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INTRODUCTION

Field ecologists almost universally view cannibalism as a
prime example of a density-dependent mortality factor
and, thus, as an important contributor to the regulation
of cannibalistic populations (Fox, 1975; Ibdnez &
Keyl, 2010; Polis, 1981; Richardson et al., 2010;
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Abstract

Cannibalism, once viewed as a rare or aberrant behavior, is now recognized to
be widespread and to contribute broadly to the self-regulation of many
populations. Cannibalism can produce endogenous negative feedback on pop-
ulation growth because it is expressed as a conditional behavior, responding to
the deteriorating ecological conditions that flow, directly or indirectly, from
increasing densities of conspecifics. Thus, cannibalism emerges as a strongly
density-dependent source of mortality. In this synthesis, we review recent
research that has revealed a rich diversity of pathways through which rising
density elicits increased cannibalism, including both factors that (a) elevate
the rate of dangerous encounters between conspecifics and (b) enhance the
likelihood that such encounters will lead to successful cannibalistic attacks.
These pathways include both features of the autecology of cannibal
populations and features of interactions with other species, including food
resources and pathogens. Using mathematical models, we explore the conse-
quences of including density-dependent cannibal attack rates on population
dynamics. The conditional expression of cannibalism generally enhances sta-
bility and population regulation in single-species models but also may increase
opportunities for alternative states and prey population escape from control by
cannibalistic predators.
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Ricker, 1954; Schausberger, 2003; Smith & Reay, 1991;
Wise, 2006). Theoretical studies confirm that cannibalism
can act as a strong regulatory force (e.g., Barabds
et al., 2017; Ohlberger et al., 2020) but also that cannibal-
ism can create other sorts of dynamics, including genera-
tion cycles (Briggs et al., 2000; Persson et al., 2004),
alternative states (Persson et al., 2003), or other complex
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dynamics, including chaos (Costantino et al.,, 1997;
Higgins et al., 1997, reviewed by Claessen et al., 2004). In
many cases, outcomes depend critically on the details of
model structure and parameter values (e.g., Ohlberger
et al., 2020) and sometimes on competitive and trophic
interactions with other members of the community
(e.g., Kohlmeier & Ebenhdh, 1995; Rudolf, 2007; Toscano
et al., 2017).

Faced with the diversity of dynamics predicted by
mathematical models, empiricists have conducted long-
term, multigenerational field studies of the dynamics
of diverse, cannibalistic animal populations (mites,
insects, amphipods, crabs, leeches, fish, salamanders)
and concluded that cannibalism is indeed a key regula-
tory influence (Andersson et al., 2007; Baskauf, 2003;
Christie & Kraufvelin, 2004; Elliott, 2004; Grosholz et al.,
2021; Moksnes, 2004; Persson et al.,, 2003; Persson &
Elliott, 2013; Walde et al., 1992; Wissinger et al., 2010).
Nevertheless, definitive empirical demonstrations of a reg-
ulatory role for cannibalism remain elusive, primarily
because we lack an effective experimental manipulation of
cannibalism that can be implemented over the long term
in the field. There is no simple way to eliminate cannibal-
istic interactions without also eliminating the cannibal
population itself. Thus, long-term studies of cannibalism
rely strictly on observational methods, and evidence for
population regulation is often open to multiple, competing
causal explanations.

One thing we do know is that for cannibalism to con-
tribute to the regulation of animal population densities, it
must be a density-dependent process, generating increas-
ing per-capita mortality as densities rise. A large body
of empirical evidence, including both observational and
experimental studies, has demonstrated that this is gener-
ally true: per-capita mortality rates from cannibalism
rise, in many cases very strongly, with rising popu-
lation density (Baskauf, 2003; Buddle et al., 2003;
Elliott, 2004; Fincke, 1994; Fisher et al., 2021; Fox, 1975;
Gillespie et al., 2020; Grosholz et al., 2021; Hannesson, 2018;
Hopper et al, 1996; Houghton et al, 2017; Klotz &
Wright, 2020; Moksnes, 2004; Oraze & Grigarick, 1989; Orr
et al.,, 1990; Persson et al.,, 2003; Persson & Elliott, 2013;
Polis, 1981; Strauss et al., 2016; Van Buskirk, 1989;
Wagner & Wise, 1996; Wildy et al, 2001; Wissinger
et al., 2010). These studies have, furthermore, demonstrated
that there are multiple pathways through which cannibal-
ism emerges as a density-dependent process. The goal of this
review is to examine the surprisingly diverse processes
that inject density dependence into cannibalistic interac-
tions. Some of these processes have long been recognized
and were carefully discussed in early reviews of cannibal-
ism (Fox, 1975; Polis, 1981; Smith & Reay, 1991); we will
review these more quickly and then describe in greater

detail more recent studies that have uncovered novel
and, in some cases, unexpected ecological processes,
including interactions with other members of the com-
munity, that can strengthen the density dependence of
cannibalism.

Collectively, this review highlights that per-capita
cannibalism rates may be expected not only to increase
with population density but also to accelerate with popu-
lation density, at least in some cases. Because previous
theoretical studies have not accounted for this accelera-
tion, we use mathematical models to examine how it
may impact ecological dynamics. These models suggest
accelerating per-capita cannibalism rates can strengthen
population stability and regulation but also lead to alter-
native states and prey escape from cannibalistic
predators.

