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Abstract

Female-female nonsexual interference competition is rapidly emerging as a major fitness determinant of biased sex-ratio groups
with high female density. How do females overcome such competition? We used adult flour beetle Tribolium castaneum to
answer this question, where females from female-biased groups suppressed each other’s fecundity by secreting toxic quinones
from their stink glands, revealing a chemical-driven interference competition. The added natal resource did not alleviate
these fitness costs. Females also did not disperse more at high female-density. Hence, the competition was neither limited
by the total resource availability nor the inability to avoid chemical interference. Instead, protein sequestered via scavenging
of nutrient-rich carcasses relaxed the female competition, by increasing their fecundity and reducing the quinone content.
Even infected carcasses were scavenged to extract fitness benefits, despite the infection-risk. Finally, individual stink gland
components triggered carcass-scavenging to increase fecundity, indicating a potentially novel chemical feedback loop to reduce
the competition.

INTRODUCTION

In many animals, females compete strongly for resources such as food or space, rather than mates, using
various interference strategies (reviewed in Stockley & Bro-Jørgensen 2011; Tobias et al. 2012). For instance,
high-ranking female chimpanzees (Murray et al.2006) or meerkats (Bell et al. 2014) monopolise access to
high-quality diet by dominance relationships or territorial aggressions, thereby suppressing the reproduction
of subordinate females to maximise their own reproduction. In contrast, female parasitoids use biochemical
mechanisms while competing for a suitable resource (Harvey et al.2013). These multifaceted competitive
interactions are further exemplified by recent experiments with flour beetles where females compete using
defensive quinones as the secreted toxin in response to female density rather than via direct intra-sexual
interactions (Khanet al. 2018). Females inhibit each other’s reproduction, either due to their own secreted
chemicals or due to chemicals secreted by other competing females.

How do females overcome fitness effects of interference competition? As food availability is a limiting factor
for female fitness in many species (Ho & Dawson 1966; Wheeler 1996), one possibility is that fitness impacts
of interference competition can be directly reversed by increasing the access to the available natal resource.
Alternatively, animals can also disperse from competitive environments (Waser 1985; Porter & Dooley 1993;
Matthysen 2005), using information acquired from their external surroundings (Clobert et al. 2009; Clutton-
Brock & Lukas 2012). While the relative importance of dispersal during density-dependent female interference
competition is still unclear, environmental cues affecting dispersal decision are widely known. For instance,
mice trigger their dispersal, using the odour of urine, which serves as a cue for relatedness and competitiveness
of neighbouring conspecifics (Isles et al. 2002; Latham & Mason 2004). InTribolium beetles, dispersal rate
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increases in response to the conditioning of flour by the accumulation of excreta or secreted quinones at high
population density (Ogden 1969). Dispersal from high-density patches can increase further if beetles are
housed with individuals that are reared under poor conditions as juveniles (Endrisset al. 2019), suggesting
that dispersal behaviours can even be sensitive to the environmental history of neighbouring conspecifics.
These results might also have direct implications for female dispersal during competition. For instance,
density-dependent accumulation of defensive chemical secretions, as observed in flour beetles (Khanet al.
2018), can stimulate female dispersal to avoid the overall negative fitness consequences of female-biased
sex-ratios.

Finally, facultative scavenging of animal carcasses can be another ecologically relevant and low-cost (with
no efforts for predation) foraging strategy (Devault et al. 2003; Moleón et al.2014) to reduce competitive
interactions by sequestering additional energy and nutrients. Decomposing flesh of protein-rich carcasses
(Huntington & Higley 2010) can provide easy access to essential nutrients to stimulate reproductive potential
(Piper et al. 2014; Corrales-Carvajal et al. 2016). Due to these inherently low costs of acquisition and high
nutritional value of carcasses, scavenging is perhaps more effective to avoid female competition than access
to the natal resource or costly dispersal strategy (Li & Kokko 2019). However, despite the importance of
carcass scavenging as an integral part of the energy and nutrient flow model (Wilson & Wolkovich 2011;
Turneret al. 2016; Abernathy et al. 2017), its direct role in female competitive interferences has been rarely
analysed (but see Pusceddu et al. 2018). Notably, we have no information on whether and how scavenging
can influence unique chemical interference competitions observed in some insect species (Harvey et al. 2013;
Khan et al. 2018). Since chemicals act as indicators of female competition in these insects, it is possible
that they can also signal increased scavenging to acquire more nutrients and reduce the competition, using
a chemical feedback loop.

