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1 | INTRODUCTION

Sexual cannibalism typically involves a female devouring a con-

specific male immediately before, during or immediately after
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Abstract

Some behaviours that typically increase fitness at the individual level may reduce
population persistence, particularly in the face of environmental changes. Sexual
cannibalism is an extreme mating behaviour which typically involves a male being
devoured by the female immediately before, during or after copulation, and is wide-
spread amongst predatory invertebrates. Although the individual-level effects of
sexual cannibalism are reasonably well understood, very little is known about the
population-level effects. We constructed both a mathematical model and an
individual-based model to predict how sexual cannibalism might affect population
growth rate and extinction risk. We found that in the absence of any cannibalism-
derived fecundity benefit, sexual cannibalism is always detrimental to population
growth rate and leads to a higher population extinction risk. Increasing the fecundity
benefits of sexual cannibalism leads to a consistently higher population growth rate
and likely a lower extinction risk. However, even if cannibalism-derived fecundity
benefits are large, very high rates of sexual cannibalism (>70%) can still drive the
population to negative growth and potential extinction. Pre-copulatory cannibalism
was particularly damaging for population growth rates and was the main predictor of
growth declining below the replacement rate. Surprisingly, post-copulatory cannibal-
ism had a largely positive effect on population growth rate when fecundity benefits
were present. This study is the first to formally estimate the population-level effects
of sexual cannibalism. We highlight the detrimental effect sexual cannibalism may
have on population viability if (1) cannibalism rates become high, and/or (2)
cannibalism-derived fecundity benefits become low. Decreased food availability
could plausibly both increase the frequency of cannibalism, and reduce the fecundity
benefit of cannibalism, suggesting that sexual cannibalism may increase the risk of

population collapse in the face of environmental change.
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copulation. Although sexual cannibalism has been observed in a
wide variety of predatory invertebrates, the majority of evidence
comes from studies involving spiders or mantids (Elgar, 1992).

To date, research into sexual cannibalism has largely focussed
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on discovering its adaptive function. Currently, there are three
main hypotheses that suggest why sexual cannibalism is main-
tained in nature: (1) adaptive foraging—females devour males in
order to gain essential nutrients and are more likely to do so when
starved (Barry, Holwell, & Herberstein, 2008; Hurd et al., 1994;
Roggenbuck, Pekar, & Schneider, 2011); (2) mate choice—sexual
cannibalism represents an extreme form of mate choice in which
non-preferred males are devoured to prevent copulation (Elgar,
Schneider, & Herberstein, 2000; Hebets, 2003; Persons & Uetz,
2005; for a review see: Prenter, MacNeil, & Elwood, 2006); (3)
aggressive spillover—adult female aggression towards conspecific
males is a by-product of strong selection for juvenile aggression
(Arnqgvist, 1992; Henriksson, 1997; Johnson & Sih, 2005).

The extent to which females cannibalise males can vary greatly
between individuals, species and taxonomic groups. For example, fe-
male Dolomedes triton (six-spotted fishing spider) show individually
consistent differences in how likely they are to cannibalise males
(Johnson & Sih, 2005). Female diet can create large variation in sexual
cannibalism rates within species; female Pseudomantis albofimbriata
(false garden mantis) cannibalise males at an average of 89% of en-
counters when starved, compared to 0% of encounters when satiated
(Barry et al., 2008). Female attack rates in Miomantis caffra (springbok
mantis) are not significantly affected by diet, with females cannibalis-
ing males at an average rate of 61% (Walker & Holwell, 2015). A field
study on Mantis religiosa (the European mantis) indicates that females
cannibalise males in only 31% of encounters (Lawrence, 1992). As
well as variation in the overall rate of sexual cannibalism, variation
in the probability of cannibalism occurring before or after copulation
also differs between species. For example, female free-living hunting
spiders are known for their high tendency to attack males prior to
copulation (see: Persons & Uetz, 2005 [wolf spiders] and Arnqvist,
1992; Johnson & Sih, 2005 [fishing spiders]). Conversely, females
of some web-dwelling spiders typically wait until after copulation
before attempting to devour the male (Forster, 1992; Herberstein,
Schneider, & Elgar, 2002; Schneider & Lesmono, 2009).