ORGANIZING THE SOURCES OF
DENSITY-DEPENDENT
CANNIBALISM

Density dependence in cannibalism emerges from three
broad categories of sources: increasing density may
(1) cause more frequent encounters between potential
cannibals and vulnerable conspecific victims; (2) change
the internal state of the cannibal, increasing its likelihood
of initiating an attack, given an encounter; or (3) change
the internal state of the victim, increasing the likelihood
that an attack, once initiated, will be successful
(Figure 1). If a potential cannibal can detect the greater
vulnerability of a potential conspecific prey, this will also
likely increase its willingness to mount an attack. Thus,
factors promoting increased prey vulnerability will also
frequently favor increased cannibal aggressiveness, creat-
ing broad overlap between the second and third sources
of density-dependent cannibalism. We therefore treat
these two sources of density-dependent cannibalism
together. Cannibalism will reflect the product of encoun-
ters; the likelihood of initiating an attack, given an
encounter; and the likelihood that an attack, once initi-
ated, will be successful. Relevant aspects of the internal
state of a potential cannibal could include aspects of
physiology (e.g., hunger level, immunological state),
development (size or stage), or morphology (in species
that display the induction of cannibalistic morphs). The
potential cannibal’s informational state could also be
important when the cannibal’s experience shapes its
expectation for (i) the future risk of competition, preda-
tion, or disease, (ii) the likelihood that an encountered
conspecific is kin, or (iii) the likelihood that an encoun-
tered conspecific could mount a dangerous counterattack
(Dong & Polis, 1992). Previous reviews on the dynamics
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FIGURE 1 Sources of density dependence in mortality generated by cannibalism. Density can elevate cannibalism through multiple

pathways, including those that promote encounters between conspecifics, elevate the likelihood that an encounter will lead to a decision to
initiate an attack, and elevate the likelihood that an attack, once initiated, will lead to death of the victim.

of cannibalism have emphasized density dependence of
encounters, with less attention given to factors shaping
decisions to attack given an encounter and the outcome
of an attack (but see Dong & Polis, 1992).

Any predatory attack, whether directed against a
heterospecific or conspecific, is associated with costs and
benefits. Cannibalistic attacks, however, are special, in
that some costs may be unique or particularly elevated:
(i) cannibalistic attacks risk loss of inclusive fitness if the
victim is related to the cannibal (Pfennig, 1997); (ii) the
cannibal may have an elevated risk of acquiring an infec-
tion, given that host-specific pathogens often move
more readily between conspecifics than heterospecifics
(Pfennig, 2000); and (iii) conspecifics may be armed with
weapons similar to those of the attacking cannibal and
may therefore be dangerous prey (Dong & Polis, 1992;
Lund et al., 2016). These special costs act as brakes on
the expression of cannibalism under many conditions,
but if elevated density tends to release these brakes, we

can expect greater density dependence of cannibalism
expression. We now consider, first, the effects of density
on encounter frequencies and, second, the effects of den-
sity on the likelihood of initiating an attack, given an
encounter, and the probability that an attack, once initi-
ated, will succeed.

EFFECTS OF DENSITY ON THE
FREQUENCY OF ENCOUNTERS
BETWEEN CONSPECIFICS

Foundational models of predator-prey interactions, like
the Lotka-Volterra model, assume that the number of
encounters between predators and prey will be propor-
tional to the product of predator, P, and prey, N, densi-
ties. Thus, with all other things being equal and
considering the short term (i.e., before any possible pred-
ator numerical responses to elevated prey availability),
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we expect encounter frequency to rise linearly with
increasing densities of either predators or prey
(i.e., encounters  density). We can extend this frame-
work to the case of cannibalism. For the simplest model
of so-called mass action, under which populations of can-
nibals are viewed as well-mixed particles moving ran-
domly in space, and ignoring the stage structure of the
cannibal population, we expect the frequency of encoun-
ters between conspecifics to increase as the square of
density (i.e., encounters x density’; Andow et al., 2015)
because rising cannibal density will often simultaneously
elevate the densities of both the consumer and the
victim subpopulations. This makes the large simplifying
assumption that stage structure is relatively stable across
different total population densities and, therefore, that
overall density reflects the densities of both potential can-
nibals and victims. Encounter frequencies rising with the
square of density create a powerful expected source of
density dependence in many cannibalistic populations.

Territoriality and other systems of
conspecific avoidance

The mass action assumption is, of course, often violated
in nature. In many cases, to avoid costly exploitative and
interference competition associated with sharing space
with conspecifics, organisms actively detect and avoid
conspecifics (Fox, 1975; Polis, 1981). For example, many
consumers establish and defend territories. Similarly,
many insects that use discrete patches of resources
(e.g., an Anthocharis cardamines caterpillar that develops
on a single flower head [Dempster, 1997] or a Hyposoter
horticola parasitoid wasp that develops inside a host cat-
erpillar [Couchoux et al., 2015]) recognize the presence
of conspecifics, sometimes through the detection of
marking pheromones deposited by ovipositing females,
and subsequently avoid laying eggs in occupied patches
(Nufio & Papaj, 2001; Roitberg & Prokopy, 1987).
Nevertheless, conspecific avoidance is often observed to
break down as densities rise, leading to potentially sharp
rises in cannibalism. In territorial systems, once the habitat
is saturated with conspecifics, “excess” individuals may be
at high risk of mortality due to cannibalism (e.g., Chapin &
Reed-Guy, 2017; Moya-Larafio et al., 2002). Male plainfin
midshipman fish compete for large intertidal rocks under
which they excavate and defend nests; they attract females
to these nests to lay eggs that they fertilize. Nest sites are
limited, however, and when male densities exceed nest
availability, intruding males take over nests from residents
and then gradually cannibalize the eggs found there (Bose
et al,, 2019). In “solitary” parasitoids, a given host insect
can support the development of at most one individual;

when more than one egg is laid per host, called
“superparasitism,” the larvae engage in lethal chemical
or physical interactions, with losers typically being con-
sumed along with the host by the victor (Godfray, 1994).
Superparasitism is generally avoided when overall levels
of host exploitation are low to moderate but increases
as parasitoid abundance rises relative to available
hosts (Godfray, 1994; Pan et al., 2018; Rosenheim &
Hongkham, 1996). Similar interactions are also observed
in parasitoids where groups of individuals can develop
successfully on a single host: cannibalism occurs when
within-host density rises beyond the capacity of the host
to support their development (Tena et al., 2009). The
same density-driven increases in cannibalism are also
observed in many herbivorous insects (Baskauf, 2003;
Richardson et al., 2010). Cannibalism in these systems
may therefore be nearly absent and, thus, density inde-
pendent at lower (below saturation) densities and then
rise, becoming strongly density dependent at higher
densities.

