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Pathogen transmission as a selective force against cannibalism
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Abstract. Cannibalism is uncommon in most species despite being taxonomically widespread. This
rarity is surprising, because cannibalism can confer important nutritional and competitive advantages to
the cannibal. A general, but untested, explanation for why cannibalism is rare is that cannibals may be
especially likely to acquire pathogens from conspecifics, owing to greater genetic similarity among
conspecifics and selection for host specificity and resistance to host immune defences among pathogens.
We tested this hypothesis by contrasting the fitness consequences of intra- versus interspecific predation
of diseased and non-diseased prey. We fed cannibalistic tiger salamander (Ambystoma tigrinum) larvae
diseased conspecifics, healthy conspecifics, diseased heterospecifics (a sympatric congener, small-
mouthed salamanders, A. texanum), or healthy heterospecifics. Cannibals that ate diseased conspecifics
were significantly less likely to survive to metamorphosis and grew significantly less than those that
ate diseased heterospecifics, but none of the other groups differed. Tiger salamander larvae also
preferentially preyed on heterospecifics when given a choice between healthy conspecifics and
heterospecifics. These results suggest that pathogen transmission is an important cost of cannibalism

and provide a general explanation for why cannibalism is infrequent in most species.

Cannibalism, the ingestion of all or part of
a conspecific, is taxonomically widespread
(reviewed in Elgar & Crespi 1992) but uncommon
in most species (Dawkins 1976). This rarity is
perplexing, because cannibals can accrue import-
ant fitness benefits over and above those associ-
ated with obtaining a meal. For instance,
cannibals may obtain a better balance of nutri-
ents, necessary for growth and body maintenance,
than individuals that prey on heterospecifics
(Meffe & Crump 1987; Crump 1990). Cannibals
can also accrue the competitive advantage of
killing a close competitor.

The rarity of cannibalism suggests that it carries
important fitness costs (Elgar & Crespi 1992).
Two that are mentioned frequently are (1) that
cannibalism may increase the cannibal’s risk of
injury, because cannibals and their prey may be
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evenly matched in fighting ability (Dawkins 1976;
Sherman 1981) and (2) that cannibals may
diminish the indirect component of their inclusive
fitness by killing relatives (Hamilton 1964). How-
ever, both costs may be less important than is
generally assumed. Many cannibals do not risk
injury by preying on conspecifics, but instead
attack smaller, defenceless individuals (Elgar &
Crespi 1992). Moreover, the indirect inclusive
fitness costs of killing a relative are often not
incurred, because many cannibals preferentially
avoid eating kin (reviewed in Pfennig 1997; for
exceptions see Walls & Blaustein 1995 and refer-
ences therein). Thus, we sought other possible
costs of cannibalism that might explain why this
behaviour is uncommon in nature.

A potentially important cost of cannibalism is
that this behaviour may heighten the probability
of acquiring deleterious parasites or pathogens
above that experienced by non-cannibalistic
predators. There are numerous accounts of patho-
gens being transmitted via cannibalism (Polis
1981; Klitzman et al. 1984; Schaub et al. 1989;
Pfennig et al. 1991a), indicating that cannibalism
is an effective means of pathogen transmission.
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Moreover, although pathogens can be transmitted
via interspecific predation (Lozano 1991), indi-
viduals may be more likely to acquire pathogens
from conspecifics than from heterospecifics
(Freeland 1983), owing to greater genetic simi-
larity among conspecifics and selection for host
specificity, and resistance to host immune defences
among pathogens (Burdon & Jarosz 1988). Thus,
pathogen transmission may be a general and
important cost that explains the rarity of
cannibalism.

We addressed this issue by experimentally
contrasting the fitness consequences of intra-
versus interspecific predation of diseased and non-
diseased prey using facultatively cannibalistic
salamander larvae and naturally occurring
pathogens. We also examined whether normally
cannibalistic salamanders preferentially prey on
heterospecifics, when given a choice between a
healthy conspecific and a healthy heterospecific.

METHODS

Study System and Experimental Subjects

We investigated disease transmission and
cannibalism in natural populations of eastern
tiger salamanders, Ambystoma t. tigrinum. The
larvae of this species often exhibit one of two
alternative feeding phenotypes: a ‘typical’ morph
that feeds mostly on invertebrate prey and a
larger, physically distinctive ‘cannibal’ morph
that has specialized oral structures to facilitate
ingestion of conspecifics (Lannoo & Bachmann
1984; Pedersen 1991; Reilly et al. 1992). Cannibals
are induced facultatively by high densities of
conspecifics (Collins & Cheek 1983).

