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Understanding the morphological and physiological correlates of competitive behaviours can provide
important insights into the ecology of competition, home range size and resource consumption. Here we
first estimated and defined sexual dimorphism in a poorly studied African cerambycid species, Cacosceles
newmannii (Thomson, 1877). We then assessed morphological and physiological attributes of male beetles in
relation to their fighting behaviour. Suites of morphological and energetic measurements were carried out on
adult males, the latter before and after male-male interactions. Aggressive behaviour and the outcomes of male
fighting trials were assessed under controlled conditions. The species is highly sexually dimorphic in relation
to mandible size. During male-male interactions, a continuum of behaviours with an increasing risk of injury
and metabolic cost was observed. Grasping was prolonged in males with larger fighting apparatus, who also
tended to use more energy during the encounter than males displaying other behaviours. Our results indicate
that the mandible size in C. newmannii serves as an honest signal of fighting ability in this species. Additionally,
energetic assessments in preparation for fighting, costs during a fight, and persistence of metabolic costs post-
fighting may be useful for understanding the relative fitness costs of competition.

INTRODUCTION

Limited access to resources may cause conflict, notably between males within a species. These
conflicts have been the subject of numerous studies in various biological models. In particular,
efforts have focused on understanding the decision-making process determining an individual’s
investment in a fight (Taylor & Elwood 2003; Chapin et al. 2019). Indeed, fighting is costly in
time (i.e. lost opportunities, Hardy & Briffa 2013), potential injuries (Neat et al. 1998), predator
exposure (Jakobsson et al. 1995), stress (Adamo & Parsons 2006) and has direct energetic costs
(Briffa & Sneddon 2007; Boisseau et al. 2017). These energetic costs can play an important role
in determining contest outcome, as they directly affect the individuals’ fitness (Neat et al. 1998;
Boisseau et al. 2017). Therefore, energetic expenses can influence an individual’s decision-making
process (Briffa & Sneddon 2007), and energetics can be considered a crucial factor in behavioural
performance (Careau & Garland 2015).

Multiple factors can affect the willingness of an individual to engage in a fight. These factors
include the resource holding potential (RHP), namely the capacity to obtain and retain resources
(Parker 1974; Smith & Parker 1976), the importance of the resource in terms of fitness (Smith
& Parker 1976; Arnott & Elwood 2008), the ownership status (Smith & Parker 1976; Leimar &
Enquist 1984), an individual’s previous experience (Snell-Rood & Moczek 2013; Camerlink et al.
2017) and the personality of an individual (Modlmeier et al. 2015). In some cases, opponents do
not assess each other, but only rely on their RHP and their own cost/benefit balance (Arnott and
Elwood 2008; Elwood & Arnott 2012; Chapin et al. 2019). In the latter instance, an individual
would only win a fight if the opponent reached a limit and gave up, or was injured during the fight.
On the other hand, mutual assessment models assume that contestants assess their opponent’s
RHP and decide whether to continue the interaction based on a cost / benefit estimation. Mutual
assessment allows the protagonists to put an end to the conflict and to escape when the outcome of
the fight is likely to be unfavourable to them, thus limiting the associated costs (Taylor and Elwood
2003; Hsu et al. 2006; Arnott and Elwood 2008). This assessment can be done before the start of the
fight, or during the fight (sequential assessment model, e.g. Enquist et al. 1990). In consequence,
repeated interactions allow the individuals to re-evaluate their opponent’s RHP and the cost /
benefit balance of the combat.