Effects of hunger on encounter frequencies

Increasing density can elevate encounter frequency
beyond the mass action expectations for two additional
reasons. First, increasing densities may lead to growing
intraspecific competition for food resources. The link
between rising densities and food shortages is not expected
to be universal; food shortages may be minimal in
populations that are held well below their carrying capaci-
ties by predators or parasites (e.g., Rosenheim, 2001;
Rosenheim et al., 1999), and in other cases key resources
other than food can become limiting as population densi-
ties rise (e.g., nesting sites). Nevertheless, for many species,
rising population densities will be tied to food scarcity.
Literature reviews of the ecology of cannibalism under-
score the importance of a shortage of food, or the eventual
consequence of such a shortage, hunger (a changed moti-
vational state driven by a shortfall of food), as central
determinants of the incidence of cannibalism (Dong &
Polis, 1992; FElgar & Crespi, 1992; Fox, 1975; Polis, 1981;
Richardson et al., 2010; Romano & Zeng, 2017; Scharf, 2016;
Schausberger, 2003; Wise, 2006). Hunger can increase
cannibalism in part by increasing foraging behavior,
which elevates encounter frequencies between conspecifics
(Scharf, 2016). For example, the swarming and mass migra-
tion of Mormon crickets, Anabrus simplex, are driven by
shortfalls of two essential nutrients: salt and protein
(Simpson et al., 2006). A shortfall of protein in the diet leads
to increased locomotion and, thus, increased opportunities
for encounters between individuals. Given an encounter
with a vulnerable conspecific, including individuals who are
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molting, wounded, or freshly dead, cannibalism ensues.
Similarly, hunger in the cannibalistic praying mantis
Tenodera sinensis triggers a shift from a prey ambush forag-
ing strategy to one based on prey pursuit, with mantids
detecting and actively pursuing prey from greater distances;
experiments demonstrated that either prey consumption or
injections of the peptide insulin, which appears to function
as a global indicator of satiety, reverse these effects (Bertsch
et al.,, 2019).

Second, food shortages may slow the development of
immatures, potentially lengthening the period of vulnera-
bility to cannibal attack and thus increasing the likeli-
hood of encounters with cannibals during an individual’s
lifetime (e.g., Strauss et al., 2016).

Opposing effects: Responses to
predation risk

Opposing processes that offset some of the rise of encoun-
ter frequency with increasing cannibal density may also
be important. Foremost among these is the possibility
that potentially vulnerable individuals facing a population
of cannibals may use chemical, visual, tactile, or
other cues to recognize the elevated risk associated with
high conspecific densities and modify their behavior to
avoid dangerous encounters (i.e., a so-called risk effect;
Culshaw-Maurer et al., 2020; Peacor et al., 2020). The most
common expectation is for a decrease in foraging activity or
an increase in the use of spatial refuges from potential can-
nibals (e.g., McPeek & Crowley, 1987; Sadeh et al., 2009).
For example, in response to chemical cues associated with
conspecific adults, larvae of the newt Notophthalmus
viridescens reduce their activity (Mathis, 2003), and small
larvae of the California newt Taricha torosa increase
their use of refuges (Kats et al., 1994). Young-of-year larvae
of the salamander Ambystoma tigrinum showed both of
these avoidance behaviors (Wissinger et al., 2010). Although
these responses may decrease encounters with dangerous
conspecifics, the associated reductions in foraging opportu-
nities may also slow growth, prolonging the period of
exposure.

Other responses to the detection of elevated cannibal-
ism risk are possible, too. For example, the small
nymphal stages of the dragonfly Plathemis lydia exhibit
increased movement in response to chemical or visual
cues associated with larger conspecifics (Ferris &
Rudolf, 2007); because these dragonflies are primarily sit-
and-wait predators, this response may reflect an effort to
leave the immediate area of enhanced risk. Larvae of the
beetle Tribolium freemani normally molt to the pupal
stage within 2 months, in the eighth or ninth instar; how-
ever, the pupal stage is vulnerable to cannibalism, and

larvae held under crowded conditions remain in the lar-
val stage for up to 6 months, undergoing additional molts
up to the 14th instar (Ruang-Rit & Park, 2018). In other
systems, accelerated rather than delayed development
may reduce the risk of cannibalism. In the cane toad,
newly hatched prefeeding larvae are highly vulnerable
to cannibalism; in response to cues from cannibals,
these larvae accelerate their development to reach the
invulnerable tadpole stage (DeVore et al., 2021). Simi-
larly, vulnerable hatchlings of the salamander Hynobius
retardatus exhibited faster growth and development
when held with cannibalistic conspecifics and exhibited
faster swim speeds, enhancing their escape from cannibal
attacks (Kishida et al., 2015). Thus, through different
pathways, risk effects can reduce the frequency of dan-
gerous encounters with cannibalistic conspecifics below
mass-action expectations.

EFFECTS OF DENSITY ON THE
LIKELIHOOD OF SUCCESSFUL
ATTACK GIVEN AN ENCOUNTER
BETWEEN CONSPECIFICS

Effects of hunger on cannibal
aggressiveness

The special costs of cannibalism, including the risks of
consuming kin, acquiring disease, and injury due to
counterattack, mean that it is often optimal for an animal
that encounters a conspecific to express cannibalism
only conditionally (Dong & Polis, 1992). When potential
benefits from cannibalism are relatively low, the costs
may exceed the benefits, and opportunities to mount
cannibalistic attacks are rejected. Only when benefits
are especially high will they exceed the substantial
costs and cannibalism be favored. Hunger is perhaps the
commonest factor that elevates the benefits of cannibal-
ism by making the nutrients acquired through cannibal-
ism especially critical for the survival or reproduction of
the cannibal (De Block & Stoks, 2004; Elgar &
Crespi, 1992; Polis, 1981; Via, 1999). Recent studies
across a wide diversity of taxa have added to the exten-
sive literature summarized in the early reviews of canni-
balism, demonstrating that shortages of alternate
food or hunger are important causes of elevated cannibal-
ism (e.g., Ahmad et al., 2015; Amaral et al., 2009;
Bayoumy & Michaud, 2015; De Block & Stoks, 2004;
Duarte et al., 2010; Gallucci & Olafsson, 2007;
Lukasik, 2010; Lund et al., 2016; Petersen et al., 2010;
Pizzatto & Shine, 2008; Simpson et al., 2006; Van den
Beuken et al, 2019; Vijendravarma et al., 2013).
Petersen et al. (2010) manipulated food availability to



60f18 |

ROSENHEIM anp SCHREIBER

create hunger asymmetries between interacting pairs of
the wolf spider Pardosa prativaga, with one individual
satiated and the other starved; the starved individual
increased its aggressiveness and willingness to take risks
and emerged as the cannibal twice as often as the satiated
individual. Cannibalism among ciliates and amoebae is
likewise a response to the exhaustion of available bacte-
rial prey; Bloomfield (2019) and Medina et al. (2019)
explain how starvation in the social amoeba
Dictyostelium discoideum triggers a sexual phase of the
life cycle, including the formation of a macrocyst in
which a newly formed diploid zygote cannibalizes thou-
sands of surrounding cells.

