release by the snake (Kardong, 1982; 1986a),
which could potentially result in another pulse of
venom injection prior to release but certainly removes
the possibility of further injection after release.

Defensive Bites
Despite considerable interest in issues of human

snakebite and treatment, the amount of venom expend-
ed by snakes has been studied in much less detail for
defensive bites compared to predatory bites.
Nevertheless, speculation has abounded. The purpose
of a defensive bite is to thwart the attack of a predator
or antagonist. The strike itself, with or without the
physical contact of a bite, may elicit a startle response
from the attacker sufficient to end a confrontation.
Thus, it may be wasteful for the snake to expel sub-
stantial venom during attack. Even when venom is used

in defense, the attacker is highly unlikely to become
incapacitated before it can kill the snake (even very
small prey often survive several minutes or more after
being bitten). This reasoning, combined with the well-
documented occurrence of dry bites in human snakebite
victims (e.g., Hardy, 1991; Silveira and Nishioka, 1995;
Rezende et al., 1998), led many researchers to suggest
that snakes expend less venom when biting defensively
compared to predatory bites (e.g., Morrison et al.,
1983b; Kardong, 1986a, b; Minton, 1987; Hardy, 1991;
Hayes, 1991b; but see Klauber, 1972; O’Connell et al.,
1982). Speculation is no substitute for experimentally
collected data, however, so we have turned our
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Fig. 2. The significant relationship between snake size (snout-vent
length) and venom expenditure (mg) for defensive strikes at human
limb models by 16 Crotalus spp., all formerly subspecies of
Crotalus viridis. Data from Herbert (1998).

Fig. 3. Quantities of venom expended (x
_

± SE) during three
successive defensive bites at human limb models by adult
Cottonmouths (Agkistrodon piscivorus; N = 8) and adult
Southern Pacific Rattlesnakes (Crotalus helleri; N = 7). Data from
Rehling (2002).



attention recently to experimental assessment of
venom expenditure during defensive bites. In this
section, we discuss what can be inferred about various
factors that potentially affect venom usage during
defensive bites. In doing so, we also present recent
analyses of our own unpublished data.

Species of snake.—The amounts of venom expended
by various snake species biting models of human
limbs (saline-filled gloves) or comparable objects are
summarized in Table 2. At present, too few elapid
snakes have been studied to make valid comparisons
between elapids and viperids. Whereas the Monacled
Cobra (Naja kaouthia) appears to deliver a substantial
quantity of venom when biting defensively, the small
amount expended by the Australian Rough-scaled
Snake (T. carinatus) reflects on the small supply of
available venom (Broad et al., 1979), as was also
apparent for predatory bites by this species (Table 1).
The large amount expended by N. kaouthia may be
attributed in part to the relatively long duration of its
bites (often > 0.5 sec) compared to crotaline snakes
(usually < 0.5 sec; Table 3). The several species of
Crotalus studied by Herbert (1998) and Rehling (2002)
show similarities to each other, but A. piscivorus
appears to deliver less venom in an initial bite com-
pared to rattlesnakes (Table 2; see comments below
on multiple bites). Compared to other taxa in
Table 2, C. atrox and P. flavoviridis expend some-

what less venom when striking defensively. Whether
the apparent difference is an artifact of dissimilar
testing procedures, or reflects distinctly different
behaviors, is unclear at this time. Herbert (1998)
believed that the C. atrox he tested, most of which
were grouped together in large pens during a rat-
tlesnake round-up, were disinclined to bite in part
because it was their mating season. More studies of
a wider range of taxa will be necessary before firm
generalizations can be made.

How does venom expenditure for defensive strikes
compare to that of predatory bites? Morrison et al.
(1983a) experimentally compared venom expenditure
by T. carinatus during predatory bites of mice and
defensive bites of agar-filled gloves. In the first bite,
the snakes delivered more venom into mice and less
into gloves (means of 7.1 mg and 3.8 mg, respectively).
In the second bite, however, the snakes injected less
venom into mice (1.5 and 3.2 mg, respectively). In the
third bite, equal amounts of venom were delivered
into each target (1.0 mg). Unfortunately, measures of
variance and statistical tests were not provided to
evaluate these otherwise fascinating differences.
Daboia russelii injected substantially more venom in
defensive bites compared to predatory bites (means of
63 mg and 2 mg, respectively; see Tables 1–2). The
enormous discrepancy between these values is difficult
to understand, but the data were obtained in separate
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Species N SVL (cm) Mouse Rat Human Source
Elapidae
Naja kaouthia 18 105–172 — — 1.54 ± 0.38 S. Herbert et al., unpublished

Viperidae
Agkistrodon contortrix 5 adult 0.17 ± 0.04 0.07 ± 0.01 — W. Hayes, unpublished

4 adult — — 0.16 ± 0.06 Rehling, 2002
A. piscivorus 7 adult 0.21 ± 0.05 0.09 ± 0.02 — W. Hayes, unpublished

