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Abstract
Distinct behaviours can co-vary within individuals. As such, the magnitude of certain behaviours may be partly predicted by
other behaviours, rather than the environment. This can constrain behaviours, potentially reducing behavioural variability. Precopulatory sexual cannibalism, the consumption of potential mates before copulation, can lead to females remaining unmated,
particularly if males are rare. One possible explanation for the persistence of pre-copulatory cannibalism is that sexual cannibalism is correlated with high levels of aggression towards prey. Here, we test this in two species of praying mantis: the highly
cannibalistic Miomantis caffra and the less cannibalistic Orthodera novaezealandiae. If cannibalism in M. caffra is linked to
aggression towards prey, we predicted that (1) M. caffra would be more aggressive towards prey than O. novaezealandiae, (2)
female M. caffra would be more aggressive than males, (3) aggression towards prey would be correlated across juvenile and adult
instars for M. caffra but not O. novaezealandiae, and (4) aggression towards prey would be associated with a propensity for
sexual cannibalism among individual M. caffra. We found evidence supporting predictions one and two, but not predictions three
and four. Surprisingly, aggression was shown to be repeatable and correlated across instars for O. novaezealandiae but not
M. caffra. Our results suggest sexual cannibalism is not a product of behavioural co-variation, even in clades where sexual
cannibalism is common. This suggests that sexual cannibalism evolves due to the direct benefits it brings to females, rather than
being a by-product of high aggression towards heterospecific prey.
Significance statement
In some animals, different behaviours co-vary within individuals. This may lead to the emergence of costly behaviours and
reduce behavioural plasticity. It is theorized that pre-copulatory cannibalism is a costly behavioural by-product of selection for
high levels of aggression towards prey. However, there are very few studies that explicitly test this. Here, we provide a
behavioural comparison between two species of praying mantis that vary in their propensity to cannibalize and tested whether
general aggression is linked cannibalism. We found that aggression towards prey in adults can be linked to juvenile aggression
but not a propensity for cannibalism. Although cannibalism rates were higher in the species that was more aggressive towards
prey, aggression towards prey was not linked to cannibalism within individuals. This suggests that pre-copulatory cannibalism is
not a behavioural by-product but a result of direct selection.
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Introduction
Evidence from certain species suggests that some behaviours
are consistent within individuals across ecological contexts
and correlate with different behaviours among individuals
(Sih et al. 2004). This has the potential to restrict behavioural
variation within individuals (Pruitt et al. 2008), which may
have implications for species’ ecology (Pruitt and Riechert
2012). For example, if co-variation between behaviours reduces behavioural plasticity (Sih et al. 2012), this may reduce
how effectively individuals can modify behaviour in the face
of environmental perturbations. Aggression has been studied
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extensively with respect to consistency within individuals and
covariant behaviours. Individual variation in aggression is
known to be consistent across developmental and environmental contexts in certain species (Arnqvist and Henriksson
1997; Dingemanse et al. 2007) and can correlate with a variety
of other behaviours that determine fitness (Smith and
Blumstein 2008). For example, some evidence suggests that
aggressive individuals are better dispersers (Dingemanse et al.
2003; Cote et al. 2010), bolder in the presence of predators
(Huntingford 1976; Johnson and Sih 2005) and more territorial (Riechert and Hedrick 1993). Studies across several spider
families have also shown that aggression towards prey is positively correlated with a propensity for pre-copulatory cannibalism: the killing and eating of potential mates prior to copulation (Arnqvist 1992; Riechert and Hedrick 1993; Arnqvist
and Henriksson 1997; Johnson and Sih 2005; Pruitt et al.
2008; Rabaneda-Bueno et al. 2014).
Pre-copulatory cannibalism has been observed in several
species of predatory invertebrates (Elgar 1992) but is most
commonly reported in praying mantids (Barry et al. 2009;
Walker and Holwell 2015) and spiders (Elgar and Nash
1988; Wilder and Rypstra 2008). Pre-copulatory cannibalism
has the potential to be maladaptive for both sexes because
males are killed and females increase their risk of dying as a
virgin. As well as the individual-level costs, pre-copulatory
cannibalism has the potential to reduce population growth rate
and increase population extinction risk (Fisher et al. 2018).
Currently, there are three main hypotheses for why precopulatory sexual cannibalism persists in nature: (1) adaptive
foraging—females devour males they encounter in order to
gain essential nutrients for egg production (Hurd et al. 1994;
Barry et al. 2008; Roggenbuck et al. 2011); (2) mate choice—
sexual cannibalism represents an extreme form of mate choice
in which non-preferred males are devoured to prevent copulation (Hebets 2003; Persons and Uetz 2005; for a review see:
Prenter et al. 2006); (3) aggressive spillover—adult female
aggression towards conspecific males is a by-product of
strong selection for juvenile aggression (Arnqvist 1992;
Arnqvist and Henriksson 1997; Johnson and Sih 2005). As
such, the aggressive spillover hypothesis (ASH) suggests that
even though pre-copulatory sexual cannibalism may be costly
for females, this cost can be offset by the benefits of high
juvenile feeding rates.
If juvenile and adult aggression were decoupled, this would
appear to benefit females, as they could display high hunting
aggression as juveniles, without killing potential mates before
copulation as an adult. Thus, one would expect strong selection for individuals that can dissociate aggression between
hunting and mating contexts. However, there is evidence for
a lack of lability in aggression in several species. In the fishing
spider Dolomedes triton, female aggression towards prey is
positively correlated with aggression towards conspecific
males (Arnqvist and Henriksson 1997; Johnson 2001).