Recent studies have begun to reveal the hormonal
regulation of starvation-induced expression of cannibal-
ism. Studying the larvae of the mosquito Culex pipiens,
El Husseiny et al. (2018) found that well-fed individuals
are never cannibalistic, whereas starved individuals are.
Starved individuals showed strongly elevated titers of
octopamine, a neurohormone known to be involved in
the control of both responses to starvation and inter- and
intraspecific aggression (Roeder, 2020; Yakovlev, 2018;
Zhou et al, 2008). Experimental augmentation of
octopamine levels in starved individuals led to further
increases in cannibalism, whereas experimental adminis-
tration of the octopamine receptor antagonist phentol-
amine suppressed cannibalism almost entirely
(El Husseiny et al., 2018). Thus, remarkably, a single neu-
rohormone, octopamine, appears to forge a physiological
link between starvation and the enhanced aggression
underlying cannibalistic attacks. The biogenic amine epi-
nephrine plays the role of octopamine in vertebrates; it is
structurally very similar to octopamine, and the
octopamine receptor in invertebrates shares sequence
similarity with the epinephrine receptor in vertebrates
(Roeder, 2020). Epinephrine has been found to regulate
both food intake and aggressive behavior, including can-
nibalism, in domestic chickens (part of the “fight or
flight” response; Cheng et al., 2001, Dennis, 2016). This
suggests that a common system of hormonal regulation
may underlie hunger-associated cannibalism in many
animals.

Effects of hunger on victim vulnerability

Whereas the early onset of hunger may increase motiva-
tion of cannibals to attack, prolonged hunger may have
another effect: weakening an individual sufficiently that
it is less likely to initiate a cannibalistic attack or less able
to defend itself from attacking conspecifics (Petersen
et al., 2010). Wong and Ko&lliker (2013) showed that a
period of starvation for one member of a pair of newly

hatched, first-instar FEuropean earwigs, Forficula
auricularia, resulted in greater risk of falling victim to its
well-fed conspecific. Enhanced victim vulnerability may
favor cannibalistic attacks by increasing the likelihood of
a successful attack while decreasing the risk of injury or
effective counterattack.

Density-dependent induction of
cannibalistic polyphenisms

In some cannibalistic taxa, certain individuals undergo a
different developmental trajectory, producing a morphol-
ogy that often includes larger body size but also sometimes
enhanced development of structures used to attack, sub-
due, and ingest conspecifics (e.g., larger mouths or
enhanced jaw musculature, teeth, or other fighting
structures). Because this divergent development appears to
be environmentally controlled, it is a polyphenism.
Cannibalistic polyphenisms have been documented in
diverse taxa, including protozoans (Banerji & Morin, 2009;
Smith-Somerville et al., 2000; Waddell, 1992), mites
(Lukasik, 2010; Van den Beuken et al., 2019), insects
(Vijendravarma et al., 2013), amphibians (Hoffman &
Pfennig, 1999; Levis et al., 2018; Nishimura, 2018), and
fish (Amundsen, 2016), and is associated with greater
expression of cannibalism. It is possible that such
polyphenisms are more common than has been recog-
nized; although in some cases the cannibalistic forms are
conspicuous, in other cases the morphological differences
may be subtle, even if still functionally significant. For
example, the presence of a cannibalistic polyphenism in
Drosophila melanogaster, one of the most intensively stud-
ied organisms in biology, went unrecognized until a study
by Vijendravarma et al. (2013), who found that third-instar
larvae raised on a strictly cannibalistic diet had mouth
hooks with 20% more teeth, which they use to rasp holes
in the integument of their conspecific victims.
Cannibalistic polyphenisms often develop in response
to elevated conspecific density, hunger, or a diet rich in
conspecifics. High densities of conspecifics elicit the
development of cannibal forms (“macrostomes”) in the
ciliate protozoan Tetrahymena vorax; the availability of
food appears not to be an important cue in this case
(Banerji & Morin, 2009; Smith-Somerville et al., 2000). In
this system, only the macrostome, with its enlarged
mouth (“cytostome”) and development of a large
cytopharyngeal pouch, a vacuole large enough to accom-
modate a ciliate prey, is capable of ingesting and
digesting conspecifics. In the tiger salamander
Ambystoma tigrinum, density is also the prime elicitor of
cannibalistic forms. Physical contact between young
Ambystoma larvae is required to induce cannibalistic
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forms; visual or chemical cues associated with conspe-
cifics were insufficient in the absence of physical contact
(Hoffman & Pfennig, 1999). Manipulations of conspecific
density also elicited the development of cannibal forms
in the Hokkaido salamander Hynobius retardatus
(Nishimura, 2018). In some ciliates and amoebae, hun-
ger, which is often a downstream consequence of high
conspecific density, appears to trigger the shift to canni-
balism and the production of giant cells that consume
conspecifics and other protozoans instead of bacterial
prey (Waddell, 1992).

The presence of a cannibalistic morph enhances phys-
ical asymmetries between potential cannibals and vic-
tims, even when they are members of the same cohort,
thereby making cannibalistic attacks less dangerous
and more profitable for cannibals. Because consumption
of conspecifics can cause further gains in growth rates
and increased elaboration of cannibalistic weapons, the
potential for positive feedbacks appears to be widespread
in systems with cannibalistic polyphenisms, with the
endpoint being giant cannibals that can generate sub-
stantial mortality of conspecifics (Amundsen, 2016;
Huss et al., 2010; Kishida et al., 2011; Persson et al., 2003).
Cannibalistic polyphenisms, then, appear to be a major
source of density dependence in cannibalism, largely as a
result of elevated likelihood that an encounter between a
vulnerable, noncannibalistic form and an aggressive, can-
nibalistic form will translate into a lethal attack.