8 50–92 — — 0.20 ± 0.02 Herbert, 1998
8 52–97 — — 0.12 ± 0.03 Rehling, 2002

Crotalus atroxa 6+ 78–112 0.32 ± 0.11 0.23 ± 0.02 — Young and Zahn, 2001
C. helleri 11 29–102 — — 0.22 ± 0.06 Herbert, 1998

7 58–105 — — 0.23 ± 0.10 Rehling, 2002
C. lutosus 2 59–71 — — 0.12 ± 0.05 Herbert, 1998
C. oreganus 6 adult 0.18 ± 0.03 0.06 ± 0.01 — W. Hayes, unpublished

3 46–78 — — 0.29 ± 0.13 Herbert, 1998
C. viridis 10 76–93 0.16 ± 0.02 0.07 ± 0.01 — Hayes, 1991b
Sistrurus spp. 7 adult 0.19 ± 0.04 0.08 ± 0.01 — W. Hayes, unpublished

Table 3.  Duration of fang contact (mean ± 1 SE sec) during predatory (adult mouse) and defensive bites (adult rat, model of human limb)
by elapid and viperid snakes, as determined from S-VHS videotape review (30 fields/sec).  The brevity of strikes at rats is apparent when
compared to mice and humans.  The sample size (N) applies to each mean in the study.

a = based on six predatory bites at mice and 10 defensive bites at rats by four snakes.



studies rather than within a single experiment. For A.
piscivorus and Crotalus, it appears that these snakes
likewise expend more venom in defensive bites com-
pared to predatory bites (see Tables 1–2). These
greater amounts of venom in defensive bites are deliv-
ered in the same amount of time for fang contact as in
predatory bites (Table 3). More impressive is the
much greater range of venom expended during
defensive bites by these crotaline snakes, with maxi-
mum amounts far exceeding those observed in preda-
tory bites. Young and Zahn (2001), based on measures
of venom flow through a single duct, concluded that
duration of venom flow, maximum venom flow rate,
and total venom volume expelled were all significantly
greater in defensive compared to predatory bites at
mice by C. atrox. Thus, the widely held opinion that
snakes inject more venom in a predatory bite com-
pared to a defensive bite can be summarily dismissed.

Unfortunately, no data have been reported for
venom expenditure during defensive bites by colubrid
or atractaspidid snakes. Based on human envenomation
histories for colubrids  (e.g., McKinstry, 1978; Hayes
and Hayes, 1985; Fritts et al., 1990), however, most
toxic colubrid species may have to bite and then hold
on to the victim for an extended period of time before
an effective dose of venom can be delivered. This is
because the venom apparatus is poorly suited for rapid
delivery of venom into deeper tissues (Hayes et al.,
1993; Kardong and Lavin-Murcio, 1993). However,
there are species for which brief bites are reportedly
sufficient to induce alarming symptoms of envenoma-

tion, including immediate pain (e.g., Seib, 1980).
Hence, in some toxic colubrids, Duvernoy’s secretion
can provide an effective defense. Atractaspidids have
a well-developed venom apparatus, but their typical
mode of biting—a unique, single-fanged, sidewise
bite with the mouth closed (Golani and Kochva, 1988;
Kurnik et al., 1999)—imposes a severe constraint on
how much venom is delivered (only half as much as
could be delivered with a more typical bite).

Size of snake and venom availability.—The relative
size of a snake appears to be the most important factor
that influences venom expenditure during defensive
bites by snakes. Although Tun-Pe and Khin-Aung-
Cho (1986) did not statistically compare venom
expenditure by small and large D. russelii, a compar-
ison of the means and variance (Table 2) is strongly
suggestive of a size-related difference. Herbert (1998)
found a highly significant effect of snake size in his
study of A. piscivorus and C. spp. (primarily C. helleri)
(Spearman’s rho = 0.69, P = 0.003, N = 16; Fig. 2)
striking saline-filled gloves. Using a multifactorial
model, snake size explained considerably more vari-
ance in venom expenditure than did species of snake
or duration of fang contact. The positive correlation
between snake size and severity of envenomation in
human snakebite victims has been confirmed statisti-
cally in several clinical studies (Tun-Pe et al., 1991a;
Thomas et al., 1998; see Kouyoumdjian and Polizelli,
1989, and Jorge et al., 1997, 1999).

Size or species of predator/antagonist.—One
might expect snakes to inject more venom into larger,
more dangerous predators or antagonists compared to
smaller ones. However, while larger animals are gen-
erally less susceptible to the effects of venom, the size
of the attacker may not correspond to the risk of attack
or death of the snake. Thus, rather than a generalized
strategy of injecting more venom into larger attackers,
snakes may have evolved strategies for dealing with
specific predators and antagonists. In the only experi-
ment to address this issue in the context of venom
usage, Young and Zahn (2001) showed that several
measures of venom (mean and maximum flow rate,
total volume) in C. atrox were similar for defensive
bites of small and large targets (mice and rats, respec-
tively). Nevertheless, differences in duration of fang
contact between defensive bites of rats and humans
suggest that predator-specific strategies exist. These
differences will be discussed below in the section on
kinematic influences.

