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Abstract — The epicuticular compounds (ECs) of insects serve both to waterproof the cuticle
and, in many taxa, as pheromones that are important for various social interactions including
mate choice within populations. However, ECs have not been individually identified in many
species and most studies of their role in mate choice have been performed in a laboratory setting.
Here we newly identify and quantify the ECs of the antler fly, Protopiophila litigata
Bonduriansky, and use a cross-sectional selection analysis to quantify their association with male
mating success in the wild across two years (2013 and 2017). The ECs of antler flies include
straight-chain and methylated alkanes, alkenes, and a family of branched wax esters. We find all
ECs to be shared between males and females but also demonstrate sexual dimorphism in the
abundance of several. Male EC relative abundances were significantly associated with mating
success in both years, although the multivariate direction of selection differed significantly
between the years. Surprisingly, only two of the 18 compounds (or groups of compounds) we
identified were similarly associated with mating success across the sampling years. In 2017, we
further partitioned sexual selection into intra- and intersexual components, revealing selection on
ECs to be significant via female choice but not male-male competition. Our study is one of few
to investigate the potential role of ECs in mating success in the wild and adds to a growing body

of evidence demonstrating significant temporal variability in selection in natural populations.
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Introduction

The insect epicuticle is made up of long-chain hydrocarbons and their derivatives,
collectively referred to as epicuticular compounds (ECs). ECs play an important role in
desiccation resistance by waterproofing the cuticle with a waxy coating (Beament 1945,
Wigglesworth 1945), but in multiple species ECs also function as pheromones used as a means
of chemical communication. ECs have variously been implicated in species recognition (Martin
et al. 2008, Dyer et al. 2014), kin recognition (Lihoreau and Rivault 2009), group recognition
(Fang et al. 2002, Vasquez et al. 2009), and mate choice (Howard et al. 2003, Steiger et al. 2013,
Booksmythe et al. 2017) in diverse insect taxa. Extensive work characterizing ECs in several
species of Drosophila has determined that they are plastic in response to aspects of the physical
(Stinziano et al. 2015) and social environment (Petfield et al. 2005, Gershman et al. 2014,
Gershman and Rundle 2017), and can evolve rapidly in response to altered natural and sexual
selection (Blows 2002, Kwan and Rundle 2009, Sharma et al. 2012).

ECs have been specifically studied for their role as sexual signals used in mating in
diverse insect taxa, including several species of Drosophila (Howard et al. 2003, Grillet et al.
2006, Van Homrigh et al. 2007, Curtis et al. 2013, Fedina et al. 2017), beetles (Ali and Tallamy
2010, Booksmythe et al. 2017), and crickets (Thomas and Simmons 2009, Steiger et al. 2013).
Within a species, EC profiles have also been observed to differ in the presence vs. absence of a
closely related species in nature, generating a pattern of reproductive character displacement that
implicates them in mate choice and species isolation (Higgie et al. 2000, Dyer et al. 2014).
However, most studies of sexual selection on ECs have used laboratory mating trials, and
investigations of the importance of ECs to mating success in nature are rare (but see Hine et al.

2004, Steiger et al. 2013, Gosden et al. 2016).



Here we identify and quantify the epicuticular compounds of antler flies (Protopiophila
litigata Bonduriansky), and investigate their role in both female mate choice and male
territoriality in the wild. P. litigata are small (2 mm) necrophagous flies in the family
Piophilidae. Unlike other piophilids, many of which are associated with carrion (Rochefort et al.
2015), P litigata mate and oviposit exclusively on discarded cervid antlers (Bonduriansky
1995). From June to August, both males and females congregate on antlers, which can host over
100 flies at a time (Mautz et al. 2019). Males, which have high site fidelity among antlers,
aggressively defend territories on the antler surface for access to females, which disperse more
widely but tend to congregate near the damaged areas of the antlers used for oviposition
(Bonduriansky and Brooks 1999). Male density and body size are highest near oviposition sites,
suggesting that these territories are highly contested and that territoriality is a major component
of sexual selection on males in this species (Bonduriansky and Brooks 1999). P. litigata do not
display substantial courtship behavior; males leap on to the backs of females, who may either
accept or reject them (Bonduriansky 2003). Large-bodied males are more successful in agonistic
contests (Bonduriansky and Brooks 1999) and are preferred by females as mates (Bonduriansky
and Brooks 1998a), but little else is known about traits under inter- and intrasexual selection in
this species.