RHP is often positively correlated with the size of the insect, and by extension, the size of its
fighting apparatus, i.e. mandibles (Huntingford & Turner 1987; Snell-Rood & Moczek 2013). The
outcome of a fight may depend on this morphological trait (Snell-Rood & Moczek 2013; Vieira
& Peixoto 2013; del Sol et al. 2021). In arthropods, these costly traits usually function as honest
signals for potential mates (Zahavi 1980; Kotiaho 2001), with mandibles disproportionately large
due to sexual selection (Andersson 1994). In Coleoptera, sexual dimorphism is common, and very
well described (Kawano 2006). In many species, females have short mandibles, used to soften the
substrate in which they will lay eggs, whereas males have longer mandibles, often associated with
aggressive behaviour (Okada et al. 2006; Snell-Rood & Moczek 2013; Goyens et al. 2015a).
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Metabolic rate (MR), whether at rest, during routine
behaviours, or peak performance, is a well-established
physiological measure in diverse taxa, known to be positively
correlated with body size (Kleiber 1932; Glazier 2009). In parallel,
body size is also positively correlated with some behaviours,
such as patrolling, or with the home range size, and especially
with the outcomes of intraspecific competition (Huntingford &
Turner 1987; Snell-Rood & Moczek 2013). Recently, Videlier et
al. (2019) have described sex-specific selection on resting MR in
Drosophila, with males being under stronger positive directional
selection than females. However, what is far less clear is whether
or not these kinds of positive correlations translate into fitness
costs or benefits when MR is up or down-regulated (Chown &
Storey 2006; Terblanche et al. 2010), or if they translate into
predictable outcomes in intra-specific sexual competition. In
the handful of studies where this has been assessed, MR was
correlated with dominance and the capacity to win a fight (Briffa
& Sneddon 2007; Careau & Garland 2015). Furthermore, it
remains unclear how costly honest signalling is, even if fights are
avoided, as sustained, but lower signalling costs may accumulate
quickly over time (e.g. Doubell et al. 2017). One expectation
is that the ontogeny, shape, size, and weight of the fighting
apparatus imply a proportional energetic investment (Kotiaho
2001; Somjee et al. 2018). Physiological state would therefore also
implicitly be involved in the determination of RHP and contest
success (Lailvaux & Irschick 2006). In contrast, the perceived
stress of an impending fight could result in an elevated MR and
hence eliminate costs saved using honest signalling. Yet another
possibility is that energetic costs persist for a long period after a
competitive bout, whether it escalates into full opponent contact
and engagement or otherwise. Consequently, while there is much
scope to integrate energy metrics into behavioural competition
assessments, there is little consensus on the likely outcomes,
partly due to the general paucity of such studies (Lailvaux &
Irschick 2006; Careau & Garland 2015; Boisseau et al. 2017).

Here, we investigate fights between pairs of males in relation
to their morphophysiological characteristics, to improve
understanding of the mating system in a poorly-studied native
species. Cacosceles newmannii (Thomson, 1877) is a cerambycid
species native to southern Africa (Ferreira 1980). Its biology has
been poorly studied until recently, with its recent emergence as
a pest on sugarcane (Way et al. 2017; Javal et al. 2019a; Javal,
et al. 2019b; Lehmann et al. 2021; Smit et al. 2021a, b). Its life
cycle is assumed to last for two years, during which time larvae
feed on organic material. Adults emerge and mate in summer,
with their lifespan lasting about a month (Way et al. 2017). In
this species, fighting has been observed between males. Since
adult C. newmannii do not have any functional digestive system,
fights are most probably not triggered by competition over
feeding resources, but males could be defending a territory, or
fighting over females (Snell-Rood & Moczek 2013).

We measured several morphological traits to assess sexual
dimorphism and male morphs (Kawano 2006). In parallel, the
correlation between morphology and MR was investigated in
males. Several of the measured traits could be considered as a
proxy of fighting ability (Snell-Rood & Moczek 2013). Therefore,
the MR before and after male-male interaction was measured
in fighting (behaviourally tested) and non-fighting (control)
specimens in order to estimate the impact this interaction
had on physiology. Finally, we assessed whether the measured
morphophysiological traits affected the outcome of male
interactions. Morphologically bigger and well-armed males were
hypothesized to have a greater propensity to fight, since both
self and mutual assessment would give the individual a positive
signal to fight. We assumed that higher aggressive behaviour
would result in greater energetic cost. This study provides a
preliminary assessment of the physiological cost of intraspecific
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interactions in relation to several potential morphophysiological
asymmetries.

MATERIALS and METHODS
Specimen collection

Cacosceles newmannii (Coleoptera: Cerambycidae) adults
were collected by hand in sugarcane fields in KwaZulu-Natal
(28°55’S, 31°19’E), South Africa during summers 2017, 2018 and
2019. Live specimens were transported individually in plastic
jars with perforated lids to Stellenbosch University (Western
Cape, South Africa). Shredded paper was placed in the jars to
provide a perching substrate and some protection from excessive
movement during transport. A damp paper towel was added to
each jar to provide moisture during transit. Only individuals
collected in 2019 were used for the behavioural experiments,
immediately after their arrival in the laboratory. The sexing
of the individuals was aided by the marked morphological
difference of the mandibles (Figure 1A).