Exceptions to the rule that cannibalistic forms are
elicited under high-density conditions have been observed
in several acarid mites. In these cases, cannibalistic forms
are found only in males as part of a set of alternative male
reproductive strategies in which males can either engage in
lethal fights for access to females using their weaponized
hind legs or engage in scramble competition without direct
attacks among males (Stewart et al., 2018). The same
weapons are, however, also used in the alternate context of
cannibalistic attacks, yielding an important source of nutri-
tion (Lukasik, 2010; Van den Beuken et al., 2019). In these
acarid mites, the development of the -cannibalistic
polyphenism is strongly suppressed under high-density
conditions (Radwan, 2001; Tomkins et al., 2004), appar-
ently because fighting in high-density situations results in a
too-costly escalation of the risk of injuries or death. Genetic
determination of cannibalistic males has also been demon-
strated in some acarid mites (Radwan, 1995).

Density as a cue of low relatedness

The risk of losing inclusive fitness through the consump-
tion of kin is an important potential cost of cannibalism.
Species that can recognize kin directly can minimize this

cost (Pfennig, 1997). Species lacking direct kin recogni-
tion may, however, use indirect cues, including the local
density of conspecifics, as a means of estimating the
likely relatedness of conspecifics. Greater local densities
may often signal lower risks from the consumption of
kin, promoting cannibalism. Although not extensively
studied, this may be a common source of density depen-
dence in cannibalism. Observational and experimental
studies of fish have shown that cannibalism of eggs by
adult males is increased in the presence of other males,
including sneaker males, and when a male takes over a
nest from an egg-guarding conspecific; in all of these
cases, the presence of other males signals a decreased
likelihood of paternity of conspecific eggs (Bose
et al., 2014, 2019; Gray et al., 2007; Manica, 2004).
Similarly, adult females of the omnivorous insect
Geocoris pallens cannot discriminate between their own
eggs and eggs laid by conspecifics; females held in isola-
tion rarely consume their own eggs, but the presence of a
neighboring conspecific female triggers strongly elevated
cannibalism (Law & Rosenheim, 2013). Field observa-
tions (Rosenheim, 2005) and experimentation (Law &
Rosenheim, 2011) suggest that this strongly density-
dependent cannibalism establishes an upper limit on
density of G. pallens, even when prey resources are
abundant.

Density as a predictor of future
competition or mortality: Filial
cannibalism

Filial cannibalism, the consumption of offspring by par-
ents, can in some cases be a means of adjusting offspring
number and quality to maximize final offspring success
(Davenport et al., 2019). Thus, although filial cannibal-
ism results in the immediate mortality of some offspring,
it can be adaptive if it augments the survival or quality of
those that remain. The consequences of this type of filial
cannibalism for population growth rate are therefore
expected to be positive, the opposite of the normal expec-
tation. This type of filial cannibalism essentially repre-
sents an unusual type of parental care and, thus, falls
somewhat outside the primary focus of this review; nev-
ertheless, we briefly review density-dependent expression
of this type of filial cannibalism.

Davenport et al. (2019) introduced a model showing that
when population density affects offspring survival or repro-
ductive success through density-dependent competition,
disease, or predation, parents can favor cannibalizing
some offspring to relax that subsequent density-dependent
process. Nicrophorus spp. burying beetles appear to use
current population density as a predictor of the future
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intensity of competition likely to be experienced by their off-
spring and, thus, cannibalize more of their offspring to gen-
erate fewer, but larger, offspring, which can win contests
over the possession of the small rodent carcasses used
for reproduction (Creighton, 2005; Woelber et al., 2018).
Similarly, sand gobies, Pomatoschistus minutus, appear to
anticipate the action of density-dependent mortality
factors when they cannibalize their eggs under high-density
conditions (Klug et al, 2006). In both of these cases,
cannibalism seems likely to promote, rather than slow, pop-
ulation growth.

Disease

Infectious disease is a challenge faced by virtually all
organisms; as densities rise, opportunities for spread of
most horizontally transmitted pathogens rise in parallel.
Although some organisms anticipate the elevated risk
of infection at high densities by displaying enhanced
immune function (e.g., Murray et al., 2020), disease
remains one of the most consistently density-dependent
processes in nature (Schmid-Hempel, 2011). Disease also
promotes cannibalism expression in numerous ways.
Although our understanding of disease-cannibalism
interactions is still developing, research has revealed
several pathways through which disease is likely to
create an underlying density dependence in cannibalism.
First, in some cases, infected individuals may be weak-
ened, increasing their vulnerability to attacks by conspe-
cifics (Boots, 1998; Pfennig et al., 1999; Pizzatto &
Shine, 2011; Williams & Hernandez, 2006). In other
cases, however, potential cannibals may avoid attacking
infected conspecifics if they pose a risk of infection
(e.g., Madk et al., 2020; Siva-Jothy et al., 2018). Second,
infection may stunt host growth, augmenting within-
cohort variation in size and thereby promoting cannibal-
ism (Chapman et al, 1999; Elderd, 2019; Van Allen
et al., 2017). Third, infections may kill the host, precipi-
tating cannibalism (necrophagy; Collinge et al., 2006;
Rudolf & Antonovics, 2007). Fourth, vertically transmit-
ted pathogens may manipulate their host to increase
its risk of being cannibalized, creating a mechanism
for pathogen transmission to new host lineages (Patot
et al., 2010; Varaldi et al., 2003; Varaldi & Lepetit, 2018).
Fifth, uninfected hosts may cannibalize infected conspe-
cifics as a means of limiting pathogen spread (Chouvenc &
Su, 2012; Davis et al., 2018; Lehtonen & Kvarnemo, 2015;
Rosengaus & Traniello, 2001; Van Allen et al., 2017; see also
Posada-Florez et al, 2021). And sixth, infections may
impose a nutritional stress on hosts, increasing their expres-
sion of cannibalism (Bunke et al., 2015, 2019; Rosenheim
et al., 2019; Yan et al., 1994). The first five of these pathways

involve the infected individual as the victim of cannibalism,
whereas the last pathway involves the infected individual as
the attacker. In Appendix S1, we examine in detail each of
these pathways.