Behav Ecol Sociobiol (2020) 74: 61

Positive correlations between female aggression towards prey
and the probability of attacking a potential mate have also
been demonstrated in funnel-web spiders (Riechert and
Hedrick 1993), cob-web spiders (Pruitt et al. 2008) and a wolf
spider (Rabaneda-Bueno et al. 2014). There is also evidence
for positive correlations between juvenile and adult aggression
towards prey in sexually cannibalistic species, which further
supports the notion that aggression in sexually cannibalistic
species is linked across contexts (Johnson and Sih 2005).
However, if aggressive spillover is a major factor in maintaining sexual cannibalism in nature, then there are two relatively untested predictions. Firstly, if aggression against prey
and cannibalistic aggression are correlated within a species, it
is likely they are influenced by similar neural and/or genetic
mechanisms. It is therefore possible that when sexual cannibalism reduces female fitness, and so is selected against, it
may also result in a decline in overall aggression towards prey.
In other words, species in which females cannot afford cannibalism may be constrained to lower aggression than cannibalistic species. Secondly, within cannibalistic species, the evolution of male aggression towards prey may also be
constrained if it is correlated with potentially costly behaviours. For example, aggression is known to be correlated with
boldness in other cannibalistic species (Johnson and Sih 2005;
Johnson and Sih 2007). Although males of some cannibalistic
species are known to benefit from aggression towards prey
and high juvenile feeding rates (Barry 2013), they may increase their risk of being cannibalised if they are bold in the
presence of females (Lelito and Brown 2006). This could constrain the evolution of high aggression in males of species
where females are cannibalistic.
Determining whether or not sexual cannibalism is
correlated with aggression towards prey is important
for understanding why the behaviour has evolved and
is maintained in nature, it is also because correlations
between behaviours can reduce behavioural plasticity
(Sih et al. 2012), the presence such correlations in a
cannibalistic species could have important ecological
implications (Moran et al. 1996; Fisher et al. 2018;
Lichtenstein et al. 2019). We examined aggression
across life-stages and context in two species of praying
mantis residing in New Zealand: the highly sexually
cannibalistic Miomantis caffra and the less cannibalistic
Orthodera novaezealandiae (Fea et al. 2013; Walker
and Holwell 2015). We tested the following predictions:
(1) female M. caffra will on average be more aggressive
towards prey than female O. novaezealandiae as juveniles and adults, (2) female M. caffra will on average
be more aggressive towards prey than male M. caffra as
juveniles and adults, (3) aggression towards prey will be
correlated between lifestages in M. caffra, and (4) adult
aggression in female M. caffra will be positively correlated with the likelihood of attacking potential mates.
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Methods
Study species
Two species of praying mantis were used in this study,
O. novaezealandiae and M. caffra. O. novaezealandiae is
the only praying mantis species known to be native to New
Zealand; it is most commonly found in an open habitat and
shrubland (Ramsay 1990) and rarely cannibalises (Fea et al.
2013). O. novaezealandiae were collected from grassland and
woodland areas around Auckland, NZ. The second species,
M. caffra, is an invasive South African mantis that is estimated
to have been introduced to New Zealand’s north island in
1978. Female M. caffra have been shown to cannibalise males
in 60% of encounters (Walker and Holwell 2015). Moreover,
sexual cannibalism in M. caffra is always pre-copulatory (Fea
et al. 2013; Walker and Holwell 2015). M. caffra is now wellestablished in many areas of New Zealand’s north island and
is commonly found in suburban gardens. We collected
M. caffra from the suburbs surrounding Auckland. Both species were collected from February to March 2017 and
February 2019. To ensure that all individuals were virgin, only
juveniles were collected. All mantids were housed individually in inverted 750-ml plastic cups with a mesh ceiling, misted
daily and fed houseflies (Musca domestica) ad libitum.