Morphometric measurements

Morphological measurements were conducted on 143 dead
males and 88 dead females. We measured mandible length,
head width, elytra width, elytra length and total length with an
electronic digital calliper (RS Component, 0.01 mm resolution)
(Figure 1). Specimens were subsequently dried in an incubator
at 50 °C and the body mass of selected samples checked on a
regular basis until the mass stabilised (about 2 weeks). Dry
mass was then determined by weighing each individual to the
nearest 0.1 mg (AB104-S/Fact, Mettler Toledo International,
Inc., Columbus, OH, USA).

Respirometry

We estimated the resting metabolic rate (RMR) in a subset
of available specimens (4 females and 31 males), to look for
correlations with morphological measurements. After field
collection, specimens were allowed to recover for a few days in
individual containers (15 x 8 x 8 cm, 24-26°C, 16L:8D regime).
Insects were then placed individually in transparent flow-
through 50 ml or 20 ml chambers to perform respirometry
measurements, as described by Smit et al. (2021b). Briefly, an
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Figure 1. A. Morphological measurements (in cm) that were made on
male (left) and female (right) adults of Cacosceles newmannii. B. Arena
used for behavioural testing. Each insect went through six separate 15-
min fighting trials. C. Photograph of a fight between two males, involving
one male grasping another between its mandibles.



air compressor was used to pump ambient air through a purge
gas generator to scrub carbon dioxide (CO,) and water (H,O).
Downstream airflow was maintained at 200 ml min™ (STPD)
using a mass flow control valve (Sidetrak, Sierra International,
USA) and directed into a calibrated Li-7000 infrared CO,/
H,O analyser. Data was logged using standard LiCor software
(LiCor, Lincoln, NE, USA). The CO, production of each beetle
was recorded differentially (V) in ppm. The activity was
monitored using infrared activity detectors (AD-2, Sable
Systems International, Las Vegas, NV, USA). Baseline recordings
were taken before and after each run to correct for potential
analyser drift, although this was typically non-existent. The
temperature inside the respirometry chamber was controlled
using a programmable circulating refrigeration bath filled with
water (CC410wl, Huber, Berching, Germany). Runs lasted for
15 minutes, but only the last 10 minutes were analysed to avoid
the settling-in period. Respirometry data were subsequently
converted to ml CO,/h and extracted using Expedata software
(version 1.9.10, Sable Systems). The highest 30 seconds (zenith) in
the final 10-minute period were extracted for further analyses.
Individual physiological measures were corrected for fresh mass.
Given the small sample size for females, mean values of RMR are
shown, but not analysed further.

Behavioural experiments

Upon arrival from the field, 14 healthy males of similar fresh
mass from the 2019 sampling were randomly allocated to the
behaviourally tested and the control group. Each male was
weighed before the start of the experiment. Considering the
relatively short life span of adults, all behavioural experiments
were performed in 2 days, to avoid potential trial duration
effects. Respirometry measurements were performed 24 h
prior and post behavioural experiments. Control insects were
handled similarly and had their RMR measured twice but did
not go through fighting trials. Specimens were uniquely marked
using a dab of white paint (Figure 1C) and allowed to rest for 15
minutes in a jar with a wet cotton pad to limit desiccation before
behavioural experiments started.

The 21 possible pairs were formed using the seven available
individuals. Consequently, each individual was involved in six
separate fighting trials. They were sequentially placed in a glass
container with a layer of coarse sand and peat (Figure 1B), which
served as the encounter arena. The interactions between the two
specimens were recorded for 15 minutes with a camera (Nikon
D5100,23.6 x 15.6 mm CMOS sensor, AF-SDX Micro40 mm /2.8
lens). After 15 minutes, males were put back in their respective
jars. If a specimen had to be used for several encounters in a row,
it was allowed a 15-min break to rest and recover. Encounters
were planned to exclude situations where a single male was
involved in more than two interactions in a row, and overall
we tried to avoid as much as possible using the same specimen
for several interactions in a row. The video recording of the
interactions allowed for behavioural scoring. We identified three
different types of behavioural interactions between the males:
physical contact (a specimen touches the other, but its mandibles
do not move), mandible display (a specimen displays mandibular
movements, with or without physical contact) and grasping (one
of the specimens catches the other with its mandibles and tries
to knock it over) (Figure 1C). The frequency and duration of each
behaviour were scored.