We quantify sexual selection via a cross-sectional analysis that compares the EC profiles
of wild collected P. litigata males that were either mating or not at the time of collection. Our
collections were performed in two different years (2013 and 2017), allowing us to compare the
multivariate direction of sexual selection on ECs between these years. Selection in nature is often
highly variable through time and its consistency (or, conversely, variability) has important

implications for our understanding of evolutionary change (Siepielski et al. 2009). In 2017, we



also further partition selection into intrasexual (i.e. male-male competition over territories on the
surface of an antler) and intersexual (female choice) components by distinguishing non-mating
males that were either holding a territory or not when collected, providing more detailed insight

into potential source(s) of sexual selection.

Materials and Methods
Chromatography

Gas chromatography with flame ionization detection (GC:FID) was performed on single-
fly extractions using a dual-channel Agilent 6890N ‘fast’ (220V oven) gas chromatograph fitted
with HP-5 phenylmethyl siloxane columns of 30 m length and 250 pum internal diameter (0.1 pm
film thickness) and flame ionization detectors (at 310°C). The inlet was set to splitless (at 275
°C) with a pulse pressure of 206.8 kPa (30 psi) for 1.4 min. The injection volume was 1 pl and
hydrogen was used as the carrier gas with a constant flow of 2.7 ml/min. The temperature
program began by holding at 150°C for 0.55 minutes, then increasing to 200°C at a rate of
120°C/minute, then increasing to 265°C at a rate of 7°C/minute, and finally increasing to 310°C
at a rate of 120°C/minute. These method parameters were selected via an optimization procedure
that sought to minimize the total run time while maintaining peak resolution. The run time of a
single sample was just under 12 minutes.

Gas chromatography with mass spectrometry (GC:MS) was performed on both single and
multi-fly extractions using an Agilent 7820A GC with 5975 series mass selective detector, fitted
with an HP-5 5% phenyl methyl siloxane column of 30 m x 0.25 mm internal diameter and
employing helium as the carrier gas. To facilitate the comparison of retention times between

GC:FID and GC:MS chromatographic profiles, method parameters from the former instrument



were converted for the latter using ‘mxlator’ v. 2.0a, a GC method translation software that is
available for free download from the Agilent Technologies (Santa Clara, CA, USA) website.
Helium flow rate was set to 1.92 ml/min with a column pressure of 187.33 kPa (27.170 psi). The
column temperature program began by holding at 150°C for 2.095 min, then ramped to 200°C at
a rate of 31.5°C/min, followed by a slower ramp to 265°C at 1.838 °C/min, and finally
concluded by ramping to 310°C at 31.5°C/min. The sample inlet valve was set to splitless, with
an injection pulse pressure of 206.8 kPa (30 psi). The detector remained off until 3 min into the
run to avoid the solvent peak. A 5 pl injection volume was used for both single and multi-fly

extractions.

Compound Identification and Quantification

For EC identification and quantification respectively, non-virgin adults (males and
females) were sampled from two different laboratory stock populations that were founded in
2012 (2017) from greater than 500 (>200) individuals collected from moose antlers (4lces alces
(Linnaeus) (Artiodactyla: Cervidae)) at the Algonquin Wildlife Research Station in Algonquin
Provincial Park, Ontario, Canada (45.591373, —78.522472). These antlers were collected from
throughout the park and relocated to the research station, so the sampled flies likely included
individuals from the immediate local population and those which had grown as larvae within the
relocated antlers. The flies were then maintained in the lab in mixed-sex cages at 23°C and 60%
relative humidity with a 17:7h light-dark cycle following Oudin et al. (2015). Samples used for
quantification were generated by immersing individual flies in 100 pl of hexane for 5 minutes,
including one minute of vortexing. Pooled extractions used for GC:MS were similarly produced

by immersing 20 flies in hexane for 5 minutes.