Although the costs and benefits of sexual cannibalism for the in-
dividuals of a species have been thoroughly investigated (Barry et al.,
2008; Brown & Barry, 2016; Newman & Elgar, 1991; Schneider &
Elgar, 2001; Schwartz, Wagner, & Hebets, 2016), there are very few
studies that attempt to address the population-level consequences
of sexual cannibalism. There are two main negative effects that sex-
ual cannibalism may have on population ecology. First, in all instances
of sexual cannibalism, an adult male is removed from the population,
which over time will deplete the availability of reproductive males in
the population (Hurd et al., 1994; Lawrence, 1992). Second, in the
case of pre-copulatory cannibalism, an adult male is removed from
the population and both the male and the female miss out on copu-
lation and the fertilisation of the female’s eggs. Both of these effects
of sexual cannibalism are likely to increase the proportion of adults in
the population, both male and female, that die as virgins. As a result
of high virgin death rates, the population may be more vulnerable
to ecological decline via mechanisms such as reduced population
growth rate (r) (Anthony & Blumstein, 2000; Miller et al., 2009).

Understanding the effects of individual behaviour on species
ecology is important for determining population viability (Anthony
& Blumstein, 2000; Blumstein, 1998). Here, we provide a theoretical
framework that examines the potential effect of sexual cannibalism
on population growth rate and population extinction risk. We also
compare the population-level effects of pre- and post-copulatory
cannibalism separately to give a more holistic overview of how sex-

ual cannibalism can impact on species ecology.

2 | METHODS

For robustness, we used two separate modelling approaches to ad-
dress our central question of how sexual cannibalism affects popu-
lation viability. We first programmed a discrete-time mathematical
model. Mathematical models are noted for their conciseness and
ability to generalise theoretical findings for a multitude of biologi-
cal systems; however for tractability they often ignore stochasticity
that can be generated by natural variation. As such, we also con-
structed an individual-based model (IBM). IBMs consider individuals
as discrete entities and incorporate uncertainty into a model. Due
to the fact that system-specific behaviours are explicitly defined in
IBMs, they are often seen as being more realistic relative to other
types of theoretical model (Grimm, 1999). Both models were runin R
version 3.4.3 (R Core Team, 2017). Code for both models is available
at datadryad (doi:10.5061/dryad.gr5hc09).

2.1 | Mathematical model

Our mathematical model is spatially implicit and assumes no migra-
tion of individuals. We assume males (M) search for mates continu-
ally until they are eaten by a female or reach their maximum mating
quota (h). Males are always successful at finding a mate; we justify
this assumption in sexually cannibalistic systems using the fact that,
due to sexual cannibalism, adult death rates are likely to be greater
for males than for females. As such, this will reduce the probability of
sexually receptive females becoming scarce in relation to males; thus
a significant reduction in male mate-finding rate is unlikely to occur.
We assume an initial 1:1 adult sex ratio, based on Fisher’s principle,
and supported by field data from two sexually cannibalistic species
(Arngvist & Henriksson, 1997; Lawrence, 1992). Because our model
considers a closed population (migration rate = 0) and assumes an
even adult sex ratio, we can regard the average overall mating rate
for males and females as equal in a generation (i.e., if the average
number of matings per male is two, then the average number of mat-
ings per female must also be two).

We gave h a constant value of 2, this value is in concordance
with evidence from empirical studies, which suggest that the max-
imum number of lifetime matings for males in cannibalistic species
is often two (Fromhage & Schneider, 2006; Herberstein, Gaskett,
Schneider, Vella, & Elgar, 2005). In addition, we provide figures dis-
playing how our model output is affected by varying the value of hin
the Supporting Information. The probability of both pre-copulatory
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FIGURE 1 The average number of matings per individual
declines in response to increasing sexual cannibalism rate. Here,
it is assumed that pre- and post-copulatory cannibalism rates are
equal. h is the average maximum number of lifetime matings per
individual

cannibalism (c,) and post-copulatory cannibalism (c,) was given
separate values so that the ecological significance of both pre- and
post-copulatory cannibalism could be investigated independently.
After locating a female, there was probability k that the male would
have the opportunity to mate. For the figures presented in the main
manuscript k is kept at a constant value of 1, however figures dis-
playing how our results are affected by varying k are provided in
the Supporting Information. The total number of matings that have