Assessment of threat level.—Many animals appear
to be capable of assessing different levels of threat,
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Fig. 4. Quantities of venom expended (x
_

± SE) during ten successive
defensive strikes at large pieces of meat by four exceptionally large
Cottonmouths (Agkistrodon piscivorus) in the heretofore-unpublished
study of Gennaro et al. (1961). For each mean, N = 4.



and snakes appear to be no exception (Duvall et al.,
1985; Goode and Duvall, 1989; Rowe and Owings,
1990; Whitaker et al., 2000; Gibbons and Dorcas,
2002). With this capacity, it is tempting to speculate
that snakes have evolved a strategy for injecting more
venom when the risk of injury or threat to life is
greater than in other circumstances. For example, a
snake that is being harassed by an attacker at close
proximity might escape serious harm without a bite or
by delivering a brief bite with minimal venom release.
The startle effect from the bite and the immediate
painful sensation (from mechanical damage by the
fangs and action of the venom) could be sufficient to
ward off further attack. By releasing only a small
portion of its venom with the first bite, more can be
delivered if need be in subsequent bites. In contrast, a
snake that is physically grasped by an attacker is faced
with the immediate risk of death, and delivery of a
substantial amount of venom may be an effort of last
resort to terminate the attack (Hardy, 1991; Herbert,
1998). In this latter context, often called an “illegiti-
mate bite” when the enemy is a human (Klauber, 1972),
the risk of having a depleted venom reserve is irrele-
vant because immediate survival is most important.

Unfortunately, we presently lack experimental data
to properly evaluate this hypothesis, but we do have
some interesting findings that may shed light on the
matter. In the study of Herbert (1998), rattlesnakes
(Crotalus spp.) expended similar quantities of venom
when striking model human limbs and during venom
extractions (means of 65 and 70 mg, respectively).
Because the snakes were physically grasped during
extractions, one might expect them to release more
venom during extractions, but such was not the case.
Agkistrodon piscivorus, in contrast, expended much
less venom when striking model limbs compared to
venom extractions (23 and 73 mg, respectively).
Rehling (2002) replicated the results of Herbert
(1998) for rattlesnakes and the Cottonmouth, and
showed further that the snakes expended more venom
when physically contacted by the model limbs. The
Monacled Cobra (N. kaouthia), like the Cottonmouth,
also delivered less venom into model limbs than
during venom extractions (66 and 145 mg, respectively;
Herbert et al., unpublished). Although the two types of
bites are kinematically different (a strike vs a simple
bite while grasped), these data suggest that at least
some species of snakes (e.g., A. piscivorus, N.
kaouthia) are more willing to part with their venom in
a context of higher threat. We intend to explore this
hypothesis in a more rigid experimental design. In

addition to the level of harassment, irritability of a
snake may also influence assessment of threat and
contribute to decisions on venom expenditure. Some
individuals escalate their defensive behaviors more
rapidly than others, which may be dependent not only
on individual temperament but also proximity to
cover, snake size, and body temperature (e.g., Duvall
et al., 1985; Goode and Duvall, 1989; Whitaker and
Shine, 1999; Whitaker et al., 2000).

Multiple bites and depleted venom reserves.—As
mentioned previously for predatory bites, venom
resources may become depleted during sequential
bites. Hokama (1978) found decreasing venom
expended in sequential bites by P. flavoviridis, as well
as a correlation between number of fang marks (1–4
fang marks) and venom expended per bite.
Presumably, the occurrence of more than two fang
marks in their saline-filled bags was the result of
multiple penetrations in a single biting event. Bites
with four fang marks delivered almost four times as
much venom as bites with two fang marks; this may
be due to exceptionally long duration of fang contact
(when summed for all fang penetrations), but these
trials apparently were not videotaped for analyses of
bite kinematics. Tun-Pe and Khin-Aung-Cho (1986)
found that venom expenditure in D. russelii clearly
declined over the course of five bites at plastic foam
targets. In this species, the first bite accounted for 45%
of available venom in adults (107 cm mean SVL) and
53% of available venom in juvenile snakes (87 cm
mean SVL). In the only study of multiple defensive
bites by an elapid, Morrison et al. (1983a) found that
T. carinatus injected similar amounts of venom in the
first two bites of agar-filled gloves, but substantially
less in the third bite. The proportion of venom spilled
harmlessly on the glove surface, however, increased
with each bite, probably as a consequence of snake
fatigue (Morrison et al., 1983b).

More recently, Rehling (2002) found that the
Southern Pacific Rattlesnake (C. helleri) and the
Cottonmouth (A. piscivorus) have venom resources to
deliver at least three potent defensive bites, but the
two species differed in how they allocated their sup-
plies, as shown in Figure 3. When striking model
human limbs, C. helleri injected more in the first two
bites and less in the third bite (respective means of 57,
56, and 29 mg venom; N = 7 for each), whereas A.
piscivorous expended less in the first bite and more in
subsequent bites (respective means of 18, 38, and 45
mg venom; N = 8 for each). The significant interaction
(two-way ANOVA, F2, 24 = 3.67, P = 0.041) suggests
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that these two crotaline snakes use different strategies
for multiple defensive bites. Gennaro et al. (1961) also
show that A. piscivorous can inject less venom in the
first bite compared to the second bite. Four of their
large A. piscivorous were provoked to strike defen-
sively at large pieces of meat (rat-sized) presented by
forceps during harassment by the investigator. The
previously unpublished results of their study are
shown in Figure 4. Although there was much variation
in venom expended, especially among the first three
bites in sequence, there was a significant decline in
venom delivery that became most evident after the
fifth mouse was bitten (one-way repeated-measures
ANOVA, F9, 27 = 3.99, P = 0.002).