Behavioural data preparation

For each individual, we accumulated the total frequency and
duration of each behaviour emitted over the six fighting trials, and
compared these data with the individual’s morphophysiological
parameters. In parallel, for each pair formed, we calculated
the absolute difference in the behaviours observed for the
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two members of the pair (duration of behaviour observed for
specimen 1 - duration of behaviour observed for specimen
2), and the associated difference in morphophysiological
parameters. As the observed behaviour depended on the
opponent encountered, we could not categorize individuals
as a function of the behaviour they displayed (i.e. more or less
aggressive individuals). Therefore, we could not test whether the
change in RMR after the encounter differed between more or less
aggressive individuals.

Statistical analyses

Statistical analyses for all data were performed in R (version
3.6.3, R Core Team 2013) and SPSS (version 26, IBM Statistics).
The significance level used for the analyses was P < 0.05.

Sex differences for morphological and physiological
parameters were tested using bilateral ¢-tests. Linear regressions
were computed for each variable as a function of the total body
length, and ANCOVAs (homogeneity of slopes model) were
used to compare slopes between sexes. A principal component
analysis (PCA) of the morphological parameters of males and
females was built using the FactoMineR (Lé et al. 2008) and
factoextra (Kassambara & Mundt 2016) packages. Correlations
between morphophysiological parameters within sexes were
explored using Pearson correlation coefficients.

Morphophysiological ~differences between control and
behaviourally tested insects were assessed with Mann-Whitney
tests. The differences in RMR between the two groups was
analysed using a two-way ANOVA for repeated measures on
the factor time (before and after trial). The influence of trial
order on each individual’s behavioural performance over
the six fighting trials was tested using Friedman’s ANOVAs.
Correlations  between behavioural, morphological and
physiological parameters for individuals and pairs were explored
using Spearman correlations (Performance Analytics package;
Peterson & Carl 2014). Finally, the effect of morphophysiological
differences on the trial outcome within pairs of behaviourally
tested insects was investigated with a Kruskal-Wallis test.
In case of significance, Conover post-hoc tests compared the
different outcome groups (PMCMRplus package; Pohlert, 2014).

RESULTS

Morphological and physiological measurements in males and
females

The mandible size of females was significantly smaller than for
males (Table 1), although the size ranges for the sexes overlapped
(males: 3.71-15.4 mm; females: 2.56-7.5 mm, Figure 2). Figure
2B shows that the first axis of the PCA contrasts females
characterized by longer elytra and greater dry mass, and males
characterized by longer mandibles, larger heads and greater
fresh mass. Total body length was not significantly different
between sexes, but females were heavier (Table 1). Mandible
length accounted for 11.60 + 2.10% of the total body length for
females, and 22.15 + 3.71% for males.

All morphological parameters were significantly positively
correlated (Table S1). Mandible length showed a positive
relationship with body length for both sexes, but was more
pronounced in males than in females (scaling exponent of 0.4
and 0.1 respectively, F = 236.726, P < 0.001, Tables S1, S2, Figure
2). In males, the RMR was significantly positively correlated with
all the morphological traits (Pearson correlation coefficients >
0.54, all Ps < 0.05), except for dry mass (rho = 0.27, P > 0.05)
(Table S1).



Table 1. Summary of the morphological (in mm =+ standard deviation)
and physiological characteristics of adult male and female C. newmannii.
Statistical values are given for t-tests.

Females Males P

Variable

n n
Morphological measures
Mandible length 4.82+0.11 88 973+£0.25 139 <0.0001
Head width 797+£013 88 9.05+012 139 < 0.0001
Elytra width 13.24+£0.22 88 1263 +£0.18 139 0.033
Elytra length 2699+048 88 2378 £0.27 139  <0.0001
Total length 4171 £0.71 88 4297 +£0.63 139 0.186
Dry mass 079+006 82 062+002 137 0.004
Physiological measures
RMR
(in mICO,/h/g 3.74+£225 4 261+029 27

of fresh mass)

Individual morphophysiological correlates of behavioural
performance

The results for behavioural frequencies and durations were
similar, thus we have only presented the results for duration.
To account for the effect of fatigue, we compared individual
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behavioural performances over the six fighting trials. The
duration of physical contact (XZ(S) = 2.347, P = 0.799), mandible
display (y*, = 4.159, P = 0.527) and grasping (x*, = 10.387, P
= 0.065) were not affected by the sequence of fighting trials.
Therefore, the chronological order of fighting trials was not
accounted for in further analyses.