Aggression towards prey
Mantids were starved for 2 days prior to testing to standardise
hunger levels and were weighed immediately before testing.
Note that because insects are not known to vary significantly
in size within instars (Chown and Gaston 2010), weight can be
compared within instars irrespective of age. The mantids were
then placed in a six-sided plastic container measuring 70 ×
120 × 80 mm (H × W × D). When measuring predatory responses, using a virtual prey item can be useful for
standardising the variation in activity that would be present
in live prey (Ioannou et al. 2012). We created a moving virtual
prey item (see supplementary material) in Adobe Macromedia
Flash 8. The virtual prey item was displayed on a digital
screen affixed to the side of the mantis’ enclosure. Similar
methods have been used previously to induce predatory responses in praying mantids and jumping spiders (Yamawaki
2003; Bartos and Minias 2016). To quantify aggression, we
recorded whether or not the mantis attacked the virtual prey
using its raptorial forelimbs. The mantis was given a maximum time of 5 min to attack the virtual prey. The mantis was
then offered a single housefly and given a maximum time of
10 min to capture the fly. If the mantis consumed the fly, we
would once again test the mantis’ aggression towards the virtual prey. This process was repeated until (1) the mantis
stopped eating the offered flies (we assumed that mantids that
would not attack real prey would not attack virtual prey) or (2)
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the maximum number of repeats (five) was reached.
Repeating the process allowed us to compare aggression in
response to changes in prior food consumption. This method
was used for both M. caffra (nmale = 16, nfemale = 16) and
O. novaezealandiae (nmale = 16, nfemale = 14) at both the subadult (penultimate instar) and adult stages, such that a maximum of 10 repeats were conducted for each individual.

Aggression towards potential mates
To determine the likelihood that a female would cannibalise a male, a randomly chosen conspecific adult male was
introduced to the opposite side of a mesh enclosure measuring 450 × 450 × 450 mm (H × W × D) containing an
adult female. Once again, to standardise hunger females
were starved for 2 days prior to testing. Mating trials (n =
12 for M. caffra and n = 7 for O. novaezealandiae) took
place at night as there is evidence to suggest that male
mantids are more likely to approach females after dusk
(Fea et al. 2013; Walker and Holwell 2015). Males and
females were paired between 19:00 and 20:00 and left for
12 h. After 12 h, we recorded whether or not the male had
been devoured. We assumed that the consumption of
males only took place in a mating context as female mantids are typically sit-and-wait predators (Hurd 1999; Barry
2013) and adult males are only known to approach females for the purposes of mating (Gemeno and
Claramunt 2006; Lelito and Brown 2006). Also, because
mantids are often more active upon being moved to a new
enclosure (personal observations of AF), individuals were
monitored for several minutes after being introduced to
the mating enclosures. This allowed us to discard any
instances of cannibalism that may have occurred during
the initial acclimatisation period. Individuals were used
only once in mating trials.