A link between cannibalism and disease was
first suggested in tiger salamanders by the signifi-
cant, inverse correlation between the frequency of
cannibal morphs and bacterial density in natural
ponds (Pfennig et al. 1991a). In populations where
cannibals occur at low frequencies, late summer
bacterial blooms correlate with massive die-offs of
salamanders (Worthylake & Hovingh 1989). The
deaths are apparently caused by Clostridium
bacteria (Pfennig et al. 1991a). During epidemics,
most salamanders in any given pond die, but
cannibal morph larvae are disproportionately
represented among the dead (Pfennig et al. 1991a).
Pathogenic bacteria may lethally bioaccumulate
in tissues of cannibalistic larvae that feed on
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sublethally infected conspecifics, thereby selecting
against cannibalism. In support of this, can-
nibalistic larvae in a laboratory setting that were
fed a single diseased conspecific were more likely
to die from disease than were non-cannibalistic
typical-morph larvae that were simply exposed to
(but did not eat) a diseased animal, or cannibals
that consumed only a single healthy conspecific
(Pfennig et al. 1991a). Thus, ingestion of a dis-
eased animal, rather than being in the same tank
with it, is the more effective mode of disease
transmission in this system.

We collected eggs of tiger salamanders, A.
tigrinum, and small-mouthed salamanders,
A. texanum, from two ponds in Illinois and A.
tigrinum eggs from one pond in Nebraska, U.S.A.
These two species co-occur in the central U.S.A.
(Conant & Collins 1975), implying that they
experience similar selective environments (how-
ever, only A. tigrinum produce cannibal morphs).
The Nebraska animals, which were from a
location where the two species do not co-occur,
were used only to crowd the older, larger Illinois
larvae and cause the Illinois larvae to become
cannibals for use in the experiments below. Thus,
the Nebraska larvae were not used in either of
the experiments described below. We separated
embryos according to species. After the eggs
hatched, we randomly chose groups of 16 larvae
of each species and placed them into separate
aquaria (38 litres) with 23 litres of dechlorinated
tap water from a common source. Larvae were
reared under identical conditions. During rearing,
animals were fed ad libitum live brine shrimp
(Artemia) daily. At 7 weeks after hatching, we
scored A. tigrinum larvae as being typical or can-
nibal morphs using criteria in Pedersen (1991). We
then separated these cannibals from their tank-
mates and placed them individually in separate
aquaria (38 litres) with 23 litres of dechlorinated
tap water from a common source.

Experiment 1: Fitness Consequences of Intra-
Versus Interspecific Predation of Diseased and
Non-diseased Prey

We randomly assigned 48 7-week-old cannibal-
morph A. tigrinum larvae to one of four treatment
groups (12 cannibals per treatment group), which
differed in the type of prey the cannibal received:
(1) diseased conspecifics, (2) healthy conspecifics,
(3) diseased heterospecifics (A. texanum), or (4)
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healthy heterospecifics. Cannibals were initially
similar to each other in snout-vent length (X + sp
initial snout-vent length=39.14 £+ 3.98 mm; there
were no significant differences across treatments;
ANOVA: F; 4,=0.19, Ns). Throughout the exper-
iment, each cannibal was fed daily the hatch from
0.015 g of brine shrimp. To create the prey that
would be fed to the experimental cannibals, we
randomly assigned smaller typical-morph larvae
of each species (differing from each other in
snout-vent length by no more than 5%) to one of
two groups: ‘diseased’ prey and ‘healthy’ prey.