It is also important to note that a significant fraction of available carcasses in nature is derived from animal
deaths due to infection and disease (Devault et al. 2003). Although these infected carcasses still serve as
an essential nutrient source, overall quality might be poor due to excessive microbial growth (Milutinović
et al. 2015). However, these carcasses might not only reduce the net benefits of scavenging, but they can
also increase the risk of disease transmission in populations (Borchering et al. 2017; Sage et al. 2019). To
counter these effects, organisms might show strong avoidance to scavenging of infected carcasses. However,
it is unclear whether, or to what extent, such variation in carcass-quality and scavenging behaviour affect
fitness during competition.

In the present work, we tested multiple novel hypotheses vis-à-vis analysing the relative impacts of diverse
counter-strategies such as natal resource access, increased dispersal, and carcass scavenging to reduce the
density-dependent female interference competition. We usedT. castaneum since they are already an establis-
hed model system to study female competition (Khan et al. 2018; Halliday et al. 2019). Wild populations
of Tribolium beetles are also generalised feeders, show cannibalism (Via 1999) and can survive as natural
predator and scavengers of other insects in a range of habitats such as nests of birds or eusocial insects and
stored product environments (reviewed in Dawson 1976; Alabi et al. 2008). Finally, detailed information
on their stink gland secretion (Liet al. 2013) and fitness effects (Khan et al. 2018) further make them an
attractive model to test chemical regulation of scavenging or dispersal behaviour directly. We asked three
major questions: I. Is protein-rich carcass scavenging the most effective strategy to avoid adverse fitness
effects of female competition? II. Can carcass-quality determine the fitness benefits of scavenging? III. Final-
ly, can chemicals involved in the interference competition regulate scavenging behaviour to increase fitness
effects? Overall, our results identified carcass scavenging as the most effective strategy to relax the female
competition, with new implications for the evolution of intra-sexual resource competition, chemical ecology
and spread of disease in the wild.

MATERIALS AND METHODS

We used an outbred laboratory population of red flour beetleTribolium castaneum to generate the experimen-
tal beetles (See Khan et al. 2018 for detailed maintenance protocol). In most experiments, we manipulated
female density by grouping four virgin adults (10-day-old) into the following sex-ratio treatments, unless
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stated otherwise: (1) Male-biased groups (MB): 3 males and 1 female and (2) Female-biased groups (FB):
1 male and 3 females. We housed each replicate group in a 35mm Petri-plate with 3gm of wheat flour to
minimise resource limitation. After 8 days, we used them for various experiments as described below (see
Fig. 1 for a brief experimental outline). We have provided the details of data analyses in the supplementary
information (SI).

Estimating the effects of natal resource on female competition

We directly quantified the fitness effects of total resource during interference competition by varying the
quantity of wheat flour available per adult. We constituted MB and FB groups using 10-day-old virgins as
described above and provided groups with 1g, 4g, or 8g flour per beetle (n = 10 replicates/resource-level/sex-
ratio). We measured female fecundity after 8 days, where one female from each sex-ratio group was allowed
to oviposit in 5gm of sifted wheat flour in a 60mm Petri-plate. After 24 hours, we removed the females and
sifted the flour using a 300μm sieve (TIC Test Sieves) to count the number of eggs.

Quantification of dispersal under biased sex-ratios

Flour beetles possess paired abdominal and thoracic stink glands that contain chemicals such as benzo-
quinones (e.g. methyl- (MBQ) and ethyl-benzoquinone (EBQ)) and hydrocarbons (e.g. 1-pentadecene
(PD)) (Liet al. 2013). Our previous data suggested that increased production of benzoquinones can directly
mediate female interference competition in FB groups (Khan et al. 2018). We thus directly compared the
dispersal behaviour of FB vs MB beetles to test whether FB females dispersed more to avoid such chemical-
driven interference competition. We closely followed a protocol developed by Endrisset al. (2019), measuring
beetle dispersal in linear arrays of twenty 4 × 4 × 6 cm replicate plastic boxes (or patches) that were connec-
ted by 2mm holes (See Fig. 1A). We have provided a detailed protocol in the SI. We constituted beetle
groups with similar sex-ratios as described above, but with a larger group size of 40 individuals to obtain
a meaningful comparison of dispersal probability across sex-ratios groups (Endriss et al. 2019). We added
beetles to the first patch of linear arrays (n = 10 replicates/sex-ratio). After allowing them to disperse for
30 hours, we counted all experimental males and females within each patch across all the arrays to estimate
how many patches they dispersed from the patch of origin.

Separately, we also tested the causal link between quinones and dispersal by analysing the direct effect of
MBQ on the dispersal of beetle groups comprised of 10 males and 10 females (n=9 replicates/treatment)
(See SI methods).