RMRs measured before and after the trials did not differ
significantly between behaviourally tested and controls
specimens (F(MZ) = 3.464, P = 0.087). However, there was a
consistent effect of time on RMR, with lower values after the
trials (F(m) = 13.716, P = 0.003) (Figure 3A). We found no
interaction between time and group for RMR values (F , =
0.272, P =0.611).

In the seven individuals performing behavioural tests, we
found only one morphological correlate of behaviour, namely
males with bigger mandibles grasped their opponent for a longer
time (Spearman correlation, S = 12, P = 0.048, rho = 0.786). A
contrario to the subset of males for which morphophysiological
parameters were measured in Table 1, we did not find any
correlations between morphological and physiological
parameters in males going through fighting trials (Spearman
correlation, all Ps > 0.10). Similarly, we found no correlation
between behavioural and physiological traits (Spearman
correlation, all Ps > 0.10).
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Figure 2. A. Scaling of mandible length in relation to body length of adult males (yellow, R = 0.8982) and females (blue, R* = 0.4294) of Cacosceles
newmannii. B. Biplot of the principal component analysis of the morphological parameters measured on males (yellow) and females (blue) of Cacosceles

newmannii.
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Figure 3. A. Resting metabolic rate (RMR) at 25 °C before and after fighting trials, for behaviourally tested and control Cacosceles newmannii adult males.
Two-way ANOVA for repeated measures on time factor. B. Absolute difference in resting metabolic rates (RMRs) between the two opponents of each
pair, before and after fighting trials, in trials resulting in different behavioural outcomes (grasping, n = 11; mandible display, n = 6; physical contact or
nothing, n = 4). Kruskal-Wallis test followed by Conover post hoc test. Values before and after trial are not compared. CO, production (in mL/h) is shown
per gram of fresh mass to adjust for size variation among individuals. Data are mean + SEM.
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Physiological predictors of fighting trial outcomes

During the trials, nineteen (90.48 %) of the observed pairs
involved physical contact, 17 (80.95 %) mandible display and 11
(52.38 %) grasping. Eleven (57.87%) out of the 19 interactions
involving physical contact and 11 (64.71%) out of the 17
interactions involving mandible display, escalated to grasping.
Mandible display was directly preceded by physical contact in all
cases, whereas grasping was never directly preceded by physical
contact, but always by a mandible display.

In accordance with these observations, we allocated the pairs
to three groups depending on the outcome of the trial: grasping,
mandible display, and physical contact/no interaction. The
groups did not differ in relation to the average absolute difference
in morphophysiological parameters between the opponents (all
P-values > 0.743). However, the absolute difference in RMR was
significant between the outcome groups before the trials (y’ , =
5.895, P = 0.050). The members of the pairs only displaying
physical contact had a lower absolute difference in RMR before
the trials compared to the pairs of the two other groups (i.e.
contact vs. mandible display, P = 0.046; contact vs. grasping,
P = 0.014) (Figure 3B). This difference disappeared after the
trials (Xz(z): 0.464, P = 0.793; Figure 3B). Finally, the difference
in behaviours exchanged by the opponents of each pair were
not correlated with their difference in morphophysiological
parameters (all P-values > 0.10).

DISCUSSION

This study provided a formal validation of sexual dimorphism,
and a preliminary assessment of the cost of intrasexual
fighting in a poorly studied cerambycid pest. More than 50%
of the dyadic encounters led to a fight (i.e. grasping), which is
comparable to other studies using Coleoptera [e.g. Prosopocoilus
inclinatus: < 30% (Inoue & Hasegawa 2013) and Aegus chelifer:
> 50% (Songvorawit et al. 2018)], and this despite the absence of
females. Indeed, fighting for mates is a common behaviour in the
animal kingdom, especially in insects. In Prioninae specifically,
there is growing evidence that females produce pheromones
to attract males, and can be recognized by males based on the
composition of their cuticular hydrocarbon (Millar & Hanks
2017). However, our results show that the presence of females is
not needed for fighting to occur between males.