To create diseased prey, we used naturally
occurring pathogens present on some of the A.
tigrinum larvae. Many animals collected from the
field appear to carry bacteria that subsequently
causes disease outbreaks in the laboratory similar
to those observed in nature. When dissected, these
diseased animals exhibit bacterial lesions identical
to those present in wild-caught diseased animals.
In an earlier study, Pfennig et al. (1991a) isolated
numerous colonies of the pathogenic bacterium
Clostridium from these lesions. We created dis-
eased prey by individually placing larvae of both
species in perforated 2-litre bottles and position-
ing these inside aquaria that had formerly con-
tained 15 diseased A. tigrinum larvae in 23 litres of
water. We exposed diseased prey to this disease-
containing water for 2 h (larvae exposed longer
invariably died of disease). We did not expose
healthy prey to disease-containing water but
treated them the same otherwise. We fed each
focal cannibal 4-10 prey animals over the 7-week
experimental interval. There was, however, no
significant effect of the number of animals con-
sumed on final growth rate (Pearson correlation
for cannibals fed diseased prey: r= — 0.15, N=24,
Ns; Pearson correlation for cannibals fed healthy
prey: r=0.18, N=24, Ns).

As response variables, we measured survival
and growth rate of experimental animals over
7 weeks, by which time the focal cannibals were
beginning to metamorphose. Aquaria were coded
by number, and, without knowledge of which
treatment group was in an aquarium, one of us
observed each focal cannibal daily and measured
its snout-vent length once a week using hand-
held digital calipers. Growth rate was used as a
response variable because (1) it is a continuous
measure and (2) an important fitness consequence
of disease is that infected individuals often experi-
ence diminished growth compared with uninfected
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individuals (Burnet & White 1972). Growth rate is
particularly critical for larval amphibians, as size
at metamorphosis correlates significantly with
several components of fitness; for example adult
survival (Pfennig et al. 1991b) and age at first
reproduction (Semlitsch et al. 1988).

Experiment 2: Cannibal Preferences for Healthy
Conspecific Versus Healthy Heterospecific Prey

We sought to determine whether well-fed tiger
salamander larvae would engage in risk-aversive
behaviour by preferentially preying on hetero-
specifics, when given a choice between healthy
conspecific prey and healthy heterospecific prey.

We tested the discrimination abilities of larvae
7-9 weeks after they had hatched. To start an
experiment, we put 23 litres of dechlorinated tap
water into a 38-litre aquarium and introduced
one ‘test’ animal (a cannibal morph) and two
‘stimulus’ animals (both typical-morph larvae)
that were matched for size. One stimulus animal
was a heterospecific (A. texanum) and the other
was a conspecific. Stimulus larvae were always
smaller than the test animal (about half the snout—
vent length) and all three animals were from the
same natal pond. Stimulus animals had been
reared apart from test animals since they were less
than 2 weeks old, so they had not been exposed to
each other for 5-7 weeks. An observer watched
each aquarium continuously after the animals
were introduced and noted when predation had
occurred (i.e. when a tank-mate was consumed)
and the species identity of the surviving stimulus
animal. Non-lethal attacks were also recorded.
Test and stimulus animals were used only once.

To determine whether any differences reflected
actual preferences by cannibals, and not differ-
ences between prey species in behaviour, we per-
formed the following three experiments. First, we
examined whether heterospecifics were easier for
cannibals to catch by subjecting similarly sized
typical-morph larvae of each species to a simu-
lated attack. An observer touched the distal
portion of the tail of each type of larva and
assigned each animal to an ordinal score depend-
ing on its response to being tapped. In particular,
we categorized the salamander’s response as no
response (score=0), short slow swim (score=1),
long slow swim (score=2), short fast swim
(score=3), long fast swim (score=4), or moved
before being touched (score=5). Second, we
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Table I. Two-way ANOVA showing effects of prey species identity (conspecifics versus
heterospecifics) and disease state (healthy versus diseased) on cannibal growth rate

Source of variance df MS F P
Prey species identity 1 1.129 0.381 0.540
Prey disease state 1 16.685 5.636 0.022
Prey species identity X prey disease state 1 15.985 5.399 0.025
Residual 44 2.960

examined whether heterospecifics were more
‘apparent’ to cannibals by noting the proportion
of time each species spent swimming in the pres-
ence of a cannibal enclosed in a clear, perforated
bottle. Third, we examined whether hetero-
specifics were more likely to approach a cannibal
by recording the proportion of time each species
spent swimming within 5cm of a cannibal
enclosed in a clear, perforated bottle.

We minimized the numbers of animals used in
our study in light of the Association for the Study
of Animal Behaviour’s (1997) guidelines and
Elwood’s (1991, page 847) recommendation that,
‘It should be a general aim in studies on aggres-
sion and predation to use experimental designs
that keep numbers of animals to a minimum.’ For
Experiment 2, a total of 11 larvae were subjected
to predation.

