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Sexual conflict arises whenever males and females have divergent reproductive interests. The mecha-

nisms mediating the resolution of sexual conflict have been studied extensively in the context of parental
care, where each parent adjusts its decision about how much care to provide based on its partner's
workload. However, there is currently no information on the mechanisms mediating the resolution of
sexual conflict over personal consumption from a shared resource. We address this gap in the burying
beetle Nicrophorus vespilloides, which breeds on small vertebrate carcasses. The carcass serves as a source
of food for both the developing larvae and the caring parents, and parents feed from the carcass for self-
maintenance. To study the mechanisms mediating conflict resolution, we experimentally varied the two
parents' body size to create variation in carcass consumption. We then assessed whether each parent
adjusted its consumption based on its own size, its partner's size and its partner's consumption. As
expected, large parents gained more mass than small parents. Furthermore, males paired to large females
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sealed bids change, gaining more mass when their partner did. Our study provides insights into the resolution of a

new form of sexual conflict, showing that it is mediated through both matching and sealed-bid re-
sponses. Our findings also suggest that the resolution models developed in the context of sexual conflict
over biparental care may apply more generally than previously thought.
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Sexual conflict arises whenever males and females have diver- dung, carrion or wood that serve as food for the parents as well as

gent reproductive interests and can occur in various contexts before
mating (e.g. male harassment and female resistance; Arnqvist &
Rowe, 2005), during mating (e.g. duration of copulation;
Schneider, Gilberg, Fromhage, & Uhl, 2006) or after mating (e.g.
contribution to parental care; Houston, Székely, & McNamara,
2005). Even though previous research has examined many types
of sexual conflict (Arnqvist & Rowe, 2005; Houston et al., 2005;
Parker, 2006), one type of conflict that so far has been neglected
is that over the consumption of a food resource that is shared by the
two parents and their offspring.

Sexual conflict over the consumption of a shared food resource
might be common in species with biparental care. For example, in
many birds, the two parents share a breeding territory, within
which each parent searches for food, both for its own consump-
tion and to provision its nestlings. Also, in many insects with
biparental care, the two parents share resources in the form of
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the developing larvae (Tallamy & Wood, 1986). Each parent ben-
efits personally by consuming from the shared resource, as it al-
lows that parent to invest in self-maintenance and thereby
enhance its future reproductive potential (Billman, Creighton, &
Belk, 2014; Creighton, Heflin, & Belk, 2009). However, given that
resources are finite, increased consumption by one parent leaves
less of the resource for the offspring and the partner. A study on
the burying beetle Nicrophorus vespilloides suggested that sexual
conflict over shared resources during the breeding attempt may
negatively affect female longevity (Boncoraglio & Kilner, 2012).
Thus, there is evidence for a conflict battleground between the
two sexes over personal consumption from the shared resource,
with each parent preferring to consume more resources than
would be optimal from its partner's perspective. Nevertheless, the
mechanisms underlying the resolution of this form of conflict are
still unexplored.

We suggest four mechanisms that might be involved in the
resolution of sexual conflict over consumption from a shared
resource. The first potential mechanism is coercion based on
physical interference between the two parents. If coercion is
mediating the resolution of this conflict, consumption of the
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resource should depend on asymmetries in fighting ability between
the two parents, as the stronger parent might be in a position to
control the feeding behaviour of its partner. The other three
possible mechanisms (negotiation, matching and sealed-bid de-
cisions) derive from theoretical models for the resolution of sexual
conflict over contribution towards parental care. Negotiation and
matching occur when each parent adjusts its own contribution in
direct response to its partner's contribution (Johnstone & Hinde,
2006; McNamara, Gasson, & Houston, 1999). When there is nego-
tiation, the focal parent responds to a reduction in the amount of
care provided by its partner by increasing its contribution
(McNamara et al., 1999), while when there is matching, the focal
parent matches any increase or reduction in its partner's contri-
bution (Johnstone & Hinde, 2006). Sealed-bid decisions occur when
each parent makes an initial fixed decision about how much to
contribute that is independent of its partner's contribution
(Houston & Davies, 1985). We suggest that these mechanisms
might also apply to the resolution of sexual conflict over con-
sumption from a shared resource because there are clear analogies
between these two forms of conflict. Sexual conflict over contri-
butions to parental care occurs because the benefits of care are
shared between the two parents while the costs of care are per-
sonal (Lessells, 2012), whereas sexual conflict over consumption
from a shared resource occurs because the costs of consumption are
shared between the parents while the benefits of consumption are
personal.