Clinical data show considerable variation in
severity of envenomation amongst multiple bite vic-
tims. Russell (1978) described a case of envenomation
of three people by a single C. atrox within 15 sec. The
first patient showed fang marks but no venom injected,
the second suffered substantial envenomation, and the
third mild envenomation.  Apparently, the level of
envenomation was not affected by degree of harass-
ment by the human agitator, as all three patients had
grasped the rattlesnake by hand. Sean Bush (pers.
comm.) at Loma Linda University Medical Center has
a handful of case histories involving multiple bites
from single rattlesnakes that demonstrate unpre-
dictability in the severity of envenomation based on
sequence of the bite.

Though these data reveal a great deal of variance in
defensive venom expenditure by vipers, delivery of
venom in multiple bites is still constrained by limited
venom resources within the glands. Recent expendi-
ture of venom will deplete the venom reservoir, but
because snakes seldom expend all of their venom,
they are generally capable of delivering potent bites
regardless. Tun-Pe et al. (1991a) found no statistical
difference in severity of envenomation among humans
bitten by Russell’s Vipers that had recently eaten (N =
67) vs those having empty stomachs (N = 34). Parrish
and Thompson (1958) reported three cases of moder-
ate to severe envenomation from rattlesnakes whose
venom had been extracted within 24–48 h.
Nevertheless, recently milked rattlesnakes exhibit
reduced envenomation success since mice bitten by
these snakes (in a predatory context) took longer to die
than those struck by control snakes (Kardong, 1986a).
Unfortunately, we do not know the length of time it
takes for snakes to regenerate their venom after routine
expenditure, but it is doubtful that the venom is
replaced within minutes or hours of use. Venom

extraction studies suggest that several days and up to
two weeks may be required when a substantial portion
of the venom is removed from the glands (Kochva,
1960; Schaeffer et al., 1972; Leinz and Janeiro-
Cinquini, 1994). More study is needed on the duration
and energetic cost of venom replacement following
routine usage.

These above findings suggest that snakes (or at
least viperids) have evolved envenomation mecha-
nisms and strategies that allow them to deliver mul-
tiple potent bites without excessive risk of their
venom supply becoming overly depleted. The fact that
A. piscivorous expends less venom in the first strike
and more in subsequent bites (Figs. 3–4) suggests that
venom can also be metered during defensive bites.

Environment and temperature.—Although natural
selection resulting from species-typical or local ecolog-
ical circumstances (e.g., habitat, microclimate, body
temperature, predators, prey availability) may influ-
ence how much venom is injected, we suspect that this
variance is usually small relative to snake body size
and other variables described here. Herbert (1998), for
example, showed that despite the widely divergent
habitats and climates occupied by A. piscivorus and
Crotalus spp., venom expenditure by these two genera
in a single defensive bite at a glove was statistically
similar in an ANCOVA model that treated snake size
as a covariate (but see Rehling, 2002). Furthermore,
although extreme temperatures were not considered,
A. piscivorus and Crotalus spp. yielded similar quan-
tities of venom during routine extractions at 18°C and
28°C (Herbert, 1998). Rowe and Owings (1990)
found no differences in the duration of fang contact
during defensive bites by C. oreganus at temperatures
of 10–35°C. Whitaker et al. (2000) reported that
temperature (over the range of 18–36°C) had little
effect on duration, distance, speed, and accuracy of
defensive strikes by the elapid Pseudonaja textilis. As
discussed below, duration of fang contact has a signif-
icant influence on the amount of venom injected
during defensive bites. Further evaluation of environ-
mental variables may yield important new insights.

Dry bites.—In contrast to predatory bites by
viperid snakes, for which dry bites are seldom docu-
mented (e.g., none in 768 mice bitten by C. oreganus
in Kardong, 1986a), dry bites are frequently observed
in defensive bites delivered to humans. Estimates of
the frequency of human dry bites vary from 20%
(Russell, 1980b) to 25% (Minton, 1987) for rat-
tlesnakes and in excess of 50% for venomous snakes
worldwide (Reid and Theakston, 1983; Russell et al.,
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1997). Perhaps because of their generally shorter
fangs, elapid snakes are believed to deliver dry bites
with greater frequency than viperid snakes (e.g.,
Russell et al., 1997; Warrell, 1996). Likewise, toxic
colubrids have a high incidence of dry bites, estimated
at 80–90% in the Boomslang (Dispholidus typus) and
> 99% in gartersnakes (genus Thamnophis; Minton,
1990). Unfortunately, none of these estimates appear
to have been based on empirical data.