RESULTS

Experiment 1: Fitness Consequences of Intra-
Versus Interspecific Predation of Diseased and
Non-diseased Prey

Cannibals that ate diseased conspecifics were
significantly less likely to survive to metamor-
phosis than were cannibals that ate diseased
heterospecifics. Five of 12 cannibals (42%) that ate
diseased conspecifics died before metamorphosis;
none of the 12 cannibals that ate diseased hetero-
specifics died over the same interval (chi-square
test: x3=6.32, P<0.02). Prey disease state also had
a significant effect on cannibal growth rate (Table
I). Cannibals that ate diseased conspecifics grew
significantly less than those that ate diseased het-
erospecifics, but none of the other groups differed
(Fig. 1; Fisher’s protected least significant differ-
ence multiple comparisons test: P<0.05).

That ‘diseased’ heterospecifics in our exper-
iment were actually infected is supported by two

lines of evidence. First, diseased heterospecific
prey that were kept in isolation, and not fed to
cannibals, later exhibited symptoms of disease and
died (healthy heterospecific prey did not). Second,
by day 35, cannibals that had eaten diseased
heterospecifics had grown 10% less than those that
had consumed healthy heterospecifics. These dif-
ferences had disappeared by metamorphosis
(which started at day 49), presumably because
infection obtained from heterospecifics was not
severe, and the cannibals had recovered by
metamorphosis.

Il Healthy
[ ] Diseased

Change in cannibal's snout—vent length (mm)

Conspecific

Heterospecific

Prey

Figure 1. Effect of prey type on growth rate (X sD
snout-vent length) of cannibalistic salamanders.
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Figure 2. Results of prey choice experiments in which 11
focal cannibal morph A. tigrinum larvae were each given
a choice of preying on a conspecific or a heterospecific
larva (A. texanum).

Experiment 2: Cannibal Preferences for Healthy
Conspecific Versus Healthy Heterospecific Prey

Cannibals were significantly more likely to
attack (chi-square test: y2=7.52, P<0.01) and
consume (y3=5.44, P<0.02) heterospecific than
similarly sized conspecific larvae (Fig. 2). These
differences reflected actual preferences by canni-
bals for heterospecifics and not differences in the
behaviour of the two prey species. In particular,
heterospecifics were not easier for cannibals to
catch: when subjected to a simulated attack, the
response of A. texanum larvae (X = SD response
score=2.29 + 1.49) did not differ significantly
from that of similarly sized A. tigrinum larvae
(X+sp response score=2.86+ 1.51; two-tailed
Mann-Whitney U-test: U=78, N,=N,=14, ns). It
was also unlikely that heterospecifics were more
‘apparent’ to cannibals: proportion of time spent
swimming in the presence of a cannibal by
A. texanum larvae (X + sp=0.36 + 0.18, N=6) did
not differ significantly from that of similarly sized
A. tigrinum larvae (X=+sp=042+0.07, N=6;
two-tailed paired ttest: t5=0.84, Ns). Finally,
heterospecifics were not more likely to approach a
cannibal: proportion of time within Scm of a
cannibal enclosed in a clear perforated bottle by
A. texanum larvae (X + sp=0.37 + 0.3, N=13) did
not differ significantly from that of similarly sized
A. tigrinum larvae (X+sp=0.35+0.38, N=13;
two-tailed paired t-test: t,,= — 0.25, NS).
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DISCUSSION

Our results help clarify why cannibalism is
infrequent in most species. Cannibalistic tiger
salamander larvae that ate diseased conspecifics
were significantly less likely to survive to meta-
morphosis and were significantly smaller at meta-
morphosis than were cannibals that ate diseased
heterospecifics, but none of the other groups
differed (Table I, Fig. 1). Thus, we suggest
that cannibalism is more dangerous than
carnivory, because individuals are more likely to
acquire pathogens from conspecifics than from
heterospecifics.