Analyses
We used a generalized linear mixed-effects model with binomial error correction to determine whether the probability
that an individual would attack the virtual prey item varied
in response to age, sex or species. The model fixed effects
consisted of a three-way interaction between age (sub-adult
or adult), sex and species. A random effect for individual
was included where the intercept remained constant at one.
To determine whether certain groups became less aggressive due to satiating sooner, we constructed a second model
in which we added the number of flies an individual had
eaten immediately prior to exposure to the virtual prey item
as a fixed effect; this created a four-way interaction with
sex, age or species. Once again, individual was included in
the model as a random effect in which the intercept
remained constant at one. We used a separate binomial
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GLM to test for a relationship between aggression towards
prey and the probability that a female would cannibalise a
male. Here, females and males were only used once; thus,
no random effects were needed. To determine the effect of
age, sex and species on individual weight, we used a generalised linear mixed-effects model with Gaussian error where
age, sex and species formed a three-way interaction and
individual was included as a random effect with a constant
intercept of one.
We also used Spearman’s rank correlation to see if
there was a relationship between juvenile weight and
juvenile attack frequency. Note that we did not attempt
to correlate aggression with adult weight, as adult
weight was more likely to have been a product of the
standardised laboratory feeding regime as opposed to
natural feeding rates. Spearman’s rank correlations were
also used to check for a relationship between juvenile
attack probability and adult attack probability.
Behavioural repeatability describes the proportion of behavioural variation in the population that can be explained by variation at the individual level such that
G
R ¼ ðV GVþV
, where V G is the amount of variation
IÞ
expressed across the population and VI is the average
variation within an individual expressed across repeated
trait measures. We calculated repeatability for males and
females in both species using the rptR package in R
(Schielzeth and Nakagawa 2011), where attack on the
virtual prey item (binomial) was the response variable
and individual/organism ID was a random effect.
Repeatability estimates were adjusted to account for
age and repeat which are potential confounding factors.
The model was run for 1000 bootstrap repeats. All statistics were carried out in R version 3.3.0 (R Core Team
2016) and GLMMs were conducted using the lme4
package (Bates et al. 2015). Because our model for
organism weight was non-binary, we used the lmerTest
package to generate p values (Kuznetsova et al. 2017).
Fig. 1 Mean probability of
attacking a virtual prey item in a
Miomantis caffra and b
Orthodera novaezealandiae.
Error bars indicate 95%
confidence intervals

Behav Ecol Sociobiol (2020) 74: 61

Results
Miomantis caffra aggression
There was a significant interaction between sex and life stage
on overall attack frequency on the virtual prey for M. caffra
(Fig. 1a; df = 56, z = 3.874, p < 0.001), meaning that the effect
of age on aggression was different for male and female
M. caffra. Sub-adult females had a higher attack frequency
than sub-adult males, but this difference was non-significant
(df = 56, z = 1.338, p = 0.181). However, adult attack frequency was significantly higher in females than in males (df = 56,
z = 4.872, p < 0.001). Female attack frequency did not change
significantly between the sub-adult and adult stage (df = 56,
z = 0.556, p = 0.578), but adult males were significantly less
likely to attack than sub-adult males (df = 56, z = −4.633, p <
0.001). Over the 12 cannibalism trials with M. caffra, five
males were cannibalised. The frequency at which an adult
female attacked the virtual prey was not significantly associated with whether or not the female would cannibalise a male
(df = 11, z = 1.518, p = 0.129).
In sub-adult males and females, the probability of an individual attacking the virtual prey item was not significantly
affected by the number of flies that had been consumed
(Fig. 2a; males: df = 26, z = 0.171, p = 0.864; females: df =
26, z = 1.091, p = 0.275). There were no significant interaction
between the number of flies consumed and sex (df = 26 z =
0.682, p = 0.495). In adults, the effect of the number of flies
consumed on attack probability was significantly different for
adult males and females (Fig. 2b; df = 26, z = 2.704, p =
0.00685). Attack probability declined significantly in adult
males in response to the number of flies they had been eaten
prior to being exposed to the virtual prey, whereas attack
probability in adult females showed a marginally nonsignificant positive response to fly consumption (Fig. 2b;
males: df = 26, z = − 2.018, p = 0.0436; females: df = 26, z =
1.833, p = 0.0668).
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Fig. 2 Variation in attack rate on a
virtual prey item in response to
food intake (males = blue
triangles, females = red circles) in,
a juvenile Miomantis caffra, b
adult Miomantis caffra, c juvenile
Orthodera novaezealandiae, and
d adult Orthodera
novaezealandiae