In this study, we investigated the mechanisms underlying the
resolution of sexual conflict over carrion consumption in the
burying beetle N. vespilloides, an insect that breeds on carcasses of
small vertebrates (Eggert, Reinking, & Miiller, 1998). The carcass
serves as a source of food for the two parents and their developing
offspring, so the more each parent consumes from the resource,
the less will be left for its partner and the offspring (Boncoraglio &
Kilner, 2012; Scott, 1989). Previous work in the burying beetle
Nicrophorus orbicollis has shown that there is substantial variation
in the parents' mass change over the breeding attempt and that
this mass change serves as a proxy for investment in future
reproduction (Billman et al., 2014; Creighton et al., 2009). Because
we were interested in whether each parent adjusts its carrion
consumption in response to that of its partner, we experimentally
varied the body size of the two parents on the assumption that
larger individuals consume more carrion. This asymmetry in body
size inadvertently introduced asymmetry in the physical strength
of the two parents (Otronen, 1988), allowing the possibility that
the larger parent might enforce their feeding optimum by eating
more while interfering with its partner's access to the carcass.
Evidence for physical interference between partners has been
observed in the closely related Nicrophorus defodiens. In this spe-
cies, females behave aggressively towards their male partner to
prevent him from attracting additional females (Eggert & Sakaluk,
1995).

To study the mechanisms mediating conflict resolution and
assess whether each parent adjusts its consumption based on its
own size, its partner's size and its partner's consumption, we
recorded (1) the amount of time spent feeding on the carcass by
each parent during a 30 min observation and (2) the change in the
mass of each parent over the reproductive attempt (Billman et al.,
2014; Creighton et al.,, 2009). If sexual conflict over carrion con-
sumption is resolved through negotiation, we predicted that the
focal parent would reduce its consumption in response to an in-
crease in consumption by its partner. If it is resolved through
matching, we predicted that the focal parent would increase its
consumption in response to an increase in consumption by its
partner. If the conflict is resolved through sealed-bid decisions,
each parent's decisions about how much to consume should be

independent of its partner's consumption. Lastly, if the conflict is
resolved through coercion, we predicted that the larger parent
would prevent its smaller partner from consuming from the
carcass.

METHODS
General Methodology

We used virgin beetles from an outbred laboratory population
maintained at the University of Edinburgh. The beetles used in this
study comprised sixth-, seventh- and eighth-generation beetles
from lines originally collected in Edinburgh, UK. and Warmond,
The Netherlands. They were housed individually in transparent
plastic containers (12 x 8 cm and 2 cm deep) filled with moist soil
and kept at 20 'C and constant light. Nonbreeding adults were fed
raw organic beef twice a week.

Experimental Design

To induce variation in carcass consumption by the parents, we
first generated small and large beetles using a full-sib design based
on previously established methodology (Pilakouta, Richardson, &
Smiseth, 2015; Steiger, 2013). For each of these 90 broods, we
removed half of the brood from the carcass once the larvae reached
the third instar, leaving the remaining larvae on the carcass until
right before dispersal. We recorded the mass of each larva and kept
the larvae in individual containers with moist soil. Larvae weighing
less than 150 mg were categorized as small (mean + SD:
111 + 14 mg), while larvae weighing more than 150 mg were
categorized as large (203 + 24 mg). Larval mass at dispersal de-
termines adult size, as larvae do not feed in the period between
dispersal from the carcass and eclosion (Bartlett & Ashworth, 1988;
Lock, Smiseth, & Moore, 2004).

All beetles were bred within 2 weeks after sexual maturity
(10—24 days after eclosion) using a 2 x 2 factorial design: a large
male paired with a large female (N = 25), a large male paired with a
small female (N =25), a small male paired with a large female
(N =25) and a small male paired with a small female (N = 25).
Paired beetles were virgins and did not share common ancestors for
at least two generations. The pairs were transferred to transparent
plastic containers (17 x 12 cm and 6 cm deep) with moist soil and
were provided with freshly thawed mouse carcasses (Livefoods
Direct Ltd, Sheffield, U.K.) of a standardized size (22—25 g). For each
of these matings, we recorded the mass of the carcass and the
prebreeding mass of each parent. Immediately after eggs were laid,
we moved the parents and the carcass to a new container. When
the eggs started hatching, we generated experimental broods of 15
larvae by pooling larvae from eggs across all treatments (Mattey &
Smiseth, 2015). This design ensured that there were no effects due
to parent-offspring coadaptation (Lock et al., 2004) and that any
differences in the parents’' consumption of the carcass were not
mediated through differences in brood size.