Equivalent chain length (ECL) values were calculated for all compounds on both
instruments by comparison to a standard C;-Cy saturated n-alkane mixture (Sigma Aldrich,
product # 49452-U) following Curtis et al. (2013). These ECL numbers were cross-referenced
between the two instruments to ensure that the identification of all ECs related to the same peaks.
Compounds were identified by comparing their ECL and mass spectra to the alkane standard,
MS databases, and published literature (see Supp. Information). The presence of a homologous
series of esters was inferred using single ion chromatography, mainly on mass 99 Da. Provisional
identifications are given in certain cases in which these methods provided a reasonable
assignment but unequivocal confirmation was lacking, for example with respect to the
positioning of the double bond within alkenes, which were not present in sufficient quantities for
derivitization.

For descriptive purposes, absolute EC abundances were obtained separately for single-fly
extractions of 20 males and 19 females by integrating the area under 18 peaks (i.e. ECs) in the
GC:FID chromatograms using ChemStation software v. A.01.05 (Agilent Technologies, Santa
Clara, CA, USA). To convert integrated peak areas to known abundances, concentration
gradients were derived using 0.0625, 0.125, 0.25, 0.5, 1, and 2 ng/ul samples of the C;-Ca
saturated n-alkane mixture and the abundance of each compound was calculated using a linear
calibration curve derived from the alkanes with retention times immediately before and after
each sample peak.

Following extraction, flies were dried and individually weighed to the nearest 0.01 mg on
a MX5 Microbalance (Mettler Toledo, Columbus, USA). As total EC amount varied with dry
mass (see Results), and males and females differ in mean body size (Bonduriansky 1995), we

calculated size-corrected EC abundances by separately regressing the square root of each



compound abundance onto the cube root of dry mass (as the former depends on surface area and
the latter on volume; Lande and Arnold 1983, Kwan and Rundle 2009), and adding the residual
values to the grand mean for that compound. A multivariate analysis of variance (MANOVA),
implemented in the R package car (Fox and Weisberg 2011), was used to test for differences
between males and females in size-corrected concentration of the 18 ECs. Given significant
sexual dimorphism overall, individual peaks were subsequently tested using separate Welch’s ¢-

tests for unequal variance.

Field Collection and Quantification of ECs

To quantify sexual selection on ECs in the field, a cross-sectional selection analysis was
performed in which wild males were collected from the surface of several moose antlers located
around the Algonquin Wildlife Research Station. Collections were performed in the early
summer of 2013 and 2017 and, in both years, collected males were classified as either mating
(i.e. copulating with a female at the time of collection or mate guarding a female they recently
mated; n =126 in 2013, n = 60 in 2017) or non-mating (n = 125 in 2013, n =109 in 2017). In
2017, non-mating males were further subdivided into those that were observed to be actively
defending a territory on the upper surface of the antler prior to collection (n = 62) vs. those
resting on the underside of the antler (n = 47) where males rarely defend territories
(Bonduriansky and Brooks 1999). Shortly after collection, males were anesthetized with CO, and
immersed individually in 100 pl of hexane for 5 min for EC extraction, after which they were
discarded. Copulating pairs were gently separated under anesthesia prior to extraction. Voucher
specimens were deposited in the Canadian National Collection of Insects, Arachnids and

Nematodes, Ottawa, Ontario, Canada.