Estimating the effects of scavenging on female competition

Generating larval carcasses

To generate carcasses, we mostly sacrificed 14-day-old T. castaneum larvae by freezing them at -20°C for 30
minutes. Since cannibalism of juveniles is widely known in Tribolium adults (Sonleitner & GuthJanis 1991;
Via 1999), we expected that availability of conspecific larval carcasses would ensure a high consumption rate.
We also used 20-day-old Tenebrio molitor larvae, a closely related species to T. castaneum (Sokoloff 1977)
to verify that the observed fitness effects are not only limited to cannibalism (discussed below).

We manipulated the carcass quality by mimicking animal death due to infection, where 14-day-old Tribolium
larvae were first infected with a lethal dose of natural beetle pathogen Bacillus thuringiensis (Bt) (Abdel-
Razek et al. 1999). Detailed infection protocol has been described previously (Khan et al. 2017). Since most
larvae died within the first 8-10 hours of infection due to rapid Bt growth, we collected larvae that died within
6 hours of infection. Separately, we also quantified the beetle avoidance to these infected carcasses, using
a two-way choice experiment where they were simultaneously provided access to both infected vs normal
carcasses (See the SI methods, Fig. S1).

Scavenging activity and fecundity assay

We constituted different sex-ratio groups, with or without the opportunity to scavenge infected vs uninfected
larval carcasses (n= 9-10 replicates/sex-ratio bias/carcass type) (Fig 1B). We weighed freshly prepared
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carcasses in groups of 10 larvae (Mean ± SE: 20.18 ± 0.07 mg) and added them immediately to each
replicate of sex-ratio groups. After 8 days, we carefully sieved out the remaining body parts of larvae and
weighed them again. We calculated the ratio of body weight after and before the exposure to sex-ratio groups,
as a proxy for group scavenging where lower ratio (i.e. higher weight loss in the presence of beetles) indicated
more scavenging (also see SI for per capita scavenging). We note that a significant amount of weight reduction
can also be attributed to the progressive loss of water from carcasses during the long experimental window
of 8 days. To quantify this effect of drying alone, we thus included control treatments where carcasses were
stored without beetles (i.e. no scavenging) for 8 days. Separately, we also isolated females from each of these
scavenging and sex-ratio treatments after 8 days and determined the impacts on their fecundity as described
above in two independently replicated experiments (n= 9-10 replicates/sex-ratio bias/carcass-type/replicate
experiments).

Quinone assay

To estimate the changes in stink gland quinones as a function of both group sex-ratio and scavenging, we
set up MB and FB groups as described above (n= 12-19 replicates/sex-ratio/scavenging treatment) (Fig.
1B). After 8 days, we estimated stink gland production of one female from each group, relying on the
antimicrobial properties of quinones as described in earlier studies (Unruh et al. 1998; Khanet al. 2015) (also
see SI methods). Briefly, we measured the diameter of the zone of inhibition (ZI) produced by individual
cold-shocked females embedded vertically in a lawn of Bt grown on agar plates. The cold shock triggered
the complete release of the stink gland contents, producing ZIs on agar plates. Our previous data suggested
that ZIs are reliable indicators of stink gland quinone contents as they strongly correlate with the methyl-
and ethyl-benzoquinone contents of stink glands, quantified by HPLC methods (Khan et al. 2018) (seeFig.
S2).

Analysing the importance of protein supplement during interference competition

We next tested whether fitness effects of female competition can be rescued by rich protein sources such as
active dry yeast supplement which is also known to increase fecundity in several insects (Perez-Staples et al.
2007; Matzkin et al. 2011; Michalczyk et al. 2011) (Fig. 1C). This comparison enabled us to directly correlate
the overall fitness benefits of scavenging with the rich protein content of carcasses. Simultaneously, we also
tested whether fitness benefits of scavenging are only limited to feeding conspecific larval carcasses (i.e. a form
of cannibalistic scavenging; Mckillup & Mckillup 1996), or it can also be extended to other animal carcasses
as well. To this end, we first isolated beetles into different sex-ratio groups as described above. We then
randomly divided them into the following four treatments groups (n=19-20 replicates/treatment/sex-ratio
bias), receiving (1) carcasses of 10Tribolium castaneum larvae (Mean ± SE: 21.72 ± 0.33 mg); (2) 8Tenebrio
molitor larvae (Mean ± SE: 21.97 ± 0.51 mg); (3) dietary supplement of 5% yeast in flour; (4) only flour,
without the scavenging opportunity or yeast supplementation (control group). We quantified fecundity and
scavenging after 8 days as outlined above.