Twenty-four hours after providing the parents with a brood, we
conducted behavioural observations using instantaneous sampling
every 1 min for 30 min (Martin & Bateson, 1986; Smiseth & Moore,
2002; Smiseth, Darwell, & Moore, 2003). During this time, we
recorded the number of scans that each parent spent feeding on the
carcass. Parents were then allowed to care for the brood undis-
turbed until the larvae dispersed from the carcass about 4 days
later. At dispersal, which corresponds to the end of the parental
care period, we recorded the postbreeding mass of each parent. We
calculated each parent's change in mass during the breeding
period, by subtracting its prebreeding mass from its postbreeding
mass.
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Statistical Analyses

Data were analysed using R version 3.2.0. In all analyses for mass
change, we used absolute rather than relative changes in mass,
because we were specifically interested in examining differences in
the amount of carrion consumed. Mass change data had a normal
error structure, so we used general linear models for those ana-
lyses. Because the behavioural data (time spent feeding on carcass)
were zero-inflated, we ran zero-adjusted negative binomial (ZANB)
regressions, using the hurdle function in the pscl package (Jackman,
2014), which splits the data into two components. Significant
values on the zero-hurdle model indicate that a given variable
influenced the probability of consuming carrion, whereas signifi-
cant values on the count model indicate that a given variable
influenced how much time was spent consuming carrion. All
models included male size, female size, the interaction between
male and female size, as well as time spent feeding or mass change
by the partner. Previous studies on the same species investigating
the resolution of sexual conflict over biparental care found that the
focal parent's response to the partner's behaviour and the partner's
state were independent (Mattey & Smiseth, 2015; Pilakouta,
Richardson, & Smiseth, 2015), so we included both variables in
our starting models. Note that in all models, the reference category
for male and female size was ‘large’.

Carcass size was included as a covariate in all models because
resource availability may influence the parents’ consumption.
Males but not females spent more time feeding on larger carcasses
(male: z=2.03, P=0.042; female: z= 154, P=0.12), and carcass
size had no effect on mass change in either sex (male: t = —0.70,
P =0.48; female: t = —0.91, P = 0.36). We also added brood size at
the time of the observation as a factor, because although we pro-
vided all parents with a brood of 15 newly hatched larvae, there
was some variation in the number of larvae alive at the time of the
observation. Nevertheless, brood size did not have a significant
effect on the amount of time parents spent feeding on the carcass
(male: z=-1.89, P=0.059; female: z=—1.61, P=0.11) or the
parents’ change in mass (male: t=-0.78, P=0.44; female:
t=-140,P=0.17).

Decisions about which variables to include in the final models
were based on AIC model selection criteria. We also tested for
multicollinearity in all models by estimating variance inflation
factors using the vif function in the car package (Fox & Weisberg,
2011). The largest variance inflation factors were <3, indicating
absence of multicollinearity.

Ethical Note

Our study adheres to the ASAB/ABS Guidelines for the Use of
Animals in Research, the legal requirements of the UK., as well as
all institutional guidelines at The University of Edinburgh. None of
the procedures used in this study had the potential to cause pain or
distress.

RESULTS
Do Parents Base Consumption on Their Own Size?

Large parents spent more time feeding from the carcass (Table 1,
Fig. 1) and also gained more mass over the reproductive attempt
(Table 2, Fig. 2) than small parents.

Do Parents Base Consumption on Their Partner's Size?

Males spent more time feeding from the carcass and gained
more mass when they were paired to a large female than when

paired to a small female (Tables 1, 2, Figs. 1, 2). However, there was
no significant difference in the time spent feeding or mass change
by females paired to large and small males (Tables 1, 2, Figs. 1, 2).

Does the Interaction Affect Consumption?

There was a significant effect of the interaction between male
and female size on male feeding behaviour and mass change
(Tables 1, 2). This interaction effect reflected that large males spent
more time feeding and gained more mass when paired to a large
female, whereas small males spent a similar amount of time
feeding and gained the same mass regardless of the size of their
partner (Figs. 1, 2). There was no significant effect of the interaction
between male and female size on female mass change or feeding
behaviour (Tables 1, 2).

Do Parents Base Own Consumption on That of Their Partner's?

Males were more likely to feed from the carcass when their
partner was feeding less (zero-hurdle model: estimate = —0.12,
SE = 0.05, z = —2.2, P = 0.027), but males that fed from the carcass
did not adjust the amount of time they spent feeding based on their
partner's feeding behaviour (Table 1). Females did not adjust their
feeding behaviour to that of their partner (zero-hurdle model:
estimate = —0.34, SE=0.19, z=-1.8, P=0.070; count model:
Table 1). Lastly, females responded to their partner's mass change,
gaining more mass when their partner gained more mass (Table 2).
Males, on the other hand, did not adjust their mass change in
response to that of their partner (Table 2).