EC abundances were obtained separately for all samples via GC:FID and the area under
the same 18 peaks was integrated for each. Due to the very small concentrations involved, minor
variation in the extraction protocol can introduce substantial noise into GC:FID estimates of
absolute compound abundances, even when using an internal standard (Blows and Allan 1998).
Accordingly, past studies of sexual selection on ECs in insects have therefore focused on relative
abundances calculated by dividing the area of each peak by the total area under all peaks for a
given individual (Chenoweth and Blows 2005, Van Homrigh et al. 2007, Curtis et al. 2013), and
we take this approach for the sexual selection analysis. However, relative abundances are a form
of compositional data to which standard statistical methods should not be applied (Aitchison
1986, Egozcue and Pawlowsky-Glahn 2011). To address this, we calculated center-log-ratio
(CLR) transformed values using the “clr” function in the R package Hotelling (Curran 2017).
Multicollinearity among CLR-transformed relative concentrations was high (maximum variance
inflation factor = 52.3), so a principle component analysis (PCA) was performed on the
covariance matrix of the combined data for both years following Bonduriansky et al. (2015). The
first 17 principle components were used in the subsequent analyses because the 18™ has an
eigenvalue of zero due to the unit-sum constraint inherent in compositional data.

ECs are both plastic and capable of evolving in response to selection. To characterize
temporal variability in ECs, we compared the epicuticular profiles of males collected in 2013 and
2017. The overall difference in ECs was assessed with a MANOVA performed on the principal
components of EC variation. Given a significant difference between years, we subsequently
performed Welch’s #-tests on CLR-transformed relative abundances of each FID-quantified

compound.



Sexual Selection Analysis

Linear (i.e. directional) standardized sexual selection gradients on ECs were estimated
using a standard multiple regression of relative mating success (0 = non-mating, 1 = mating) of
males on the 17 principal components of EC variation (each standardized to a mean of 0 and unit
standard deviation) separately by year (Lande and Arnold 1983). While these models were fit
using standard least squares, because mating success is binomially distributed significance
testing was performed using a generalized linear model (GLM) fit using maximum likelihood,
specifying a binomial error distribution and a logit link function (Fairbairn and Preziosi 1996).
For each year, the overall significance of sexual selection was tested by comparing the fit of this
model with that of an intercept-only reduced model using a likelihood ratio test (LRT). Date of
collection and antler identity were nonsignificant in both years and were thus excluded from all
models.

Differences in the proportion of mated males collected between the sampling years (0.5
in 2013 vs. 0.35 in 2017) will generate differences in the apparent strength of selection when
estimated separately by year. For this reason, comparison of the magnitude of selection gradients
between the years is not appropriate, but the differences in the direction of selection in
multivariate trait space remain meaningful. The multivariate direction of linear sexual selection
was compared between years by calculating the correlation of the vectors of selection gradients
when estimated separately by year. The vector correlation is the dot product of the column
vectors of selection gradients normalized to unit length and ranges from 1 (selection in the
identical direction in multivariate trait space) to -1 (selection in precisely opposing directions in
multivariate trait space), with 0 representing orthogonal vectors (Rundle et al. 2008). All of our

analyses focused on linear selection alone because our sample sizes were insufficient to reliably
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estimate the 153 quadratic and correlational gradients required to quantify non-linear selection
on a suite of 17 traits.

To determine if sexual selection differed significantly between years, we used a
sequential model-building approach (Chenoweth et al. 2012). Data were combined across years
and a logistic GLM was fit that included an effect of year as well its interactions with each of the
17 traits (i.e. EC principle components). The fit of this model was compared to a reduced model
lacking the year X trait interactions using a LRT. The main effect of year in these models
accounts for differences in the proportion of mating males in 2013 vs. 2017, meaning
significance of the year X trait interactions would indicate differences in the relative strength and/
or multivariate direction of sexual selection.

In 2017, the change in sampling design allowed sexual selection to be partitioned into
intrasexual and intersexual selection components. Intrasexual selection (i.e. male-male
competition, representing the probability of a single male holding a territory) was tested by
comparing the EC profiles of non-mating males with and without territories. Intersexual
selection (i.e. female choice, representing the likelihood of a territory-holding male achieving a
mating) was tested by comparing the mating and territory-holding non-mating males. For each
analysis we used a binomial GLM for significance testing and ordinary least squares regression
to estimate selection, as described above. All analyses were performed in R version 3.5.1 (R
Core Team 2018).