taken place over the breeding season, m, is therefore given by

h-1
m:kM(l—c1)<1+2 {(1-c1)(1-c2)}i>. (1)

j

Since the female population is not explicitly defined in the math-
ematical model, fecundity was quantified in terms of the number of
males produced per mating over the course of a breeding season. The
minimum number of males produced per copulation was defined as
a. Fecundity benefits (b) could be gained from both pre-copulatory
cannibalism and post-copulatory cannibalism. The cannibalism de-
rived fecundity benefits were assumed to increase linearly with the
probability of sexual cannibalism occurring. As there is no conclu-
sive evidence to state that either pre- or post-copulatory cannibal-
ism has a greater potential to increase female fecundity, we assume
that both cannibalism rates influence fecundity equally. As such, the

mean number of males produced per copulation is
f=(a+bac, + bac,). 2)

Therefore, the mean N, , , is

h-1

Nipr =mf=kM(1—-c,) <1+ Z{(l—ci)(l—cz)}f> (a+bac, +bac,). 3)

=1

2.2 | Individual-based model

A stochastic individual-base model, running on a daily cycle, was also

used to simulate the lifecycle of a sexually cannibalistic system. Each
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day, males and females had a constant probability y of dying via a
means other than sexual cannibalism. Individual males were then
given the opportunity to find a mate. The probability L, of finding a
mate was assumed to have a hyperbolic relationship with the num-
ber of receptive females present in the population. There is evidence
for hyperbolic resource-finding relationships in other arthropod spe-
cies (Hassell, Lawton, & Beddington, 1976). As such, male mate loca-
tion probability was defined as

h(7a) @

5

where § denotes total breeding season length (days), R, is the num-

Lm=

ber of receptive females at time t, h is the maximum number of
matings a male can achieve in his lifetime and 0 is a constant used
to determine the gradient of the mate-finding curve. Females were
assumed to become non-receptive once mated; however after a
gestation period (p) they became receptive again so that when
t>p,

Re=Fi— Mgy +my_, (5)

where F is the total number of females at time t, Migi is the total
number of matings that had taken place up until time t, and m, _ " is
the number of matings that took place at time t - p. After locating a
mate, males can be cannibalised before copulation with probability
Lm(l - Ci);
copulate and then be cannibalised with probability L, , =
L,,(1-c,). The
probabilities of the aforementioned events occurring were then

L., =L,c,, copulate successfully with probability L, =
L,..C,, OF
copulate and then survive with probability L, =

used to create a multinomial random number vector containing the
number of males that were assigned to each event. The simulation
ran for a series of & days, and the number of successful mating
events that occurred throughout the season was summed to give
m. Average female fecundity (f) was defined in the same way as
for the mathematical model (Equation 2). Values for f were var-
ied following a Poisson distribution to imitate natural variation in
female fecundity. The number of adults present at N, ; is then
calculated by mf. Population growth rate is then calculated by
Ni.1/N,. To minimise any influence that initial population size may
have on population growth rate, the above process was repeated
for a range of initial population sizes to determine a reliable mean
value for population growth rate.

3 | RESULTS

Please note: the absolute values for population growth rate produced
by these models are sensitive to initial parameter values. Because
initial parameter settings cannot be made appropriate for all of the
species that the model is relevant to, any conclusions drawn from ab-
solute values would be unreliable. As such, the y-axis in this section is
often not fully labelled. Code for the models is available at datadryad.
org for production of results for specific initial parameter values.
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FIGURE 2 (a) Variation in population
growth rate in response to cannibalism

35.6

rate and the fecundity benefits of sexual
cannibalism (b). The horizontal dashed
line represents the extinction threshold.
(b) Variation in optimum cannibalism

rate for population growth in response

to increased b value. Pre- and post-
copulatory cannibalism rates are assumed
to be equal for these illustrative results.
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Sexual cannibalism causes adult male deaths and, in some cases,
leads to both the male and female missing out on copulation. Our
models show that an overall increase in sexual cannibalism leads to
consistently lower mating rates (Figure 1). This was true for both the
mathematical model and the individual-based model (IBM). Although
this result is unsurprising, it is a necessary premise to support our
further findings.