Orthodera novaezealandiae aggression
There was a significant interaction between sex and life stage
on attack frequency towards the virtual prey item in
O. novaezealandiae (Fig. 1b; df = 56, z = 2.222, p = 0.026),
meaning that the effect of age on aggression was different for
males and females. Attack frequency was not significantly
different between sub-adult males and females (Fig. 1b; df =
56, z = 0.031, p = 0.975). Adult female O. novaezealandiae
had a marginally non-significant higher attack frequency than
adult males (df = 56, z = 1.795, p = 0.072). Female attack
frequency did not change significantly between the sub-adult
and adult stage (df = 56, z = 0.951, p = 0.342). There was a
marginal but non-significant trend for attack frequency to be
higher in sub-adult than adult males (df = 56 z = −1.732, p =
0.083). Cannibalism was only observed once out of seven
mating trials in O. novaezealandiae.
In sub-adult males and females, the probability that an individual would attack the virtual prey item was not significantly affected by the number of flies consumed (males: df =
23, z = −1.496, p = 0.135; females: df = 23, z = − 0.223, p =
0.823), and the interaction between sex and the number of
flies consumed was also non-significant (df = 23, z = 0.817,
p = 0.414). Similarly, the probability of individuals attacking
the virtual prey item was not significantly affected by the
number of flies consumed in adult females (df = 23, z = −
0.617, p = 0.537), but the probability of adult males attacking
the virtual prey item decreased significantly as the number of
flies consumed increased (df = 23, z = − 2.041, p =

0.0413). There was no significant interaction between
the number of flies consumed and sex in adults (df =
23, z = 1.086, p = 0.277).

Comparison of aggression of both species
Attack rate in female M. caffra was significantly higher than
that of O. novaezealandiae females at both the sub-adult and
adult life stage (sub-adult: df = 56, z = 2.58, p = 0.01; adult:
df = 56, z = 2.301, p = 0.021). Attack rates in male M. caffra
did not differ significantly from that of O. novaezealandiae
males in sub-adults or adults (sub-adult: df = 56, z = 1.452,
p = 0.146; adult: df = 56, z = − 0.882, p = 0.377). The threeway interaction between species, life stage and aggression was
not significant (df = 56, z = 1.395, p = 0.163), meaning that the
difference in the effect of age on aggression in males and
females was not different between M. caffra and
O. novaezealandiae.

Repeatability
For male and female M. caffra, we found no significant correlation between the number of times an individual attacked
the virtual prey item as juveniles and adults (Fig. 3a;
Spearman’s rank: males: S = 543.56, rho = 0.20, p = 0.46; fem a l e s : S = 8 11.6 7, rh o = − 0. 19 , p = 0. 47 ). In
O. novaezealandiae juvenile and adult attack rates were correlated in females but not males (Fig. 3b; Spearman’s rank:
males: S = 519.95, rho = 0.235, p = 0.38; females: S = 86.795,
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Fig. 3 Relationship between the
number of attacks on a virtual
prey item in juvenile and adult a
Miomantis caffra (male = blue
triangles, female = red points) and
b Orthodera novaezealandiae
(male = blue triangles, female =
red points)

rho = 0.762, p = 0.0025). In concordance with the findings of
Bell et al. (2009) for invertebrates, female aggression was
more repeatable than male aggression for both M. caffra and
O. novaezealandiae (Table 1). However, only aggression in
female O. novaezealandiae was more repeatable than the average repeatability (0.32) calculated from a range of studies on
other organisms (Bell et al. 2009). Thus, we found evidence
for consistency in overall aggression and a correlation between juvenile and adult aggression in female
O. novaezealandiae, but not male O. novaezealandiae or either sex in M. caffra. Frequency histograms for the repeatability estimates can be found in the supplementary material.

O. novaezealandiae was marginally non-significant (df = 98,
t = 1.920, p = 0.0606). Adult female O. novaezealandiae were
significantly heavier than adult males (df = 98, t = − 4.522,
p < 0.001) and sub-adult females (df = 98, t = − 7.005, p <
0.001). We also found a significant correlation between the
number of times a juvenile attacked the virtual prey item and
juvenile weight in O. novaezealandiae but not M. caffra
(Fig. 5; Spearman’s rank: O. novaezealandiae: S = 581.71,
rho = 0.563, p = 0.00981; M. caffra: S = 5952.4, rho = −
0.091, p = 0.6204).