Quantifying the impacts of stink gland components on scavenging and its fitness effects

Since stink gland components can directly mediate female interference competition (Khan et al. 2018), we
next tested whether stink gland contents themselves could serve as a trigger for increased scavenging to
enhance fitness, using a protocol described in Khanet al. (2018) (Fig. 1D; see SI methods). In short, we
paired two 10-day-old mated standard test females (reared without sex-ratio bias) in a 35mm Petri-plate
and exposed them to whole abdominal stink glands extracted in hexane solvent for 8 days and then correlated
the changes in scavenging activity with their fecundity (n =18-19 females/treatment/scavenging).

Since MBQ and PD are two major benzoquinone and hydrocarbon components respectively of T. castane-
um stink glands (Unruh et al.1998; Li et al. 2013), we next tested whether these individual components
are responsible for triggering scavenging behaviour. We thus directly quantified the impact of commercially
available MBQ (Sigma) and PD (Sigma) on scavenging and fitness effects, as described above for gland
extracts. Briefly, we exposed the females, with or without the access to the carcass, to a filter paper disc
(diameter:10mm) soaked with 15μg MBQ or 5μg PD dissolved in 10μl hexane, which was within the phys-
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iological range of MBQ and PD content of a single Triboliumfemale (Li et al. 2013) and then quantified
scavenging and fecundity after 8 days.

RESULTS

Natal resource availability did not relax the female competition

We tested the impact of natal resource availability on the female competition by increasing the amount
of available wheat flour per beetle from 1gm to 8gm. Although fecundity generally increased with higher
resource availability, FB females consistently produced a lower number of eggs compared to MB females,
regardless of the resource amount (Fig. 2A, Table S1A). This suggested a simple increase in natal resource
was insufficient to relax the interference competition.

Females did not disperse to avoid interference competition

We then tested whether increased dispersal can be an alternative mechanism for females to avoid interference
competition. We found significant main effects of both sex and group sex-ratio (Fig.2B-D, S3A-B; Table
S2A). On average, while MB beetles (as a group) were 44.52% more likely to disperse than FB beetles,
individual males were 54.94% more likely to disperse than females (Fig.S3A). MB groups or males also
dispersed over a greater distance than FB beetles and females respectively (significant effects on mean,
standard deviation, maximum), while the shape of the dispersal kernel did not change across sexes and sex-
ratios (no significant impact on skew or kurtosis, Fig. S3C-E; Table S2B). However, a significant interaction
between sex and sex-ratio revealed that the observed effects were primarily driven by highly dispersive MB
males, whereas no significant difference was found in dispersal between MB and FB females (Fig. 2C vs D,
S3A; Table S2). This contradicted our expectations that FB females would disperse more than their MB
counterparts to avoid competition.

We also confirmed that although quinones mediated female competition at high female-density (Khan et al.
2018), they might not serve as a chemical cue for female dispersal- females did not disperse more when they
were exposed to a high concentration of MBQ in their natal habitat (also see SI results; Fig. S4, Table S3).

Carcass scavenging relaxed the female interference competition

We next tested whether scavenging of carcasses could relax the competition. Overall, FB groups showed
higher scavenging activity than MB groups (Fig. 3A, Table S1B), but the effect was likely driven by
collective effects of high female density within FB groups, with females typically showing higher per capita
scavenging than males (Fig. 3B, Table S1C). Surprisingly, when assayed individually after removing the
sex-ratio bias (see methods), MB females scavenged more than FB females, possibly because MB females
required more resource supplement to maintain their higher reproductive output (Fig. 3B, Table S1C).
However, despite these contrasting variations across sexes and sex-ratio groups, scavenging led to ˜2-fold rise
in fecundity of FB females (Fig. 3C, Table S1D). We also found that scavenging significantly reduced the
zone of inhibition produced by individual cold-shocked FB females, indicating a reduced quinone production
inside stink glands (Fig. 3D, Table S1E). Interestingly, scavenging did not impact fecundity or quinone
content of MB females as they were perhaps already reproducing at an optimal rate (Fig.3C-D, Tables
S1D-E). Overall, these results suggested a drastic reduction of interference competition between FB females
after scavenging, with increased fecundity and reduced chemical warfare.

Scavenging was beneficial, regardless of the carcass quality

Animal death due to infection and disease can produce considerable variation in the quality of available
carcasses (Devault et al.2003; Sage et al. 2019). Infected carcasses may have lower nutritional value due
to microbial overgrowth (Devault et al.2003) and increased infection risk (Sage et al. 2019), reducing the
net fitness effects of scavenging. To test this possibility, we directly manipulated the quality of carcasses
by infecting larvae with a lethal dose of Bt and then quantified the scavenging and fitness effects. When
given a simultaneous choice between infected vs normal carcasses, individual beetles showed lower scavenging
of infected carcasses (Fig. 3E, Table S1F), indicating an intrinsic avoidance. However, despite the bias,

5



P
os

te
d

on
A

u
th

or
ea

11
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

18
84

83
.3

03
95

59
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

we noticed considerable scavenging of infected carcasses in the absence of choice (Fig.3A, Table S1B) and
competing FB females were able to increase their fecundity more than their control counterparts (Fig.
3C,Table S1D).