3.1 | Sexual cannibalism and population growth rate

Our mathematical and individual-based model showed very similar
trends for the effect of sexual cannibalism on population growth rate
(Figure 2), both in the presence and in the absence of cannibalism-
derived fecundity benefits (b). In the absence of any type of fecundity
benefit (b = 0), sexual cannibalism consistently decreases population
growth rate. However, in the presence of fecundity benefits, sexual
cannibalism can increase population growth rate, with increased fe-
cundity benefits causing higher growth rates across all rates of sex-
ual cannibalism (Figure 2a). Increasing the value of b caused a type
Il functional response in the rate of sexual cannibalism that gave the
highest growth rate value (Figure 2b), that is, the rate of increase in
the optimal cannibalism rate for population growth decreases as b
becomes larger. The highest optimum cannibalism rate was 36% for
the mathematical model and 43% for the IBM.

Higher rates of sexual cannibalism caused population growth
rate to decline and eventually fall below the extinction threshold,
below which the population is expected to decline in size each gen-
eration (Figure 2a). Lower b values caused the curves to fall below
the extinction threshold sooner than curves representing higher b

values. For example, when b = 0, the mathematical model predicted

T T T T
4 6 8 10

Fecundity benefits (b)

Results from the mathematical model are
displayed on the left, IBM results on the
right

that a population would go extinct when the rate of sexual canni-
balism is >32%. The individual-based model predicted a threshold
of >6% when b =0. However, when a positive b value was used
(b = 2.5), populations would not go extinct until cannibalism rates
became >82% in the mathematical model and >66% in the IBM.

3.2 | Pre- versus post-copulatory cannibalism

When observed separately, pre- and post-copulatory had different
effects on population growth rate (Figure 3a,b). Results from both
the mathematical model and the IBM showed that pre-copulatory
cannibalism had a largely negative effect on population growth
rate (Figure 3a). The mathematical model and the IBM showed a
consistent decrease in population growth rate in response to an
increase in pre-copulatory cannibalism rate. Both models show that
changes in post-copulatory cannibalism rate have only a small ef-
fect on population growth rate, and that this effect decreases as
pre-copulatory cannibalism rate increases (i.e., the separate lines
merge, Figure 3a). Both the mathematical model and the IBM show
that post-copulatory sexual cannibalism consistently increases
population growth rate (Figure 3b). In both models, higher pre-
copulatory cannibalism rates led to consistently lower growth rates
(Figure 3b).

Whether the population was able to remain above the extinc-
tion threshold was largely determined by the rate of pre-copulatory
sexual cannibalism, with post-copulatory cannibalism having only
a small effect (Figure 3c). This was true for both the mathematical
and IBM. In the presence of a positive b value (b > 2.5), extinction
only occurred at intermediate to high rates of pre-copulatory sexual

cannibalism. A pre-copulatory cannibalism rate of >75% would cause
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a population to go extinct in the mathematical model, in the IBM
a pre-copulatory cannibalism rate of >= 48% would cause popula-
tion extinction. Removing the fecundity benefits of sexual cannibal-
ism (b = 0) sees the extinction threshold shift so that lower rates of
pre-copulatory cannibalism can cause extinction, even when post-
copulatory cannibalism rates are low. This was particularly true of
the IBM in which only very low values of pre- and post-copulatory
cannibalism did not cause population extinction. A b value of zero
also saw the effect of post-copulatory cannibalism on population

growth rate change from positive to negative (Figure 3c).

4 | DISCUSSION

Using theoretical models, we have demonstrated that sexual can-
nibalism can have both positive and negative impacts on population
growth rate. Intermediate rates of sexual cannibalism give the high-
est population growth rate (r) values when cannibalism-derived fe-
cundity benefits (b) are present. This finding is likely to represent a
behavioural trade-off in which nutrients gained from intermediate
cannibalism rates lead to a higher rate of offspring production, de-
spite cannibalism reducing the number of matings taking place in the
population. However, we have also shown that high rates of sexual
cannibalism can reduce population growth below the replacement

rate, potentially leading to population extinction, particularly when

o
(c) Pre-copulatory cannibalism rate (%)

Pre-copulatory cannibalism rate (%)

the fecundity benefit of cannibalism is low. Pre-copulatory cannibal-
ism was far more likely to reduce population growth rate than post-
copulatory cannibalism. Our IBM generated lower absolute values
for population growth rate than the mathematical model, this was
likely due to female supply being limited in the IBM but not in the
mathematical model. However, the overall trends produced were

very similar for both models.