DISCUSSION

In this study, we examined the mechanisms that mediate the
resolution of sexual conflict in a previously neglected context:
conflict over personal consumption from a resource that is shared
by the two parents and their dependent offspring. We found some
evidence for sealed-bid decisions (i.e. decisions that are indepen-
dent of the partner's behaviour) as parents of both sexes adjusted
their consumption of carrion based on their own size, and males
adjusted their consumption based on the size of their partner. We
also found some evidence for matching as females gained more
mass when their partner gained more mass. We found no evidence
for size-dependent coercion, as parents did not feed less when
paired to large partners. Our results therefore suggest that the
resolution models developed in the context of sexual conflict over
biparental care may apply more generally than previously thought.

The main aim of our experimental design was to induce
variation in the parents' consumption of carrion by experimentally
varying the body size of the focal parent and its partner.
As intended, large parents of both sexes consumed more carrion
than small parents. This result confirms our initial assumption that
large individuals need more food to replenish their energy reserves
and also provides some evidence for sealed-bid decisions, whereby
a parent's decision about how much to consume is independent of
its partner's behaviour. An inadvertent consequence of this size
manipulation was that we introduced asymmetry in the physical
strength of the two parents (Otronen, 1988). However, we found no
evidence that large parents used their physical strength to prevent
a small partner from feeding on the carcass. Our results thus do not
support the hypothesis that size asymmetry between parents can
influence the resolution of sexual conflict through coercion or
punishment. The absence of coercion in this context might be due
to its potential costs; attacking a partner that contributes towards
providing care for the offspring may incur costs to the focal parent
in terms of receiving less assistance from the partner in the future.
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Effects on the amount of time spent feeding from the carcass by male (M) and female (F) parents during a 30 min observation

M Size F Size Interaction Partner's feeding rate

Est SE z P Est SE Est SE z P Est SE z P
M feeding -1.2 0.5 2.2 0.028 -1.6 0.6 2.7 0.006 2.0 0.8 2.5 0.011 —0.001 0.1 -0.01 0.99
F feeding -0.21 0.26 -0.8 0.43 -0.5 0.27 -19 0.058 -0.4 0.5 -0.7 0.47 -0.36 0.19 -19 0.054

Data were analysed using ZANB regressions. For simplicity, we present the results for the count model (see text for zero-hurdle model results). We provide information on the
parameter estimates (Est), standard errors (SE), test statistics (z values) and P values. Statistically significant P values are indicated in bold.

Time spent feeding on carcass (min)

10

m M feeding
oF feeding

Large M/Large F

Large M/Small F

Small M/Large F

Small M/Small F

Figure 1. Means + SE for amount of time spent feeding on the carcass (min) by small or large males (M: black bars) and small or large females (F: grey bars) during a 30-min

observation.

Table 2

Effects on male (M) and female (F) mass change during breeding

M Size F Size Interaction Partner's mass change

Est SE t P Est SE t P Est SE t P Est SE t P
M mass change -29 5.6 -5.2 <0.0001 —-18 5.7 -3.2 0.002 21 7.9 2.7 0.009 0.13 0.10 14 0.17
F mass change -5.1 5.1 -1.0 0.32 -28 4.6 -6.1 <0.0001 -31 9.5 -0.3 0.74 0.22 0.11 2.0 0.047

Data were analysed using general linear models. We provide information on the parameter estimates (Est), standard errors (SE), test statistics (t values) and P values. Sta-
tistically significant P values are indicated in bold.

Change in mass during breeding (mg)