Finally, to aid with the interpretation of our results, we projected a subset of the selection
gradients back into the original trait space following Chong et al. (2018). Separately by year, we
calculated selection gradients on CLR-transformed relative abundances of the eighteen EC

compounds (or groups of compounds) using estimated selection gradients for the first nine
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principal components, which together explain 95.8% of the variation in male ECs (Supp. Table
S4). We determined whether selection on each trait was significant in each year by performing ¢-
tests on the projected selection gradients using their associated standard errors (calculated from

their variances, which were estimated following Lafi and Kaneene (1992)).

Results
Identity and Abundance of Epicuticular Compounds

Twenty-seven compounds were identified on the cuticles of both male and female antler
flies via GC:MS (Table 1). Twenty-one of these compounds were hydrocarbons that ranged from
Cy7 to G5 (excluding Cys and Csg) and included two alkanes (C,; and Cy) that co-eluted with their
respective compounds in the C;-Cy n-alkane standard, four alkenes, and fifteen mono- or
dimethyl alkanes. Due to low absolute abundances, we were unable to positively determine the
placement of the double bonds in the alkenes via derivitization. However, three of the alkene
compounds (peaks 6, 8, and 16) had similar fractional ECL values (ca. x.75), which previous
studies have reported as representing 9-alkenes (Vanickova et al. 2012, Curtis et al. 2013). The
hydrocarbons clustered around the odd carbon numbers, with Cy exhibiting the greatest variety
of compounds (Fig. 1). Both the C,; and Cy groups were dominated by a single alkene and its
corresponding alkane, while the C;; compounds were present at much lower concentrations (see
below). The C,7, Cy9, and Cs; groups each contained a pair or trio of methyl alkanes that co-eluted
in a single FID peak (peaks 6, 11, and 17), and a similar pair of co-eluting dimethyl alkanes was
present in the Cy and Cs; groups (peaks 13 and 18).

The remaining six compounds were provisionally identified as a family of Cy;-C,; esters

differing primarily by the addition of one or more CH: to the alkyl chain group. Derivatization of
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samples with TMS did not alter these peaks, revealing that they were not alcohols or carboxylic
acids, and the NIST MS Search 2.0 database suggested that they were C¢ branched wax esters of
secondary alcohols based on the 99 Da head group shared among them (except 1b, which had a
head group of 71 Da, smaller by two CH, groups). While MS fragmentation patterns were
sufficient to determine the size of the ester head group and alkyl tail, evidence for the placement
of the alcohol oxygen on the alkyl chain was equivocal. Thus, we denote these compounds as x-
alkyl esters (Table 1). Finally, GC:FID revealed one additional low concentration compound that
eluted just prior to heptacosane and that had an equivalent chain length of 26.89 (FID peak 4,
Table 1; Fig. 1). This compound was not detected via GC:MS and therefore remains an
unidentified member of the C,; cluster.

Concentrations of 18 of the ECs (or co-eluting groups of ECs) were determined via
GC:FID, including all 21 hydrocarbons, the unidentified peak #4, and two of the six esters.
(Signals for the other four esters, 1a-d, were weak and not reliably detected via GC:FID,
suggesting low concentrations.) In both sexes, the highest concentration compounds, on average,
included the ester nonadecyl hexanoate (FID peak 1), the C,; and Cyo alkanes, and one of the C
alkenes (Table 2). The square root of total EC amount increased significantly with the cube root
of dry mass (F137 = 9.16, P =0.004, R* = 0.199). While males and females did not differ in the
identity of any EC (i.e. all detected compounds were present in both sexes), they did differ
significantly in size-corrected EC concentrations overall (MANOVA, Fis, = 6.78, P <0.001),
with 6 of the 18 individual compounds (or co-eluting methyl alkanes) exhibiting significant
sexual dimorphism (Welch’s #-tests: P < 0.05; Table 2). Overall, the EC profile composition of

wild-caught males differed significantly between years (MANOVA: F7 46 = 154.6, P <0.001),
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indicating plastic and/or evolved differences. 13 of the 18 individual EC peaks differed in

relative abundance between 2013 and 2017 (Welch’s #-tests: P < 0.05; Fig. 2).