Sexual dimorphism, function and associated strategy in
C. newmannii

Females were heavier than males, despite a similar total body
length. In males indeed, mandibles accounted for a large
proportion of total body length. The female reproductive status
could not be controlled, and samples likely included both gravid
and non-gravid females. This is supported by the higher standard
deviation of dry mass in our data for females.

As in many other Coleoptera species, males and females of
C. newmannii showed different mandibular morphs (Kawano
2006). Females had shorter but wider mandibles, whereas males
had longer, narrower mandibles. An explanation might be that
the two sexes have different uses for their mandibles. Since
neither males nor females have a functional digestive system
(M]J, unpublished data), it is unlikely that mandibles are used
for feeding purposes. The robust mandibles of females might be
used to chew substrate before laying eggs, as in many Coleoptera
species [e.g. Asian longhorned beetle, Anoplophora glabripennis
(Haack et al. 2018); stag beetle, Dorcus rectus (Tanahashi et al.
2009)]. Males showed a strong positive correlation between
mandible and body size, which is often a sign of sexual selection
(Eberhard 1979). In many Coleoptera species, males can show
two or more morphs, associated with different reproductive
strategies (Kawano 2006). We did not find such a dimorphism
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in our specimens, and the continuous mandible size distribution
rather suggests that the different strategies to access the resources
were probably not strongly split in this species.

Behavioural correlates of morphophysiological parameters

Behaviourally tested and control insects showed similar
decreases in RMR 24 h after the last trial. Therefore, the male-
male interaction did not have a notable affect on an individual’s
energetic function. However, it could be argued that this result
is of limited value, as accumulated duration does not fully
represent the inclination of an individual to engage in a fight.
Future studies including more individuals, or specifically
manipulating the number of bouts could clarify this matter.

We found that males with bigger mandibles displayed longer
grasping, suggesting that males with bigger weapons are more
prone to engage in a fight. This is consistent with observations
for other Coleoptera species (Moczek & Emlen 2000; Okada
et al. 2006; Inoue & Hasegawa 2013; Goyens et al. 2015a;
Songvorawit et al. 2018). Additionally, the males exhibiting
grasping behaviour and making mandible displays during the
fighting trial had a higher RMR before the encounter than
the males who would only display physical contact. After the
encounter, this difference in RMR disappeared, as if equalized
by the fighting trial, and we found no relation between the
duration of antagonistic behaviours and RMR in males. This
suggests, as hypothesized, that males with bigger mandibles
were more aggressive and initially had more energy to invest
into the fight, resulting in a greater energy loss for them than
their less aggressive counterparts (Somjee et al. 2018).

On another note, it was unclear whether the three
observed behaviours were antagonistic, in the sense that
they predisposed the individual to fight. Physical contact
might only be a recognition contact where insects exchange
information. Indeed, RHP asymmetry might also be measured
by the estimation of differences in cuticular hydrocarbons or
pheromones, as hypothesized for other Coleoptera (Goyens et al.
2015a). In addition, pairs only exchanging physical contact had
a smaller difference in RMR before the trials, a difference which
disappeared afterwards. This supported the mutual assessment
hypothesis, as individuals with similar energetic resources
would not take the risk of investing in aggressive behaviours.
Visual display of opened mandibles is a common aggressive
behaviour in Coleoptera (Goyens et al. 2015b; Okamoto & Hongo
2013). Indeed, in our case only mandible display significantly
directly preceded grasping. A gradation of the measurement
mechanisms can therefore be envisaged, each step being riskier
but making it possible to refine opponent assessment.

CONCLUSION

To conclude, the data presented here constitute an important
attempt at understanding the morphological and physiological
correlates of the aggressive behaviours of a poorly studied
cerambycid species. ‘These interactions might lead to
territoriality, the securing of resources (e.g. food or mates), or
establishment of dominance hierarchies. These behaviours
could drive dispersal patrolling behaviours, and in turn, affect
the size of the home range and hence, management strategies
for this species.