80

60+

20F

= M mass change
B F mass change

Large M/Large F

Large M/Small F

Small M/Large F

Small M/Small F

Figure 2. Means + SE for mass change (mg) over the reproductive attempt for small or large males (M: black bars) and small or large females (F: grey bars).
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Another key finding in our study was that each parent adjusted
its consumption of carrion based on attributes of its partner. Fe-
males gained more mass when their partner gained more mass,
while males adjusted their mass gain based on their partner's body
size rather than its consumption of carrion. These results suggest
that there is a sex difference in how parents respond to attributes
of their partner: females match their consumption to that of their
partner as predicted by matching models (Johnstone & Hinde,
2006), while males make decisions that are independent of the
behaviour of their partner as predicted by sealed-bid models
(Houston & Davies, 1985). Previous work on the same species has
reported sex differences in how caring parents respond to mate
removal: males provide more care following the removal of the
female, while females provide a similar amount of care regardless
of whether the male is present or absent (Smiseth, Dawson, Varley,
& Moore, 2005). The sex difference in personal consumption re-
ported here may reflect that females spend more time on the
carcass than males (Smiseth & Moore, 2004; Smiseth et al., 2005)
and that females therefore have better access to information about
their partner's feeding rate. In contrast, males typically spend
more time away from the carcass and may adjust their mass
change to the expected feeding rate of their partner based on their
partner's size. Indeed, we found that males spent more time
feeding on the carcass and gained more mass over the reproduc-
tive attempt when they were paired to a large female, which
consumed more carrion than a small female. The finding that fe-
males match their consumption to that of their male partner is
interesting given that there is limited empirical evidence for
matching in the context of biparental care (Hinde, 2006). Thus, we
suggest that the matching model (Johnstone & Hinde, 2006) might
be better suited for the resolution of sexual conflict over foraging
from a shared resource.

For males, the observed pattern for feeding behaviour (Table 1)
closely matched the pattern for mass change over the reproductive
attempt (Table 2); both male feeding behaviour and male mass
change were influenced by the male's own size, his partner's size
and the interaction between the two (Tables 1, 2). In contrast, fe-
male mass change was influenced by her own size and her partner's
mass change (Table 2), but this pattern was not reflected in the
female's feeding behaviour (Table 1). One potential explanation for
this sex difference is that, when both parents provide care, females
are typically much more involved in provisioning food to the larvae
than are males (Smiseth & Moore, 2004; Walling, Stamper, Smiseth,
& Moore, 2008). Thus, females may regurgitate most of the carrion
they consume to the larvae, whereas males may consume carrion
primarily to replenish their own energy reserves. This interpreta-
tion is supported by visual inspection of our data, which suggest
that the overall mass change was very similar for males and females
in most treatments (Fig. 2) even though females spent significantly
more time feeding on the carcass (Fig. 1). An alternative explanation
is that females appear to be spending more time feeding but
instead they are making the carcass more accessible to the larvae. In
this species, the larvae obtain some of their food by self-feeding
from the day of hatching (Smiseth et al., 2003), and parents may
enhance the larvae's ability to self-feed by cutting it open. It is not
possible to discriminate between feeding and cutting the carcass
open during behavioural observations. Another plausible explana-
tion for the difference between the results for female feeding
behaviour and mass change is that females incurred high energetic
costs during egg production and laying, and they were consuming
carrion to compensate for this initial energy cost. We cannot
differentiate between these explanations based on the results from
our experiment.

Overall, we found some evidence for sealed-bid decisions, as
parents adjusted their consumption of carrion based on cues that

were independent of their partner's behaviour: their own size
(males and females) and their partner's size (males). However, we
also found some evidence for matching, as females gained more
mass when their partner gained more mass. The resolution of
conflict over feeding from a shared resource is thus mediated
through both matching and sealed-bid responses in this species.
Interestingly, two recent papers on N. vespilloides showed that
parents resolve conflict over parental care contributions using
negotiation and sealed bids (Mattey & Smiseth, 2015; Pilakouta,
Richardson, & Smiseth, 2015). Our findings suggest that, even
within the same species, different mechanisms may be involved in
mediating the resolution of different forms of sexual conflict. We
encourage researchers to explore whether this might also be the
case in other taxa.

Lastly, our results raise interesting questions as to whether
sexual conflict over consumption from a shared resource could
influence sexual conflict over contributions to parental care. For
example, if a parent is prevented from feeding by a physically su-
perior partner, it may retaliate by providing less care. On the other
hand, if a parent is providing a disproportionate amount of care, its
partner may be more tolerant of that parent feeding more from the
resource. We are not aware of any studies investigating how the
resolution of one type of sexual conflict may interact with the
resolution of a different type of conflict in the same system. Such
interactions might be expected whenever there are multiple types
of sexual conflict occurring either simultaneously or sequentially
over the reproductive bout, and we encourage future research to
address this gap.

In summary, this study provides novel insights into the resolu-
tion of a previously ignored form of sexual conflict by showing that
parents use information on their partner to decide how much food
to consume from a shared resource. These adjustments in feeding
are directly related to the parents' future reproductive potential, as
consumption of the breeding resource serves as a proxy for in-
vestment in future reproduction (Billman et al., 2014; Creighton
et al., 2009). Our findings also suggest that parents use different
mechanisms for the resolution of different forms of sexual conflict,
and they raise the possibility of interactions between different
sources of conflict occurring over the breeding attempt.
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