4.1 | When does sexual cannibalism increase the
productivity of a population?

Unsurprisingly, if cannibalism does not improve female fecundity,
cannibalism always lowers population growth (Figure 2). Thus,
fecundity benefits make it more likely for sexually cannibalistic
mating systems to persist in nature. There is substantial evidence
that sexual cannibalism increases lifetime fecundity for the female,
and sometimes the male (Andrade, 2003; Brown & Barry, 2016).
Often this is thought to occur through increased egg production
owing to extra nutrients derived from the cannibalised male (Brown
& Barry, 2016; Spence, Zimmermann, & Wojcicki, 1996). For exam-
ple, female Pseudomantis albofimbriata that cannibalise males are
known to increase their ootheca mass by up to 40% when compared
to females that do not cannibalise (Barry et al., 2008). More recently,
it was shown that female dark fishing spiders (Dolomedes tenebrosus)

that cannibalised males produced twice as many offspring as females
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that did not cannibalise or were given an alternative post-copulatory
meal (Schwartz et al., 2016).

Another way in which sexual cannibalism may increase individ-
ual fecundity is via improved offspring quality (Berning et al., 2012;
Pruitt et al., 2014). There is evidence that in some species sexual
cannibalism is used as a method of mate choice (for a review see:
Prenter et al., 2006); as such, cannibalistic females may be able to
mate with higher quality males and produce offspring that are more
viable. In both Schizocosa ocreata (wolf spiders) and Araneus diade-
matus (garden-orb spiders), females are more likely to exhibit pre-
copulatory cannibalism on males that are relatively small (Persons
& Uetz, 2005). Similarly, in the fishing spider Dolomedes fimbria-
tus, larger males are more likely to evade pre-copulatory cannibal-
ism attempts by females and are therefore more likely to copulate
(Arnqvist, 1992; Kralj-Fiser et al., 2016). Sexual cannibalism may also
improve offspring viability indirectly through aggressive spillover, in
which sexually cannibalistic behaviour is linked to greater feeding
voracity as a juvenile, which in turn leads to higher juvenile survival
(Arnqvist, 1992; Henriksson, 1997; Johnson & Sih, 2005). As such,
sexually cannibalistic adults may produce more voracious offspring
that survive better. Both increased egg production and improved
offspring quality represent mechanisms by which sexual cannibalism
can be beneficial for individuals.

Our results suggest that intermediate rates of sexual cannibal-
ism yield the highest population growth rates when pre- and post-
copulatory cannibalism rates are equal (Figure 2a: 24%-26% in the
mathematical model, 18%-52% in the IBM). Evidence from field and
laboratory studies suggest that cannibalism rates often fall into this
intermediate range. In the wild, European mantis (Mantis religiosa) fe-
males cannibalised potential mates in 31% of encounters (Lawrence,
1992), with similar rates seen in other mantids (Hierodula membra-
nacea, Birkhead, Lee, & Young, 1988; T.sinensis, Lelito & Brown,
2006). Evidence from studies involving spiders also demonstrates a
tendency for females to cannibalise males at an intermediate rate
(Nephila plumipes, 56%-61% in Schneider & Elgar, 2001; D. triton,
21%-53% in Johnson, 2001). It may be that intermediate levels of
sexual cannibalism represent an optimal trade-off between reduced
mating rate and increased reproductive output per mating, and are
thus selected for at the individual level. Alternatively, it could be that
species or populations in which high levels of sexual cannibalism are
selected for at the individual level are indeed at a higher risk of ex-
tinction and so do not persist.