Adult C. newmannii, and especially females, do not fly often,
and tend to stay on the ground in the sugarcane and kikuyu
fields from where they were collected. This made gathering a
high number of healthy, live adults challenging, as specimens
are difficult to see in dense vegetation, resulting in the small
sample available for the behavioural part of this study. Though
our results must be interpreted with some caution owing to the
small sample size in the behavioural assessments, the results



outlined here may form the basis for future larger studies on
this emerging pest species. Behaviours are routinely assessed
with small sample sizes in groups for which sampling or
laboratory rearing is technically or ethically difficult, such as for
large mammals, or in the context of non-manipulative studies
(LaFollette 1971; De Nys et al. 2010 ; Wright et al. 2019). Reliable
behavioural or physiological data for insects can in many cases
be obtained with a reduced number of individuals, although
further validation is necessary and useful. For example, the
flight behaviour of the Asian longhorned beetle was initially
measured on very few individuals (Javal et al. 2018), but the
results obtained were subsequently validated in a study that used
a larger sample size (Lopez et al. 2017).

While our results are preliminary, they are informative and
suggest several directions to explore in future. Male intra-sexual
interactions seem to follow a pattern of increasing intensity,
with each additional step being costlier in terms of risk of injury
and energy investment. Mutual assessment could play a role in
the first steps of the interaction, when mandible size is used to
assess fighting ability. However, the positive correlation between
individual mandible size and duration of grasping, together with
the lower difference in RMR before the trials in individuals not
displaying aggressive behaviours, suggest that once a fight has
been initiated, the duration would rely more on self-resources
than on mutual assessment (Pinto et al. 2019). In the case of C.
newmannii, the RMR of a male individual, and the length of
its mandibles might set the amount of time or energy that this
specific individual is willing to invest in the fight.

Finally, we found that males with bigger mandibles tended to
have a bigger energetic investment in a fight than smaller males.
Male-exaggerated sexual traits are usually physiologically costly
(O’Brien et al. 2019) and can impact fitness in indirect ways
(Basolo & Alcaraz 2003). The considerable energetic investment
linked to large fighting apparatus (Kotiaho 2001) can lead to
faster exhaustion, or even premature death. Longevity has not
been considered here, but could be the focus of further studies,
since the cost of having a large fighting apparatus, together with
the cost of engaging in energy-demanding interactions could
reduce the males’ lifespan (Somjee et al. 2018).
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Table s1. Pearson correlation coefficients for adult Cacosceles newmannii males (orange, bottom section) and females (blue, top section).

Significant values (P < 0.05) appear in bold with an asterisk.

el T S R SR

Mandible Length 0.73* 0.68* 0.63* 0.66* 0.53* -
Head Width 0.90* 0.89* 0.84* 0.86* 0.76* -
Elytra Width 0.91* 0.91* 0.86* 0.89* 0.78* -
Elytra Length 0.89* 0.89* 0.94* 0.91% 0.74* -
Total Length 0.95* 0.93* 0.95* 0.94* 0.80* -
Dry Mass 0.92* 0.88* 0.91* 0.91* 0.94* -
RMR 0.57* 0.54* 0.58* 0.54* 0.61* 0.27




Table s2. Linear regression of morphological and physiological variables in relation to total body length, for male and female Cacosceles
newmannii. F' and P values are given for the sex x total length interaction, and indicate the significance of the difference between the slopes for
each sex (ANCOVA, homogeneity of slopes model). The test was not applicable to the RMR due to the small number of females sampled.

Significant P-values are given in bold, and » values are given in Table 1.

Dependant variable Female Male F P
Equation R? Equation R?
Mandible Length y =0.1066x + 0.3725 0.4294 y =0.3841x - 6.7739 0.8982  236.726 <0.0001
Head Width y=0.1532x + 1.577 0.734 y=0.1814x + 1.2576 0.8669 6.374 0.012
Elytra Width y =0.2808x + 1.5281 0.787 y=0.2664x + 1.1857 0.9115 0.882 0.348
Elytra Length y =0.6267x + 0.8519 0.8359 y =0.4043x + 6.4082 0.8921 63.03  <0.0001
Dry Mass y =0.0618x - 1.7967 0.6433 y =0.0331x - 0.8042 0.8789  48.984 <0.0001
RMR y =-0.2946x + 12.917 0.3573 y=0.1047x - 2.3159 0.3685