Conversely, we also found that the scavenging activity of infected carcasses and its fitness benefits were
lower than that of uninfected carcasses in FB females (Fig. 3C, Table S1D), highlighting the apparent
costs of scavenging infected carcasses. Interestingly, we did not find any impact of scavenging infected
carcasses on stink gland production of FB females (Fig. 3D,Table S1E). Hence, fitness effects of scavenging
infected carcasses might strongly depend on specific ecological contexts- e.g. although they might appear less-
preferred and costlier than scavenging standard uninfected carcasses, they can still remain highly beneficial
under competitive conditions.

Protein supplement reduced female interference competition

Since female interference competition was reduced by carcass scavenging but not by the ad libitum access
to the natal resource, we suspected more specific roles of carcass-derived proteins (Huntington & Higley
2010). To verify this hypothesis, we compared the fecundity of females from different sex-ratio groups
that had the opportunity to scavenge T. castaneum larvae versus those who fed on (natal resource) wheat
flour supplemented with dry yeast, a known protein source that boosts fecundity in insects (Matzkin et al.
2011). As expected, FB females again scavenged more than MB females (Fig4A, Table S4A). Both carcass
scavenging and yeast supplementation produced an equivalent increase in fecundity of FB females than their
control groups (Fig 4B, Table S4B), highlighting the likely role of proteins in the observed fitness recovery.
We also found similar fitness benefits with scavenging of larval carcasses derived from another beetle T.
molitor , suggesting a more generalised role of acquiring animal proteins through carcass scavenging during
interference competition, rather than cannibalism of conspecific larvae (Fig 4A-B, TableS4A-B). None of
these treatments had any impact on the fecundity of MB females.

Stink gland contents triggered scavenging to increase fecundity

Finally, we tested whether the accumulation of stink gland products can serve as chemical cues to regulate
scavenging and fitness effects. Indeed, we found that exposure to abdominal stink gland extracts increased
scavenging in previously mated test females (Fig 5A,Table S5A). While stink gland exposure generally
reduced female fecundity (also see Khan et al. 2018), access to the carcass and increased scavenging triggered
by stink gland extracts helped females to overcome the negative fitness effects of stink gland exposure and
maintain their fecundity as high as the respective control group (Fig 5B, Table S5B).

Subsequently, we identified two major stink gland components such as MBQ and PD which independently
mirrored the effects of whole stink gland extracts (Fig 5C-D, Table S5A-B), suggesting their functional role
in increased scavenging and the observed fitness effects. Taken together, these data suggested an exciting
possibility of a feedback loop where the same stink gland chemicals (e.g. MBQ) that reduced female fitness
during interference competition (Khan et al. 2018) can also serve as a potential catalyst for increased
scavenging to compensate the fitness loss.

DISCUSSION

Despite the long-standing interests in the roles of facultative scavenging in interspecific competition and
ecological food web (Wilson & Wolkovich 2011; Moleón et al. 2014), we have relatively little understanding
of how it might affect intra-specific resource competition between females. This is not surprising as most
studies interpret intrasexual competition in the light of male-male competition for mating, thereby limiting
our scope of analysing female-female resource competition. However, the surge of evidence, in recent years,
for female intra-sexual competition, particularly in mammals, for food and space by dominance relation-
ships, territoriality and inter-group aggression suggests that it is perhaps more widespread than what was
assumed previously (reviewed in Stockley & Bro-Jørgensen 2011). A new study found female competitions
even in insects (Khan et al. 2018)- e.g. Tribolium females inhibited each other’s reproduction by releasing
benzoquinones in response to the increased female density of female-biased (FB) groups, suggesting chemical
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interference competition. In the present work, we clearly showed that the fitness effects of such interference
competition in FB beetles could be entirely reversed by allowing them to scavenge on larval carcasses. Scav-
enging not only increased fecundity of FB females but also reduced the production of stink gland contents,
suggesting overall relaxation of interference competition. Although previous studies reported the importance
of carcass access during the intraspecific female competition in obligate scavengers such as burying beetles
(Trumbo 1990), our work is perhaps first to experimentally demonstrate that carcass availability could relax
chemical interference competition in facultative scavengers. Since both sex-ratio and female density vary
widely across species and populations, we expect that carcass-derived fitness benefits might have strong
implications for natural populations as well during female interference competition.