Induction of resistance in alternate food
resources

Density-dependent expression of cannibalism can emerge
when high densities of a cannibalistic consumer elicit the
development of resistant phenotypes in the cannibal’s
heterospecific food resources, thereby promoting
increased reliance on conspecifics as a source of food.
This has been demonstrated in two quite different sys-
tems. First, Kishida and Nishimura (2004) showed that
larvae (tadpoles) of the frog Rana pirica develop a
predator-induced morphological defense: a wider “bulgy”
morphology that restricts the ability of their gape-limited
predator, larvae of the salamander Hynobius retardatus,
to consume them. This response was graded in response
to the local density of salamander larvae, with the
defensive phenotype observed in response to close, but
not more distant, cues from the predator. Salamander lar-
vae faced with defended tadpoles consumed fewer tad-
pole prey and instead shifted to increased cannibalism
and a stronger induction of cannibalistic morphs
(Kishida et al., 2009). Second, Orrock et al. (2017) showed
a parallel interaction in a plant-insect system: tomato
plants, Solanum lycopersicum, exhibited a graded induced
resistance in response to herbivory or the chemical elicitor
methyl jasmonate, which decreased the quality of the
plant’s foliage to the -caterpillar Spodoptera exigua.
In response, caterpillars decreased their consumption
of the host plant and increased their expression of canni-
balism (but see also Elderd, 2019). Thus, if increasing den-
sities of consumers favor stronger induced resistance in
heterospecific food resources, these consumers may resort
to more frequent attacks on conspecifics.

EFFECTS OF DENSITY
DEPENDENCE ON POPULATION
DYNAMICS

As shown in Figure 1, we expect mortality due to canni-
balism to increase as the product of encounter frequency,
the likelihood of initiating an attack given an encounter,
and the likelihood that an attack, once initiated, will suc-
ceed. Under the mass action assumption, we expect
encounter frequency to increase as (proportional to [pop-
ulation density]?); as discussed earlier, in some cases we
might expect encounter frequency to rise even faster than
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this, for example, when hunger leads to intensified forag-
ing activity. Furthermore, we have described a diversity
of ecological pathways through which rising densities of
a potentially cannibalistic species can lead to increasing
probabilities of launching successful cannibalistic attacks
given an encounter. Cannibalism is, therefore, expected
to increase as the product of three functions, all rising
with density. Whereas density-driven increases in
encounters can rise without any clear bound, density-
driven increases in the likelihood of mounting successful
attacks cannot exceed the limit of 100%. All of these path-
ways produce a mortality process that is expected to rise
rapidly with density, including, in some cases, terms in
Taylor expansion that are proportional to (population
density)®. Although a mortality process that increases as
the cube of population density might not be unique to
cannibalism (e.g., a specialist predator that showed rapid
numerical responses to prey populations and that
exhibited a Type III functional response might generate
mortality that increased as [prey density]®, under some
conditions), this does constitute an exceptionally strong
form of density-dependent mortality, producing poten-
tially powerful negative feedback on population growth
rates. Here, we use mathematical models to explore the
possible consequences of this powerful negative feedback
on the predicted dynamics of cannibalistic populations.
In a review of over 30 mathematical models of canni-
balism, Claessen et al. (2004) identified four consistent
effects of cannibalism on population dynamics:
(i) regulation of population size, (ii) destabilization of
steady states that results in oscillatory or chaotic popula-
tion dynamics, (iii) stabilization of species interactions,
and (iv) creation of alternative states. The models reviewed
by Claessen et al. (2004), however, assume that per-capita
cannibalism rates are density-independent. Given the
empirical evidence for density dependence in these rates,
we examine the following question: What effects does
density-dependence in per-capita cannibalism rates have
on population dynamics? To address this question, we
modify and analyze three models found in the Claessen
et al. (2004) review. The first two models are the classical
single species model of Ricker (1954) and a stage-
structured extension of this classical model. These models
provide insights into how density dependence in per-
capita cannibalism rates impact (i) population regulation
and (ii) stability. Furthermore, our analysis highlights how
density-dependent cannibalism can modify the effects of
environmental stochasticity on population regulation. The
results for the stage-structured model are presented in
Appendix S2. The third model is a cannibalistic variant of
the classical McArthur-Rosenzweig predator-prey model
due to Kohlmeier and Ebenhoh (1995). Modifying this
model highlights how density dependence in per-capita

cannibalism rates can (iii) stabilize species interactions
and (iv) generate alternative ecological outcomes.

Incorporating density dependence in
per-capita cannibalism rate

For classical mass-action models of cannibalism, the
per-capita cannibalism rate (aN) is the product of a
density-independent attack rate a and the population
density N (top row in Figure 2). The resulting net mortal-
ity rate due to cannibalism is aN?2. In our models, we
allow the attack rate a(N) to be density-dependent. While
most of our mathematical analysis only assumes the
attack rate a(N) is an increasing function of density N,
our numerical explorations use two complementary func-
tional forms with this property. The simpler form
assumes the attack rate increases linearly with density.
Specifically, a(N) = amin + BN, where a,;, ins the mini-
mal per-capita cannibalism rate and f determines how
quickly per-capita cannibalism rates increase with den-
sity (middle row in Figure 2). For this functional form,
the attack rate a(N) increases without bound with the

Constant

Attack rate a(N)
@@/~

Per—capita mortality rate a(N)N
Net mortality rate a(N)N>

Density N Density N Density N
FIGURE 2
on per-capita cannibalism rates and net mortality rates due to
cannibalism. Rows, from top to bottom, correspond to a
density-independent attack rate a, a linearly increasing attack rate
a(N) =amin+ BN, and a sigmoidal attack rate

a(N)= aminJr%, respectively. Columns, from left to
right, plot the attack rate, the per-capita cannibalism rate, and the
net mortality rate due to cannibalism as functions of population
density.

Different forms of attack rates and their impacts
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population density N. This might happen if searching
activity driven by hunger increases with density. The sec-
ond functional form is more appropriate if density depen-
dence occurs in the probability of launching an attack or
succeeding in an attack. In both of these cases, there is a
maximal attack rate anax, and the functional form is

Amax — Omin

1+ exp(—p(N —¢))

a(N)=amin +

where { corresponds to the function’s inflection point,
and P determines how quickly per-capita cannibalism
rates increase with density (bottom row in Figure 2). This
latter functional form is like a Type III functional
response for a switching predator: accelerating at lower
densities and saturating at higher densities. For both
functional forms of the attack rate a(N), the per-capita
cannibalism rate is an accelerating function of density,
unlike the density-independent attack rate a (middle col-
umn in Figure 2).