Discussion
Body mass
Body mass was not significantly different between male and
female sub-adult M. caffra (Fig. 4; df = 98, t = 1.235, p =
0.221). However, adult female M. caffra were significantly
heavier than adult males (df = 98, t = 10.333, p < 0.001) and
sub-adult females (df = 98, t = 17.207, p < 0.001). Adult male
M. caffra were significantly heavier than sub-adult males
(df = 98, t = 3.227, p = 0.00226). For O. novaezealandiae,
there was no significant difference between the sub-adult
weights of males or females (df = 98, t = 0.569, p = 0.571).
The difference in weight between adult and sub-adult male
Table 1 Repeatability in aggression across sub-adult (penultimate
moult) and adult life stages in two
Sex

Species

R

95% CI

p

M
F
M
F

M. caffra
M. caffra
O. novaezealandiae
O. novaezealandiae

0.164
0.177
0.15
0.433

0.011–0.319
0.027–0.354
0–0.373
0.099–0.9

0.00125
0.000154
0.0049
6.18 × 10−8

Behavioural correlations and behavioural repeatability have
previously been used to explain the occurrence of precopulatory cannibalism by suggesting that cannibalism is a
by-product of strong selection for aggression towards nonconspecific prey. As a result, aggression in individuals from
species that display high rates of pre-copulatory cannibalism
should be consistent across time and environmental context.
In this study, although adult female M. caffra were significantly more aggressive towards prey and more cannibalistic than
adult female O. novaezealandiae, we only found evidence for
behavioural repeatability in O. novaezealandiae. This finding
directly contradicts the aggressive spillover theory for precopulatory cannibalism. We have also shown that male
M. caffra can dramatically reduce their levels of aggression
towards prey upon eclosing as adults, showing that aggression
can vary independently across instars in a species where females frequently devour males prior to copulation. Moreover,
we found no association between adult aggression and precopulatory cannibalism in M. caffra, providing further evidence that pre-copulatory cannibalism need not be a byproduct of aggression towards prey. Our results suggest that
aggressive spillover may not explain high levels of pre-
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Fig. 4 Variation in weight in
response to age and sex in
Miomantis caffra (a) and
Orthodera novaezealandiae (b)

copulatory cannibalism, even in clades where sexual cannibalism is common. It may be that the high levels of precopulatory cannibalism seen in some species are not a behavioural by-product, but instead have been selected for because
of the direct benefits cannibalism brings to females.
Previous studies show that consistency in aggression
throughout ontogeny may be linked to the presence of sexual
cannibalism (Arnqvist and Henriksson 1997; Johnson and Sih
2005; Johnson and Sih 2007). We found no correlation between juvenile aggression and adult aggression in M. caffra
and very little evidence for behavioural repeatability, showing
that consistency in aggression across time is not linked to the
high frequency of sexual cannibalism in M. caffra. Previous
studies have demonstrated that the individual and populationlevel benefits of sexual cannibalism may be highly dependent
on the environment (Buskirk et al. 1984; Fisher et al. 2018).
For example, sexual cannibalism may increase the incidence
of virgin deaths if females continue to cannibalise males when
encounters are rare, such as in sparse populations. It would
therefore be advantageous for females to be able to vary how
Fig. 5 The number of times a
sub-adult attacks a virtual prey
item is correlated with sub-adult
weight in O. novaezealandiae (b)
but not M. caffra (a)