Recent clinical studies provide interesting data on
dry bites for viperid, elapid, and even colubrid snakes.
For viperids, Hardy (1991) indicated that 7% of 159
rattlesnake bites (from various species) admitted to
Tucson, Arizona, hospitals were apparently dry.
Silveira and Nishioka (1995) determined that 30.3%
of 33 Bothrops bites and 42.9% of seven C. durissus
bites in Brazil were dry. Jorge et al. (1997) stated that
8% of 97 C. durissus bites in Brazil were dry, with
11% for 18 snakes ≤ 40 cm and 8% for 79 snakes > 40
cm. Rezende et al. (1998) found that 12% of 41 C.
durissus bites in Brazil were dry. Stahel et al. (1985)
determined that 12% of 113 adder bites (Vipera berus
and V. aspis) in Switzerland lacked symptoms of
envenomation. For elapids, Tibballs (1992) stated that
53% of 19 conclusive bites and 81% of 46 confirmed
or suspected bites by Australian species were dry.
Tibballs (1992) cites three additional studies that
report 80–83% of confirmed or suspected bites by
Australian elapids to be dry. For colubrids, 37% of 43
bites by Philodryas olfersii showed no evidence of
envenomation (Ribeiro et al., 1999). The empirical
approach of these investigators is to be applauded,
though there may be a bias in victims consenting to
treatment (hence asymptomatic bites may go unre-
ported), and the interpretation of a dry bite is based on
clinical criteria (e.g., no local swelling) without actual
measurement of venom.  

Measurements of venom injected into models of
human limbs suggest that approximately 10–20% of
the bites by rattlesnakes and cottonmouths are dry
(Herbert, 1998; Rehling, 2002). We recognize that our
experimental conditions are much more restrictive
than those occurring under natural conditions in the
field, where most human snakebites are incurred, but
our data are consistent with clinical studies.

We suggest two major hypotheses for the occur-
rence of dry defensive bites (after Hayes, 1991b). Dry
bites may result from a deliberate decision by the
snake to withhold venom (the venom metering
hypothesis), or they may result from kinematic con-
straints during striking and/or biting (the kinematic

constraints hypothesis). Recent evidence supports the
venom metering hypothesis. Young and Zahn (2001)
documented “dry” bites by C. atrox in which kinemat-
ically normal bites resulted in no venom flow through
the one duct containing a flow probe. They concluded
that the lack of venom expulsion resulted from control
of venom injection. However, it is difficult to establish
that all dry bites result from a deliberate decision on
the part of the snake to withhold its venom. Two kine-
matic constraints have been proposed to explain dry
bites. Kardong (1986b) suggested that when snakes
strike a large object, particularly a vertical one (such
as an upright human leg), the different positioning of
jaw and fangs relative to predatory bites may disrupt
venom delivery. Hayes (1991b) suggested that very
brief bites, which may occur more often for defensive
bites (directed toward rats, at least) than predatory
bites, may also constrain venom flow through the
fangs, especially if the timing of venom expulsion is
prone to errors. The fairly strong correlation between
duration of fang contact and amount of venom
expended during defensive bites, as discussed below,
supports the latter suggestion by Hayes.

Kinematics of biting.—The duration of fang contact
may be the most important kinematic variable to
explain the quantity of venom expended during defen-
sive bites. Rowe and Owings (1990) first proposed the
relationship when they noted that larger specimens of
C.  oreganus tend to maintain longer fang contact than
smaller snakes during defensive strikes at squirrel
puppets. Recent data from Herbert (1998) and Rehling
(2002) show a significant relationship between dura-
tion of fang contact and amount of venom injected by
C. helleri into human limb models. This finding is in
contrast to what we have seen in predatory bites,
wherein no such relationship has been observed
(Hayes, 1992a).  

The duration of fang contact during a strike, how-
ever, may vary between defensive targets, as shown in
Table 3. Whereas snakes hold on to mice and human
limb models for a similar duration of time (averaging
roughly 0.20 sec), most crotaline snakes examined
treat adult rats very differently, consistently holding
on for a much briefer period of time (averaging 0.07
sec in species we have examined, but somewhat
longer in C. atrox tested by Young and Zahn, 2001).
The difference between predatory strikes at mice and
defensive strikes at rats is apparent from representa-
tives of all three North American genera of crotaline
snakes (Agkistrodon, Crotalus, and Sistrurus; Table 3).
Although we are uncertain as to what may be occur-
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ring, we are confident that the strikes elicited from the
snakes by adult rats were not predatory bites, as
judged by criteria set forth in Hayes and Duvall
(1991). (We should add that while larger snakes clearly
will strike rats for predatory purposes, few if any of
the snakes we tested were of sufficient size to con-
sume an adult rat.) We suspect that the brief strikes at
rats may represent a generalized defensive strategy
against squirrel-sized antagonists. Because squirrels
are capable of inflicting serious or fatal wounds to rat-
tlesnakes (Rowe and Owings, 1990), the snakes may
attempt to minimize the risk of retaliatory injury by
reducing the amount of time when they are vulnera-
ble––when their necks are extended and their fangs
engaged (Hayes, 1991b). Our experiments with
saline-filled gloves suggest that humans are treated
differently than rats and may on average receive
greater levels of envenomation due to the longer
duration of fang contact.