Our results show that even high rates of post-copulatory canni-
balism are not detrimental to population growth when cannibalism
provides fecundity benefits (Figure 3b). Post-copulatory cannibal-
ism may represent the “best of both worlds” for females in terms
of reproductive output, as it allows the female to secure a mate and
potentially increase egg production through devouring the male. In
some species, strict post-copulatory cannibalism is apparent, with
females devouring the male before copulation only in rare cases.
For example, female orb-web spiders of the genus Argiope typically
only attack the male after he has successfully mounted (Schneider
& Lesmono, 2009). Although post-copulatory cannibalism has the

potential to reduce the lifetime number of matings for males, males
of some species are complicit in being devoured by the female after
copulation has taken place, including the redback spider (Latrodectus
hassellti) (Andrade, 2003), the dark fishing spider (Dolomedes tene-
brosus) (Schwartz et al., 2016) and the wasp spider (Argiope bruen-
nichi) (Fromhage, Uhl, & Schneider, 2003). It is theorised that the
increase in paternal output the male receives by allowing himself to
be eaten by the female offsets the cost of reducing his lifetime num-
ber of matings (Buskirk, Frohlich, & Ross, 1984).

4.2 | When is sexual cannibalism likely to be
detrimental to population survival?

Our models indicate that scenarios in which pre- and post-copulatory
sexual cannibalism rates are high can lead to low population growth
(Figure 2a) and potentially lead to population extinction (Figures 2a
and 3c), even if the fecundity benefits of cannibalism are high. As
such, it would seem unlikely that populations in which individuals
demonstrate such high cannibalism rates would persist in nature.
However, environmental conditions can substantially increase can-
nibalism rates. Laboratory studies have found tenfold increases in
cannibalism rates when females are starved (Hierodula membrana-
cea: Birkhead et al., 1988; Stagmomantis limbata: Maxwell, Gallego, &
Barry, 2010), suggesting that females in poor-quality habitats, where
nutrients are scarce, would cannibalise more frequently. Rates of
sexual cannibalism may also increase if there is a decrease in male
quality in systems where sexual cannibalism acts as mate selection
in which females cannibalise unattractive males (Arnqvist, 1992;
Persons & Uetz, 2005). For example, in the wolf spider Hogna hel-
luo rates of sexual cannibalism rate can increase from 0% to 80% as
male size relative to the female decreases (Wilder & Rypstra, 2008).
Therefore if males that develop in poor-quality habitats do not grow
to an adequate size, sexual cannibalism rates may become elevated.

Sexual cannibalism is more likely to reduce population growth
below the replacement rate when fecundity benefits are low
(Figures 2a and 3c). Hence, the ecological viability of a cannibalis-
tic population may be highly dependent on the nutritional value of
males. It is possible that males that develop in poor-quality habitats
are less nutritious and therefore provide less of a fecundity bene-
fit for females. As of yet there are no studies that test this theory.
Further experimental investigation into how environmental factors
affect male nutritional value quality is needed in order to establish
a link between habitat quality and the population-level effects of
sexual cannibalism.

Pre-copulatory cannibalism was shown to be largely detrimen-
tal for population growth rate (Figure 3a). An increase in a female’s
tendency to cannibalise males before copulation may therefore
be detrimental for population growth rate. Although there is little
evidence on whether local conditions can increase pre-copulatory
cannibalism in nature, a recent paper has shown that pre-copulatory
cannibalism rates in female wolf spiders increased significantly in
response to feeding regime and relative male size in the laboratory
(Gavin-Centol, Kralj-Fiser, De Mas, Ruiz-Lupion, & Moya-Larano,
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2017). Alternatively, if sexual cannibalism occurs due to spillover
of juvenile aggression, then poor habitats may select for highly ag-
gressive juveniles (Johnson & Sih, 2005), thereby increasing the rate
of adult cannibalism. Thus, if reducing habitat quality does in fact
increase female hunger and reduce male size, then not only may
we see an increase in cannibalism rate overall, but specifically an
increase in pre-copulatory cannibalism, with potentially greater im-
pacts on population viability.

In summary, our models suggest that populations may suffer in-
creased extinction risk when (1) cannibalism rates are high, (2) fe-
cundity benefits of cannibalism are low, and (3) there is a shift from
post-copulatory to pre-copulatory cannibalism. There are reasons to
believe all three processes are likely to occur when habitat quality is
declining. This may make sexually cannibalistic species particularly

vulnerable to environmental change.
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