Interestingly, although dispersal is a key ecological process to avoid the competition of high-density groups
(Vahsen et al. 2018; Endriss et al. 2019), it did not play any specific role in reducing the interference
competition between females. Despite the apparent increase in toxic quinone accumulation at a high female
density of FB groups (Khan et al. 2018), FB females did not disperse more than MB females to escape the
chemical competition. Quinone’s lacking role was further supported by another experiment where groups of
mated females did not increase dispersal even after they were directly exposed to a high concentration of
MBQ continuously for 36 hours. These results were puzzling because beetles typically avoid flour containing
a high level of quinones (Loconti & Roth 1953). We thus speculate that the overall adverse fitness effects of
chemical secretions in beetles might still not be sufficient to overcome various unanticipated costs associated
with female dispersal (e.g. energetic cost of movement, risk of predations or failure to find a favourable patch
to colonise; see Li & Kokko 2019). Alternatively, beetles were already tolerant to fluctuations in quinone
levels in their environment, evolving a quinone-mediated density-dependent fecundity regulation to maintain
the population growth (Sonleitner & Gutherie 1991). Hence, although quinones can play a critical role in
signalling competition and limiting reproduction to regulate population density (Sonleitner & GuthJanis
1991), they might be irrelevant for dispersal to explore new patches. In contrast to females, male dispersal
increased significantly at a high male density. This is consistent with existing theories predicting that MB
sex-ratios might favour male-dispersal as an adaptive response to reduce intra-sexual competition to find
mates and avoid inbreeding (Nelson & Greeff 2011). These results thus also underscore the divergent pattern
of dispersal behaviour across sexes during intrasexual competition.

However, one of the most critical findings of this study is that female reproductive competition was regulated
by specific nutrients derived from carcasses, but not the total resource available to each female. In contrast to
fitness effects of scavenging, increased access to wheat flour (as high as 8-fold), which is also the natural diet
for flour beetles, had no impact on fecundity. Since carcasses are highly nutritious (Hansky 1987) and serve
as a critical component of the biogeochemical cycling of free amino acids and peptide pool (Macdonaldet
al. 2014), one possibility was that protein intake via carcass feeding was responsible for reducing the level
of female interference competition in our experiments. Indeed, we found that active dry yeast, a protein
supplement that usually boosts sexual activity and fecundity in insects (Perez-Staples et al. 2007; Matzkin
et al. 2011), also mirrored the same fitness effects as that of carcass feeding, increasing the fecundity of FB
females. Previous studies in carcass-feeding blowflies supported the hypothesis as well where decomposed
flesh served as a vitellogenic protein source to increase reproduction (Huntington and Higley 2010). Together,
these results suggested novel aspects of female competition where proteins derived from carcasses might play
a more important role than the availability of natal resources (Stockley & Bro-Jorgensen 2011). We note
that the observed fitness benefits from scavenging of Tribolium larvae can also be interpreted as specific
effects of cannibalism of dead conspecifics. Although cannibalism is indeed a highly relevant solution to
acquire essential nutrients during the competition (Via 1999; Richardson et al.2010), it is unlikely to explain
our results completely because we found similar fitness benefits from scavenging of T. molitor carcasses as
well, suggesting a more generalised role of scavenging.

Another striking outcome of this study is that scavenging was modulated by specific stink gland components,
revealing its novel chemical regulations and fitness effects. Exposure to total gland extracts, as well as
individual components such as MBQ (Khan et al. 2018) and PD, reduced egg production in standard
focal females, but they also increased scavenging upon the availability of larval carcasses, with a correlated
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increase in fecundity. Based on these results, we propose that density-dependent accumulation of stink gland
secretion is not just a reliable indicator of female interference competition (Khan et al. 2018), but might
also serve as a cue to adopt effective strategies such as scavenging to resolve the resource conflicts. We thus
propose a novel feedback loop between stink gland components, scavenging and fitness that might regulate
the outcome of female competitive interactions. Feedback loops may have strong implications for natural
beetle populations as well because skewed sex-ratios, high density and availability of carcasses due to high
juvenile mortality might frequently co-occur in the wild.