Although crotaline snakes, when defensive, typi-
cally exhibit the same strike-and-release strategy they
use when feeding on larger prey, elapid snakes are
more prone to hold on after biting or to bite for a
longer duration of time (e.g., Pearn et al., 2000;
Table 3). During videotaped venom extractions, the
Monacled Cobras (N. kaouthia) studied by Herbert et
al. (unpublished; Tables 2–3) delivered multiple pulses
of venom from each fang that were associated with
obvious “chewing” motions by the jaws. Similar
chewing actions were seen during defensive bites of
model human limbs. Thus, we infer that by holding on
for a longer period of time, and especially by chewing,
elapids effectively deliver much more venom than
could be accomplished during a brief defensive bite
involving immediate release of the victim. Crotaline
snakes are also capable of delivering multiple pulses
of venom, as commonly observed during routine
venom extraction. However, the videotape analyses of
Herbert (1998) suggest that fang contact during defen-
sive bites by rattlesnakes and cottonmouths normally
allows for only a single pulse of venom from each
fang, though multiple pulses are sometimes observed
(Young and Zahn, 2001). Although rarely exhibited,
viperid snakes are capable of holding on during a
defensive bite (Klauber, 1972). Sean Bush (pers.
comm.) has treated or consulted on more than 100
snakebite cases from southern California, and the two
worst cases resulted from adult C. helleri that actually
bit and held on to the victims until pried loose.

There are additional kinematic factors that may
influence venom expenditure. In rattlesnakes, the gape

of the jaw upon fang contact is inversely proportional
to the pressure exerted on the venom glands (Mitchell,
1860). Thus, more venom may be expelled when
snakes bite smaller objects (Mitchell, 1860; Kardong,
1986b), but clinical data on snakebite severity do not
support this view (Moss et al., 1997; Hayes et al.,
unpublished). For rattlesnakes and presumably other
viperids, the fangs must be erected approximately 60
degrees relative to the roof of the mouth before venom
begins to flow freely (Young et al., 2001). Once the
fangs are erect, pressure gradients within the venom
duct, venom chamber (space between duct and fang
surrounded by the sheath), and fang may on occasion
direct venom between the chamber and fang rather
than through the fang (Young et al., 2001), thereby
reducing venom delivery into the target. Venom may
also flow through a replacement fang in addition to the
main fang (i.e., venom flows through three or more
fangs), but the total venom delivered should be the
same or possibly less (Herbert, 1998; Young et al.,
2001). Fangs also may be broken off during a bite,
particularly when the target animal physically reacts
to the bite, and this could impair envenomation success.
Thus, depth and trajectories of fang penetration, as
well as accompanying shearing forces on the fangs,
may influence the success of venom delivery, particu-
larly into deeper tissues (Ruben and Geddes, 1983).
The timing of venom expulsion may also be subject to
errors. When filming strikes by C. atrox in the labora-
tory, Bruce Young (pers. comm.) observed venom
leakage from the fangs during fang withdrawal from
the target in a small percentage of bites (5%, including
both predatory and defensive bites; see Young and
Zahn, 2001). Usually the leakage was seen from the
fang tip. Curiously, when only one fang penetrated
during a bite, venom did not flow from the free fang
(N = 5, Young and Zahn, 2001). We anticipate that the
functional relationship between venom expenditure
and these and other kinematic variables will receive
additional attention, particularly in the laboratory of
Bruce Young.

Spitting of venom.—Spitting cobras comprise a
diverse group of elapids having the unique capability
of spraying their venom through the air for defensive
purposes. They have a remarkable ability to aim their
venom at the eyes of a predator or antagonist. If suc-
cessfully sprayed in the eyes, the venom exerts toxic
effects, including an immediate burning sensation and
potential blindness (Greene, 1997). The lumen of
fangs from most species (and a few non-spitting
cobras) is uniquely channeled to facilitate venom
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expulsion (Greene, 1997). Several investigators have
noted the ability of these snakes to spit over 50 times
in an interval of several minutes without exhausting
their supply of venom (Rasmussen et al., 1995;
Greene, 1997). Cascardi et al. (1999) determined that
adult Red Spitting Cobras (Naja pallida) (147–182 cm
SVL) consistently expelled approximately 1.7% of
their venom supply with each spit induced by move-
ments of the investigators. There was no significant
difference in quantity between the first few spits (x

_
=

3.9 mg, range = 1.9–6.3 mg) and the 20th spit (x
_

= 4.0
mg, range = 2.1–5.9 mg), but there was a significant
decline in venom expulsion between the 20th and 40th

spits (x
_

= 1.8 mg, range = 0.9–3.6 mg). Curiously, in
every specimen (N = 6) the first few spits were
chemically unique from all subsequent spits in having
a distinct protein never observed beyond the seventh
spit. Freyvogel and Honegger (1965) obtained similar
results for venom expenditure by Black-necked
Spitting Cobras (N. nigricollis), which expelled an
average of 3.7 mg with each spit induced by electrical
stimulation. This average amount represented 3.3% of
the total venom yielded by electrostimulation milking.  