Although we did not determine the precise
reason(s) why pathogens are more dangerous to
cannibals than to non-cannibalistic carnivores,
our results support the hypothesis that individuals
may be more likely to acquire pathogens from
conspecifics than from heterospecifics because of
greater genetic similarity among conspecifics, and
selection for host specificity and resistance to host
immune defences among pathogens. In support of
this prediction, some pathogens exhibit such a
high degree of host specificity that they only infect
hosts with a single genotype (Burdon & Jarosz
1988). Moreover, there is mounting evidence that
contagious, debilitating pathogens may be more
highly transmissible among genetically similar
conspecifics (kin) than among less genetically
similar conspecifics (non-kin; Shykoff & Schmid-
Hempel 1991; Black 1994). Again, this may be
because individuals that have diverged from one
another more recently (e.g. conspecifics and kin as
compared with heterospecifics and non-kin) have
more similar immune systems and are thus
afflicted by similar varieties of pathogens.

As an alternative explanation, cannibals may
have died at a higher rate after eating diseased
conspecifics than after eating diseased hetero-
specifics because of the lower nutritional value of
diseased conspecifics. However, three lines of evi-
dence argue against this possibility. First, the
conspecifics and heterospecifics that were used as
prey in our experiments were similar in size and
reared under similar conditions. Second, it is not
clear why diseased conspecifics would be less
nutritious as prey than diseased heterospecifics. If
anything, conspecific prey may actually be more
nutritious than heterospecific prey (e.g. Meffe &
Crump 1987; Crump 1990). Third, autopsies
revealed that the dead cannibals had bacterial
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lesions on their internal organs similar to those
found on diseased animals from the field. Thus, it
seems most likely that the cannibals died at a
higher rate after eating diseased conspecifics
than after eating diseased heterospecifics because
of enhanced pathogen transmission between
conspecifics.

If cannibalism is potentially costly, then why
do some species, such as tiger salamanders,
evolve specialized cannibal morphs (Polis 1981)?
Cannibal morphs may be favoured when the
benefits of cannibalism outweigh the costs. One
such benefit is enhanced growth (Crump 1990). As
predicted, cannibal morphs appear most fre-
quently in species and life stages (such as insect
and amphibian larvae) that occur in rapidly
deteriorating environments, where the benefits of
such rapid growth brought on by cannibalism
may exceed the risks associated with disease (Polis
1981; Pfennig et al. 1991a; Crump 1992; Elgar &
Crespi 1992). After all, failure to escape a drying
pond is always deadly, but disease can sometimes
be avoided or overcome.

For most animals, however, cannibalism is
uncommon (Dawkins 1976). The relative in-
frequency of cannibalism has been attributed to
many factors, including the risk of injury or
retaliation (Dawkins 1976; Sherman 1981) and the
indirect inclusive fitness costs of killing a relative
(Hamilton 1964). These costs, however, cannot
explain cases where food-limited animals kill con-
specifics but do not consume them. For instance,
lactating female Belding’s ground squirrels,
Spermophilus beldingi, kill infants of nearby
mothers but rarely ingest their victims (Sherman
1981), the larvae of two species of mosquitoes
(Toxorhynchites) attempt to kill, but do not eat,
all other larvae in their tree hole or bamboo
hollow (Hamilton 1970), and in some species of
birds, nestlings kill siblings but do not eat them
(Stanback & Koenig 1992). Presumably, these
animals forgo consuming a freshly killed prey
item, even though there would be no risk of
retaliation, or of diminishing the indirect com-
ponent of the cannibal’s inclusive fitness (because
the victim is already dead), because of enhanced
risk of acquiring deleterious pathogens.

The notion that cannibalism may be generally
infrequent because it increases the cannibal’s risk
of disease has not been studied in detail (Elgar &
Crespi 1992), despite mounting evidence that
selection to avoid pathogens may influence many
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behaviour patterns (Hamilton 1987; Sherman
et al. 1988; Hamilton et al. 1990; Hart 1990;
Lozano 1991; Shykoff & Schmid-Hempel 1991,
Andersson 1994; Loehle 1995). Previous studies
have pointed to pathogen transmission as a
potential cost of cannibalism (Klitzman et al.
1984; Schaub et al. 1989; Pfennig et al. 1991a).
None of these studies, however, had compared the
fitness costs of cannibalism with the alternative,
interspecific predation. Our investigation, the first
to contrast directly the fitness consequences of
intra- versus interspecific predation, implicates
enhanced pathogen transmission as an important
and general cost of cannibalism and helps explain
why this behaviour is relatively rare in nature.
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