We also identified carcass quality, such as infection status, as an essential ecological parameter that might
affect the propensity of scavenging and fitness effects during interference interaction. When given a choice,
beetles strongly biased against feeding on larval carcasses that died of Bt infection. We also noted a significant
reduction in group scavenging of infected carcasses, with a concomitant decline in fecundity compared to
control females fed on uninfected carcass. Yet females fed with infected carcasses showed higher fertility than
control FB groups (with no available carcasses), highlighting the potential benefits of scavenging during the
competition, regardless of the carcass quality. We speculate that the risk of transmitting bacterial infection
can also be high with infected cadavers (Unpublished data, Shreya Verma; Milutinović et al. 2015). However,
any such costs of infection transmission were perhaps outweighed by the immediate fitness benefits accrued
via protein acquisition during competitive interactions. Also, an interesting observation was that scavenging
of infected carcasses did not reduce quinone production in FB females (compared with scavenging of normal
carcass). One possibility is that due to the potential risk of infection, females did not reduce their stink
gland components which can act as externally secreted antimicrobials to clean the surrounding environment
(Joop et al.2014; Khan et al. 2015), thereby preventing Bt transmission. Since a large proportion of available
carcasses in the wild originate from diseased animals (Brand 2013), thereby increasing the infection risk and
fitness costs (Pearman et al. 2004; Rebolledo et al. 2015), we think these results are highly relevant to
natural conditions as well.

In closing, we want to highlight that among several plausible ecological contexts that we tested, scaveng-
ing of proteinaceous carcass emerged as the most relevant strategy to overcome the chemical interference
competition in female flour beetles. We hope that the suggested role of a reciprocal feedback loop between
scavenging, stink gland chemicals and fitness will motivate future work to trace detailed chemical ecology
involved in the detection and processing of such information during competitive interactions. Our results, re-
vealing the life-history contexts (e.g. female competition) that render even scavenging of infectious carcasses
highly beneficial, might instigate new research questions to analyse the ecological conditions where disease
and infection can spread via scavenging in the wild. Finally, as more evidence is accumulating for female
interference competition from various species (Stockley & Bro-Jørgensen 2011), our results might serve as a
rare systematic template to advance the future understanding of vital ecological determinants that influence
female competition.
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Moleón, M., Sánchez-Zapata, J.A., Selva, N., Donázar, J.A. & Owen-Smith, N. (2014). Inter-specific inter-
actions linking predation and scavenging in terrestrial vertebrate assemblages. Biol. Rev. , 89, 1042–1054.

Murray, C.M., Eberly, L.E. & Pusey, A.E. (2006). Foraging strategies as a function of season and rank among
wild female chimpanzees (Pan troglodytes ). Behav. Ecol. , 17, 1020–1028.

Nelson, R.M. & Greeff, J.M. (2011). Sex ratio dependent dispersal when sex ratios vary between patches. J.
Theor. Biol. , 290, 81–87.

Ogden, J.C. (1969). Effect of components of conditioned medium on behavior in Tribolium confusum .
Physiol. Zool. , 42, 266–274.

10



P
os

te
d

on
A

u
th

or
ea

11
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

18
84

83
.3

03
95

59
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Pearman, P.B., Garner, T.W.J., Straub, M. & Greber, U.F. (2004). Response of the Italian agile frog (Rana
latastei ) to a ranavirus, frog virus 3: a model for viral emergence in näıve populations. J. Wildl. Dis. , 40,
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FIGURES