Effects on lagged population dynamics:
Regulation and stability

As the effects of negative feedbacks on population stabil-
ity depend on whether the population exhibits delayed
responses to changes in its density, we modified the sim-
plest, discrete-time model of cannibalism, the Ricker
equation (Ricker, 1954). In this model, the population
density in generation ¢ is N;. Each individual produces A
offspring of which a fraction e ®t escapes cannibalism; a
is the attack rate. We modify this model to allow this per-
capita rate, a=a(N), to be density-dependent. Under
these assumptions, the model becomes

Ny =N, re 9NN

When the intrinsic growth rate (In A) is positive, the pop-
ulation will increase from low densities, allowing the
population to persist. In the absence of cannibalism
(a = 0), the population exhibits unbounded exponential
growth. Density-independent cannibalism results in neg-
ative per-capita growth rates at high densities (ie.,
InA—aN <0 for large N). This, coupled with a positive,
intrinsic growth rate, ensures population regulation: a
tendency for the population densities to decrease when
reaching high densities and a complementary tendency
of the population densities to increase when the popu-
lation density is low (Chesson, 1982; Roth &
Schreiber, 2014; Turchin, 1995).

The addition of density dependence in the attack
rate strengthens population regulation. Why? On the
one hand, density dependence results in lower attack
rates at lower population densities. This results in more
positive per-capita growth rates at lower population
densities and, consequently, faster population recovery
from low densities. Density dependence in the attack
rate also leads to higher attack rates at high population
densities. These higher attack rates result in more nega-
tive per-capita growth rates at high densities and, conse-
quently, faster population declines from high densities.
Thus, collectively, density dependence in the attack
rates increases the speed at which the population moves
away from low or high densities.

While increasing the strength of density-
independent attack rates reduces the population’s equi-
librium density, it has no effect on stability (Claessen
et al., 2004). In contrast, density dependence in attack
rates strengthens the negative feedback at the system’s
equilibrium (Figure 3). More precisely, density depen-
dence causes the derivative of the growth function
G(N) =Nie *WN to become more negative at the equi-
librium (slopes of colored curves at the dashed line in
Figure 3a; Appendix S2). If the equilibrium is stable with-
out density dependence, then weak density dependence
will strengthen the equilibrium stability; the population
will return to its equilibrium density more quickly fol-
lowing a disturbance (see blue curves in Figure 3a,b).
However, if the density dependence near the equilibrium
density is too strong, then density dependence can desta-
bilize the system, leading to population cycling (red curve
in Figure 3a,b) or chaos. Similar conclusions apply to the
stage-structured Ricker model (Appendix S2).

When disturbances occur repeatedly (i.e., the popu-
lation experiences environmental stochasticity), den-
sity dependence in attack rates typically strengthens
population regulation by lowering the long-term mean
population density (Figure 3c,d; Appendix S2). Specifically,
when there are fluctuations in the intrinsic growth rate
(In}), the population approaches a stationary distribu-
tion (cf. Roth & Schreiber, 2014). At this stationary distri-
bution, the average per-capita growth rate must equal
zero, i.e., the population is tending to neither increase
nor decrease in the long term (Benaim & Schreiber, 2019;
Schreiber et al., 2011). Thus, the average value of the
intrinsic growth rate (In)\) must be balanced by the aver-
age value of the net cannibalism rate a(N)N. With den-
sity-independent attack rates, the fluctuations in the
intrinsic growth rate have no effect on the long-term
mean population density, i.e., N = InA/@. This outcome
follows from the net mortality rate as a result of cannibal-
ism’s being linear in population density. This linearity
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FIGURE 3 Effects of density dependence in per-capita

cannibalism rates on stability and population regulation.

(a) Relationship between population density in generation ¢ + 1
versus generation t. Colored curves correspond to different levels
of density-dependent per-capita cannibalism rates. The one-to-one
dashed line intersects these curves at the equilibrium densities for
the system. (b) Population dynamics in response to one-time
disturbance at time ¢ = 4; prior to disturbance, the population is
at its equilibrium density. (c) Population dynamics with
environmental fluctuations in intrinsic rate of growth r = InA;
only two levels of density-dependent cannibalism are shown. (d)
Mean, long-term population density as function of standard
deviation of fluctuations in A. Parameterization: InA=0.8,

a(N) =amin + BN, with f = 0 (blue), 0.003125, 0.006250, and
0.009375 (red) and amin chosen to give equilibrium density

N =100. (c, d) In\ is normally distributed with mean 0.08 and
standard deviations as shown.

breaks down with density-dependent per-capita cannibal-
ism rates. For example, the function form
a(N) =amin + PN produces a per-capita cannibalism rate
(aminN +BN?) that is a convex function of population
density. Hence, by Jensen’s inequality, the fluctuations in
population density (due to the fluctuation in In)) result
in higher per-capita cannibalism rates than in the
absence of the fluctuations. Consequently, density-
dependent attack rates lower the average population den-
sity (Figures 3d). The opposite can occur when attack
rates become strongly saturated at higher population
densities and these higher densities occur often. At these
higher densities, the per-capita cannibalism rate can be
concave as a function of population density, and fluctua-
tions can increase in the average population density.

However, we anticipate that this latter outcome will be
shown to be less common in nature.