We assume these species, like other cobras (e.g.,
N. kaouthia; Herbert et al., unpublished; Table 2), are
also capable of delivering large quantities of venom
when biting defensively. If so, then spitting cobras
appear to have a more sophisticated delivery system
than other snakes that allows them to expel not only
large quantities of venom when biting, but also to
repeatedly eject small fractions of venom via spitting.
The functional control of venom gland compression is
probably distinct for biting and spitting. It would be
interesting to learn of interspecific variation in spitting
strategies or of variation dependent on size or species
of target. If the snakes meter their venom when spit-
ting, they most likely do so by the number of spits
delivered rather than by the quantity per spit.

Nuchal gland secretions.—Some natricine (colu-
brid) snakes in Asia possess toxic secretions that are
stored in a series of paired glands embedded under the
skin of the neck region (Mori et al., 1996). The glands
have no duct, but the skin covering the glands is rela-
tively thin and easily broken under pressure to release
the secretion (Mori et al., 1996). Studies of
Rhabdophis tigrinus suggest that certain characteristic
behaviors, such as neck-flattening, neck-arching, and
dorsal-facing posture (directing the dorsal neck
toward the threatening stimulus), serve a predator
deterrent function of the glands (Mori et al., 1996;
Mori and Burghardt, 2000). Deployment of this

venom appears to be passive, such as by the pressure
exerted during a bite by a predator. Despite the high-
ly toxic substances secreted by this snake’s
Duvernoy’s glands (Minton, 1990), the snake
appears to rely more on nuchal gland secretions
rather than its teeth and oral secretions for defense
(Mori et al., 1996).

CONCLUSIONS AND FUTURE DIRECTIONS
Snakes are remarkably designed to deploy their

venom effectively, and appear capable of metering
their venom based on decisions made in advance of
the strike. Because venom is a limited commodity and
serves a vital function for acquiring food and facili-
tating defense, the optimal amount of venom to use
should be acted upon by natural selection. Selection
on venom composition and deployment strategies,
however, may be subject to the multiple needs that
venom serves to immobilize and kill prey, to facilitate
chemosensory relocation of released prey, to enhance
prey digestion, and to defend against attack by poten-
tial predators and antagonists. Recognition of the
multiple roles of venom is essential before we begin
to make predictions or conclusions about optimal
venom expenditure. For example, while the amount of
venom delivered by C. viridis into mice appears to
represent “overkill” (i.e., more than necessary to kill
effectively; Hayes et al., 1992; Hayes, 1992a; Chiszar
et al., 1999; S. Herbert and W. Hayes, unpublished), the
additional volume delivered may be important to facil-
itate digestion or relocation of the prey.

Snakes are not unique in their ability to meter
venom, as numerous invertebrates have independently
evolved mechanisms for metering and conserving
their venom supplies. It is tempting to suggest that,
because snakes often use a rapid strike followed by
immediate release, they are the only organisms with
the ability to make metering decisions prior to attack
and without feedback from the envenomated animal.
However, nature has an amazing knack for reinvent-
ing the wheel, so to speak, and similar strategies may
one day be documented in other venomous animals.
Because snakes are so prominent among venomous
animals and so fascinating to those who study them,
investigators need to resist the temptation of an over-
ly narrow ophidian focus if we are to better understand
the functional roles of venoms and the adaptive value
of venom allocation strategies.

Of the many factors that influence venom delivery,
the relative size of the snake, and its corresponding
supply of venom, appears to be the most important
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determinant of how much venom is used by an indi-
vidual when biting. This appears to be true regardless
of whether the strike is made within a predatory or
defensive context. Because viperids generally have
stouter bodies and larger heads than elapids, for a
given size they are often capable of delivering more
venom in a bite. There are exceptions, however,
including the stout-bodied Australian elapid A.
antarcticus, which can deliver substantial amounts of
venom when biting. Colubrid snakes, in contrast, have
a poorly developed apparatus for delivery of venom.
Thus, when compared to elapids and viperids of similar
size, most (but perhaps not all) toxic colubrids deliver
substantially less venom, though they may compen-
sate—as many elapids are also inclined to do—by
maintaining a hold on the victim subsequent to biting.
There is a widespread view among the general public
(in the United States) that smaller snakes are more dan-
gerous than larger ones because the smaller snakes
have poor control over the venom. However, substan-
tial data are now available to entirely debunk this
myth. Young rattlesnakes typically produce more toxic
venom than adults, but the supply of available venom
is considerably less (e.g., Mackessy, 1985, 1988;
Kardong, 1986a; Chippaux et al., 1991) and they inject
much less venom during both predatory (Hayes, 1995)
and defensive bites (Herbert, 1998; Rehling, 2002).
The study of Hayes (1995) suggests that young snakes
can indeed control venom release.