Fig 1. A brief outline of the experiments . (A) Dispersal during female interference competi-
tion. Male-biased (10 females + 30 males) and female-biased (30 females + 10 males) sex-ratio groups were
constituted and added to the first patch of the linear arrays (connected with 2mm holes, described in En-
driss et al.2019) to disperse for 30 hours. Following this, beetles were sexed and censused within each patch
to estimate sex-specific dispersal from the patch of origin (i.e. patch 1) (n=10 replicates/sex-ratio bias).
(B) Effect of scavenging on female interference competition.Male-biased (1 female + 3 males) and
female-biased (3 females + 1 male) sex-ratio groups were constituted, with or without the access to normal or
infected T. castaneum larval carcasses. After 8 days, females were assayed for scavenging activity (measured
as the fraction of larval carcass remaining) (n=9-10 replicates/sex-ratio bias/carcass type), fecundity (n=9-10
replicates/sex-ratio bias/carcass type/replicate experiment) and quinone production (quantified as zone of
inhibition (ZIs) produced by quinones released from females after the cold-shock) (n=12-19 replicates/sex-
ratio bias/carcass type). ZIs produced by each female was normalised by dividing with ZIs produced by
antibiotic Streptomycin added at the centre of the respective Petri-plates to minimise the variations across
plates during experimental handling. (C) Comparing the effects of scavenging and dry yeast as a
protein supplement during female interference competition. Different sex-ratio groups (constituted
as described above) received carcasses derived from T. castaneum or T. molitor larvae or, 5% active dry yeast
and 8 days later, they were assayed for female scavenging activity and fecundity (19-20 replicates/protein
source/sex-ratio bias/assay). (D) Effect of total stink gland extract and individual components on
scavenging activity and fecundity.10-day-old 2-4 mated test females (reared under 1:1 sex-ratio), with
or without the access to T. castaneum larval carcasses, were exposed to paper discs soaked with total stink
gland extract (treatment 1) or its components such as methyl-p-benzoquinone or 1-pentadecene (treatment
2) for 8 days. Subsequently, they were assayed for scavenging activity and fecundity (n=18-20 groups/stink
gland extract or components/assay).
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Fig 2. ( A) Fecundity as a function of sex-ratio bias (i.e. Male-biased: MB vs Female-biased: FB) and
natal resource (wheat flour) availability (Data analysed using an ANCOVA); (B-D) Effects of sex-ratio bias
on dispersal. Dispersal kernels for individuals from different treatment combinations across sexes (males
vs females) and sex-ratio groups (MB vs FB): Comparison across (B) sex-ratio groups; (C) females and
(B) males separately across sex-ratio groups (n=10 replicates/sex-ratio bias). In each panel, dotted lines
represent the proportion of beetles found in different patches of individual linear arrays across sexes and
sex-ratio groups; whereas bold lines represent their means across all linear arrays. In panel A, P-value
represents the result of the interaction between sex ratio bias (SR) and resource availability (R). In panel A,
significantly different groups are connected with different alphabets (based on Tukey’s HSD), and alphabet
assignments are meaningful only within each resource level and are not comparable across resource levels. In
panels B-D, P-values represent results from the ordinal logistic model best fitted with the logit link function.
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Fig 3. Effects of scavenging (A) Scavenging activity as a function of carcass type (i.e. normal or infected
carcass or no beetles) and sex-ratio bias (Male-biased: MB vs Female-biased: FB) (Data analysed using
a generalised linear model best fitted to quasibinomial distribution with logit link function); (B) Effect
of sex-ratio bias on the scavenging activity of individual beetles (Data analysed using a generalised linear
model best fitted to quasibinomial distribution with logit link function) (n= 25 beetles/sex/sex-ratio); (C)
Fecundity as a function of sex-ratio bias and carcass type (i.e. normal or infected carcass or no carcass) (Data
analysed using a two-way ANOVA); (D) Zone of inhibition produced by individual females as a function of
sex-ratio bias and carcass type (Data analysed using a two-way ANOVA); Y-axis represents normalised ZIs
produced by each beetle (described inFig. 1); (E) Two-way choice of scavenging as a function of carcass
type (n= 13 replicates/carcass type) (Data analysed using a paired t-test). Replicate sizes for experimental
results described in panels A, C-D have been reported in Fig 1; In panels A-E, significantly different groups
are connected with different alphabets (based on Tukey’s HSD). In panels C-D, alphabet assignments are
meaningful only within each sex-ratio group (partitioned by dashed vertical lines) and are not comparable
across sex-ratio groups.
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Fig 4. Comparing the effects of scavenging and dry yeast as a protein supplement during female
interference competition (A) Scavenging activity as a function of the carcass from different animals (T.
castaneum ; Tcas or T. molitor; Tmol) and sex-ratio (Male-biased: MB vs Female-biased: FB) (n= 19-
20 replicates/protein source/sex-ratio). Scavenging data was analysed using a generalised linear model, as
described in Fig. 3. (B) Fecundity as a function of protein source (i.e. carcasses from different animals,
yeast or control) and sex-ratio (n= 19-20 replicates/protein source/sex-ratio). Fecundity data was analysed
using a generalised linear model, fitted to Poisson distribution. Significantly different groups are connected
with different alphabets (based on Tukey’s HSD). Alphabet assignments are meaningful only within each
type of animal carcass (or sex-ratio) (partitioned by dashed vertical lines). They are not comparable across
types of animal carcasses (or sex-ratio groups).
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Fig 5. Effect of stink gland contents on scavenging activity and fitness effects. (A) Scavenging
activity and (B) fecundity of standard test females, after exposure to whole abdominal stink glands extracted
in hexane (n= 18-19 replicates/assay/treatments). (C) Scavenging activity and (D) fecundity of standard
test females, after exposure to individual stink gland components such as methyl-p-benzoquinone (MBQ) and
1-pentadecene (PD) dissolved in hexane (n= 20 replicates/assay/treatments). Scavenging data was analysed
using a generalised linear model, as described in Fig . 3. Fecundity data was analysed using a one-way
ANOVA. Only solvent (Hexane) did not have any impact on fecundity (negative control) (ANOVA: P= 0.9).
Significantly different groups are connected with different alphabets (based on Tukey’s HSD). In panels C-D,
alphabets linking MBQ or PD treatment (partitioned by the dotted line) can be compared separately with
the control treatment. They are not comparable between MBQ and PD treatments.
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