Effects on predator-prey dynamics:
Stability, regulation, and alternative
outcomes

To examine the impact of escalated cannibalism rates on
species interactions, we consider the dynamics of a canni-
balistic predator and its prey with densities N and P,
respectively. Following Kohlmeier and Ebenhoh (1995),
the prey has an intrinsic rate of growth r. The predator
exhibits a Type II functional response (Holling, 1959)
with attack rates ay and ap and handling times hy and hp
for the prey species and cannibalism, respectively. We
modify the model to allow the cannibalistic attack rate,
ap = ap(P), to be density-dependent. The predator con-
verts consumed individuals with conversion efficiencies
cy and cp to new offspring and has a per-capita mortality
rate d. With our modifications, the model with
overlapping generations is

dN aNNP

R — rN_

dt 1+aNhNN+ap(P)hpP
d_P . P(cNaNN+ (Cp - 1)ap(P)P)
de 1 +aNhNN+ap(P)hpP

—dP

When the cannibal’s attack rate is density-independent,
Kohlmeier and Ebenhdh (1995) found two threshold
values of the per-capita cannibalism rates, 0 <ap <ap
(Appendix S3). When cannibalism is too strong
(ap>aj"), the predator is unable to regulate the prey,
there is no equilibrium supporting both species, and both
species quickly increase exponentially. When the canni-
balism rate is too weak (ap <aj}), the predator partially
regulates the prey sufficiently to create an equilibrium
supporting both species, but the equilibrium will be
unstable, resulting in oscillations in both species’ densi-
ties with ever increasing amplitude. In the presence of
demographic stochasticity, one would expect one or both
species to go extinct. Finally, when cannibalism is of
intermediate strength (a; <ap <aj}"), the predator regu-
lates the prey and both species’ densities approach a sta-
ble equilibrium.

Adding density dependence in the cannibal attack
rate has two consistent effects on species interactions
(Figure 4; Appendix S3). First, whenever cannibalism is
sufficiently weak to produce an equilibrium supporting
both species (ap < aj;), density dependence always helps
stabilize the equilibrium (Figure 4a vs. b). Second, den-
sity dependence can lead to alternative ecological
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(a, b) Predator-prey dynamics with and without density dependence in per-capita cannibalism rate. Population trajectories of prey and
predator are plotted in black and red, respectively. (c) Two predator—prey time series that only differ in initial densities of the two prey
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r=ay=hy=hp=cy=x=1,d =0.75, cp = 0, with ap = 0.8 for the density-independent model and ap(P) = m for the
density-dependent model. The a, parameter is chosen such that the density-independent and density-dependent models share a

predator—prey equilibrium.

outcomes. When predator and prey densities are not too
high, the predator can regulate the prey and the species
eventually coexist about a stable equilibrium (solid lines
in Figure 4c). However, when predator or predator densi-
ties are too high, the predator is unable to regulate the
prey and the species grows without bound (dashed lines
in Figure 4c). Adding prey density dependence in this
case results in the species’ coexisting about an alternative
stable equilibrium with high densities rather than
unbounded growth (Appendix S3: Figure S1). Intuitively,
density-dependent attack rates of cannibals can result in
intermediate cannibalism rates at lower predator densi-
ties that promote stable coexistence and at the same time
produce sufficiently high cannibalism rates at higher
densities that disrupt regulation of the prey.

FUTURE DIRECTIONS

1. Although our literature review highlighted mechanisms
through which per-capita mortality from cannibalism
might be expected to accelerate with a rising density of
the cannibal population, to our knowledge, no empiri-
cal study has attempted to determine whether such an
acceleration occurs in nature. Hints of such an

acceleration can be seen in some studies
(e.g., Elliott, 2004, fig. 5b or Moksnes, 2004, fig. 2), but
past research focused almost exclusively on establishing
a strong underlying density dependence of cannibalism
rather than attempting to describe the detailed form of
the function. We see this as fertile ground for future
research.

2. The possibility that a common system of hormonal
regulation involving biogenic amine effector mole-
cules may forge a widespread linkage between hunger
and cannibalism expression in diverse animals war-
rants additional research.

3. Density-dependent induction of cannibalistic
polyphenisms appears to be found in diverse taxa;
additional research should examine how these canni-
balistic polyphenisms influence the form of density-
dependent mortality from cannibalism in the field.

4. Additional research should continue to expand our
understanding of how interactions between a cannibal
population and other members of the community,
including disease organisms and heterospecific prey
species, shape the resulting expression of density-
dependent cannibalism.

5. It would be extremely valuable to devise an experimen-
tal means of manipulating the expression of cannibalism
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over multiple generations in the field. Such manipula-
tions would enable the first definitive tests of the role of
cannibalism in the self-regulation of populations.

6. Our mathematical analysis highlights how accele-
rating per-capita cannibalism rates may act as a posi-
tive-feedback mechanism leading to alternative stable
states. Prior work identified other positive-feedback
mechanisms, including the direct effect of energetic
gains  from  cannibalism  (Cushing, 1991;
Diekmann et al., 2003; Van den Bosch et al., 1988) and
the indirect effect of reduced resource competition
(Botsford, 1981; Fisher, 1987). The extent to which
accelerating per-capita cannibalism rates amplify or
dampen these other positive feedback mechanisms
warrants future study.

7. The impacts of cannibalism on population dynamics
often depend on the interplay between size-structure
and time delays (Claessen et al., 2004). For example,
this interplay can result in population cycles that
alternate between periods with many dwarf-sized
individuals and periods with few giant-sized individ-
uals (Claessen et al., 2000). How cannibalism rates
accelerate in a size-dependent manner and the impli-
cation of these accelerations for generation cycles
remain to be understood.

8. Additional research should also examine other forms
of population structure, including spatial or genetic
structure or sexual dimorphisms.

CONCLUSION

Cannibalism can act as a mechanism of self-regulation
because of the diverse ecological processes that make
mortality from cannibalism density-dependent. For any
predator, attacking and consuming heterospecific prey
has obvious benefits but also some costs. However,
attacking a conspecific has unique costs that go beyond
those expected from heterospecific predation:
Conspecifics may offer elevated risks of counterattack, are
more likely to be sources of infectious pathogens, and may
prove to be kin whose death will impose inclusive fitness
costs on the attacker. For these reasons, many organisms
that are capable of consuming conspecifics express some
level of restraint, at least when environmental conditions
are good. When, however, population density rises, condi-
tions often deteriorate. Food resources may dwindle or
become better defended, creating hunger; pathogens may
spread, creating additional stress; and asymmetries of size
and physiological vigor between pairs of conspecifics may
grow. Finally, the balance may tip, with benefits of canni-
balism exceeding the costs. Thus, cannibalism is often
expressed as a partly or fully conditional behavior,

expressed as rising population density induces stress. This
creates strong negative feedback on the dynamics of single
populations that can produce self-regulation but may limit
the population growth of some predator populations suffi-
ciently to allow their prey to escape from control. Thus, the
conditional expression of cannibalism can make a central
contribution to the density dependence in cannibalism-
imposed mortality.
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