frequently they cannibalise males in response to environmental cues, such as mate availability. Previous work suggests that
the presence of a behavioural correlation lowers the plastic
potential of individual behaviour (Sih et al. 2012); thus, emergence of correlated behaviours could be strongly selected
against in sexually cannibalistic species to allow for greater
variation in cannibalism rates.
Conversely, we found evidence for behavioural repeatability in adult female O. novaezealandiae. We have also shown a
positive correlation between how often individuals attacked
the virtual prey item and weight in O. novaezealandiae. This
suggests a link between repeatable high aggression and mass
relative to conspecifics. Thus, behavioural consistency may be
selected for to increase individual competitiveness through
traits such as body size, which is likely dependent on the
long-term feeding behaviour of an individual (Jones and
DiRienzo 2018). However, there may also be a trade-off between the positive and negative fitness effects of behavioural
repeatability. For example, if repeatability in aggression
causes highly aggressive individuals to be aggressive towards
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potential mates, and aggression towards potential mates has negative fitness consequences, then high levels of aggression may be
selected against in such species. Fitness trade-offs associated with
behavioural correlations may provide some explanation as to
why female O. novaezealandiae are less aggressive than female
M. caffra across all the contexts we tested.
Juvenile prey attack frequency was very similar for males
and females of both species, implying that both sexes rely on
high feeding rates during development to maximise their lifetime fitness and the probability of reaching adulthood. In
praying mantids, males are typically the dispersing sex and
therefore require functioning flight muscles and wings to locate potential mates (Maxwell et al. 2010). The development
of wings and associated musculature is known to be energetically costly in other insects (Mole and Zera 1993; Langellotto
et al. 2000); thus, male mantids may feed voraciously as juveniles to accommodate the energetic demands of adult dispersal. Evidence for the effect of juvenile feeding on adult
dispersal is provided by the false garden mantis
(Pseudomantis albofimbriata), where males kept on a low
feeding regime as juveniles were slower at finding a mate than
those that were well fed (Barry 2013). For female mantids,
adult size is likely a determinant of maximum egg production
(Allen et al. 2014). In fishing spiders of the genus Dolomedes
(family: Pisauridae) fixed female size (size independent of
current feeding rate, i.e. cephalothorax width) was shown to
significantly increase reproductive output (Spence et al. 1996;
Arnqvist and Henriksson 1997; Johnson 2001), and was more
important for determining female fecundity than adult feeding
rate (Johnson 2001). Hence, it could be that the selection pressure for high juvenile aggression is similar for males and females because both sexes are equally reliant on nutrient intake
to maximise adult fitness. This may be particularly true in
species where males are required to develop energetically
costly flight traits to allow for long distance dispersal.
Although aggression was similar for juvenile male and female
M. caffra, adult females were significantly more aggressive than
adult males. The difference in adult male and adult female aggression was due to males becoming less aggressive upon reaching
adulthood, and satiating sooner. Although it is not certain why this
occurs, one possibility is that males feed less as adults to limit their
weight thereby allowing for easier flight dispersal. Lowering body
mass increases the flight muscle to body mass ratio in flying insects and has been shown to enhance male fitness in dragonflies
(Marden 1989). Female M. caffra maintained their high aggression
into adulthood and did not get less aggressive in response to feeding. This implies that high aggression towards prey is similarly
advantageous for juvenile and adult female M. caffra. Because
males are typically the dispersing sex in mantids, and female
M. caffra are flightless, low body mass would not provide a fitness
advantage to females. Instead, maintaining a high feeding rate may
raise female fitness via increased egg production (Murphy et al.
1983; Barry et al. 2008).
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In this study, high levels of adult aggression towards prey
in M. caffra did not pre-dispose females to pre-copulatory
cannibalism, implying that sexual cannibalism is not a behavioural by-product. If sexual cannibalism is not a by-product of
aggression towards prey, then pre-copulatory sexual cannibalism must sometimes occur in nature because it is adaptive in
itself. This could be true if males are highly nutritious for
females, as has been shown in the funnel spider Agelenopsis
pennsylvanica and the fishing spider Dolomedes tenobrosus,
where females that had cannibalised a male prior to copulation
showed a greater number of offspring emergence (Berning
et al. 2012; Schwartz et al. 2016). Similarly, in populations
where males vary greatly in terms of their quality, then precopulatory cannibalism may be selected for as a method of
mate choice (Prenter et al. 2006; Kralj-Fišer et al. 2012). In the
wolf spider Schizocosa ocreata (family: Lycosidae), females
are known to cannibalise smaller males over larger males
(Persons and Uetz 2005). Hence, pre-copulatory cannibalism
can be selected for directly and does not only occur as a byproduct of selection for aggression towards prey.

Conclusions
The aggressive spillover theory for pre-copulatory cannibalism
proposes that aggression in some species is linked across developmental and ecological contexts and that sexual cannibalism is a byproduct of this aggression. Our study has shown that high rates of
pre-copulatory cannibalism may not be an indication that aggression is correlated across contexts among individuals. Instead, sexual cannibalism may only be able to persist in some species if
cannibalism rates are determined by environmental cues, not other
behaviours. Secondly, we have shown that the presence of consistent levels of aggression across life stages may lead to overall
lower levels of aggression in some species. This may be due to
the fitness benefits of high levels of aggression being outweighed
by the potential costs if aggression towards prey is correlated with
aggression towards potential mates. Finally, we show that males of
the sexually cannibalistic species of mantis M. caffra can become
less aggressive upon reaching adulthood, suggesting that this species can vary aggression depending on age. Our evidence supports
the idea that aggression can evolve in a way that allows for variation across contexts within individuals of sexually cannibalistic
species; but also that lower levels of aggression may be selected
for if aggression is inherently correlated across contexts in a particular species. Future work investigating the potential for sexual
cannibalism rates to be plastic in response to environmental cues
could be useful for conservation.
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