There are notable differences in venom expenditure
between the two primary contexts of striking. For
predatory bites, studies of rattlesnakes suggest there is
relative consistency in the amount of venom expended
(e.g., Hayes, 1992a). Although errant and ineffective
bites occur, dry predatory bites are quite rare (e.g.,
Kardong, 1986a, b; Hayes, 1992a; but see Rehling,
2002, who reported a number of dry predatory bites by
cottonmouths striking models of mice). In contrast, the
amount of venom expended by rattlesnakes during
defensive bites at model human limbs is highly vari-
able, and dry bites occur with much greater frequency
(Herbert, 1998; Rehling, 2002). Further, the maximum
amounts of venom injected far exceed those reported
previously for predatory bites. Obviously, it is time to
dispel the supposition that snakes usually expend less
venom in a defensive strike than in a predatory bite.
Rattlesnakes appear capable of delivering these higher
quantities of venom during approximately the same
duration of fang contact as for predatory strikes at mice
(averaging 0.20 sec; Table 3). This latter fact suggests
that snakes can control or meter their venom when bit-

ing defensively. More compelling, however, are the
data of Gennaro et al. (1961) and Rehling (2002), in
which A. piscivorus delivers less venom in the first of
several bites in succession and more in subsequent
bites (Figs. 3–4). This pattern of venom appropriation is
different from that seen in rattlesnakes (Rehling,
2002). Dry bites by rattlesnakes may also result from
bites kinematically similar to envenomating bites,
which suggest control of venom delivery (Young and
Zahn, 2001). Thus, there is sufficient evidence to con-
clude that at least some venomous snakes are capable
of metering their venom during both predatory and
defensive strikes. Some snakes, particularly the
viperids, are capable of delivering multiple potent bites
and, therefore, are seldom at risk of having dangerously
depleted venom reserves. Any venomous snake should
be treated as dangerous regardless of its prior feeding
or biting history. Nevertheless, we urgently need an
improved understanding of how routine venom use
relates to the time and energy investment necessary for
venom replenishment.

There are a number of kinematic factors that can
influence envenomation success, and more work is
needed to fully tease these apart. The duration of fang
contact, however, is clearly an important determinant of
envenomation success for defensive bites. Surprisingly,
data suggest that duration of fang contact does not
influence the amount of venom delivered during a
predatory strike (unless the snake simply holds on to
the prey after venom injection). Duration of fang contact
may play into decisions made by snakes when dealing
with potential predators and enemies, and represents
another option for venom metering. When striking is
deemed necessary in a defensive context, there may be
trade-offs between reducing vulnerability to counter-
attack (by minimizing duration of fang contact) and the
need to inject a large dose of venom (by increasing fang
contact time). The best decision may well depend on
the snake’s assessment of the severity of threat.
Accordingly, the correlation between fang contact and
venom expended may be an important consideration for
concerns about human snakebite. For example, snakes
that are trod upon or picked up by a human may perceive
a greater threat and therefore inject more venom.
Moreover, any article of clothing that might interfere
with biting (but still allow the fangs to penetrate) could
reduce the time in which fangs are embedded in the
victim and, therefore, reduce the severity of envenoma-
tion. We are presently testing these hypotheses, as the
results should be of interest to those who venture
regularly into the habitats of snakes.
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The capacity to meter venom is likely best devel-
oped among snakes that have evolved the strike-
release strategy typically used by viperids. Through
rapid delivery of venom and a quick retreat, these
snakes can deploy their toxins with much reduced risk
of retaliatory injury. Decisions on how much venom to
deliver are best made in advance of the strike, and
selection can act to optimize the amount of venom
expended depending on the context and target. The
evidence presented in this paper suggests that some
snakes have evolved the capacity to meter their venom
in this manner. For snakes that retain the presumed
ancestral strike-hold strategy of envenomation (many
elapids and colubrids), the venom can still be metered
on an as-needed basis. When feeding, the snake can
deliver additional pulses of venom until the prey ceases
its struggles, and selection can act to optimize this
amount. Metering for these snakes is largely dependent
on the prey’s reaction and renders the snake vulnerable
to prey retaliation. More study is needed to confirm
whether snakes that exhibit strike-hold strategies do
indeed meter their venom, as suggested by data on
time to prey death (Kardong, 1982).

With regard to defensive bites, many of our conclu-
sions are drawn from measurements of venom injected
into human limb models. We have some concerns
about the validity of these model limbs, especially
since venom is delivered into a fairly viscous medium
(saline). When snakes inject venom into animal tissues,
peripheral resistance to venom flow may provide
some kind of feedback to which the snakes respond, or
it may constrain how much venom can be delivered.
We have recently compared the resistance to venom
flow in various artificial media (air, water, several
densities of agar) and in animal tissues (supermarket
meats). We will use these data to evaluate the influ-
ence of flow resistance to venom delivery by snakes.
The use of models, of course, is essential to better
understand the factors that influence severity of
envenomation in human snakebites, but the models,
ideally, should be representative of real bite condi-
tions. Fortunately, some of our conclusions derived
from experiments are supported by clinical data.
Nevertheless, additional prospective or retrospective
studies of snakebite cases would be useful in validating
more of our experimental findings.
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