Sexual Selection

Male mating status was significantly associated overall with variation in the principal
components of relative EC concentration in both years (LRT, 2013: > =51.5, df =17, P < 0.001;
2017: y* =51.5,df =17, P <0.001), consistent with linear sexual selection on these traits. EC
phenotype explained 12% and 17% of the variance in male mating success in 2013 and 2017
respectively (R%q). In 2013, sexual selection was significant on three principal components (PCs
5,8 and 11), and in 2017 was significant on five principal components, two from 2013 (PCs 5
and 11) and three additional ones (PCs 7, 13 and 15; Supp. Table S2). Sexual selection also
differed significantly between these two years overall (LRT: y* = 37.9, df = 17, P < 0.003), with
selection on three specific principal components (PCs 7, 8 and 13) differing significantly
between 2013 and 2017. The correlation of the normalized selection vectors between 2013 and
2017 was low (» = 0.194, equivalent to an angle of 79° between these two vectors), indicating
substantial differences in the overall direction of sexual selection in multivariate trait space.

When sexual selection was partitioned into intra- and intersexual components using the
2017 data, we found contrasting patterns. The probability of a territory-holding male achieving a
mating remained significantly associated with male EC profile (LRT: > =42.1,df =17, P <
0.001), consistent with female choice based on these traits. Five principle components (PCs 5,
11, 13, 15, and 17) were associated with male mating success (Supp. Table S3). These include
four of the five PCs for which significant overall selection was detected in that year (excluding

PC7) as well as one additional principal component, PC17. In contrast, the probability of an
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unmated male holding a territory was not significantly associated with his EC profile (LRT: y* =
23.4,df =17, P =0.14), suggesting hydrocarbons are not important to success in male-male
competition.

When selection was projected back into the original trait space, ten compounds (or
groups of compounds) were significantly associated with male mating success in 2013 and six
were in 2017 (Fig. 3). These compounds included all classes of molecules identified in this study
except unbranched alkanes. Four peaks had a significant association in both years, but only two
(peaks 9 and 16, representing x-nonacosene and x-hentriacontene, respectively) were in the same
direction. In contrast, the selection gradients for peak 6 (11- and 13-methylheptacosane, co-
eluted) and peak 14 (3-methylnonacosane) were significant in both years but opposite in sign. In
general, the pattern of intersexual selection in 2017 was similar to the overall pattern of sexual
selection in that year, although two peaks differed in their significance between the two analyses
(Fig 3B, C). Peak 18 (11,15- and 13,17-dimethylhentriacontane, co-eluted) was significant only
in the “overall” selection analysis, while peak 2 (x-heptacosene) was significant in the

intersexual analysis but not overall.

Discussion

Although insects’ epicuticular compounds have been implicated in both desiccation
resistance (e.g. Beament 1945, Wigglesworth 1945) and female mate choice (e.g. Jallon and
David 1987, Howard et al. 2003) for decades, they remain uncharacterized in many species and
behavioural studies are often laboratory-based such that the importance of these traits as sexual
signals has rarely been studied in nature (but see Hine et al. 2004, Steiger et al. 2013, Gosden et

al. 2016). Here we identified (in some cases provisionally) the predominant ECs of the antler fly,
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Protopiophila litigata, quantified sexual dimorphism in these traits, and measured their
association with mating success over two years in males in the wild. We also partitioned this
association into intra- vs. intersexual components to gain further insight into their potential role
in mate competition. Due to our whole-fly extraction protocol, we do not know the fine-scale
localization of ECs across the body of P, /itigata (Niehoff et al. 2014), although this may also be
important to sexual interactions (Yew et al. 2011, Booksmythe et al. 2017).

The ECs of P, litigata clustered primarily around odd carbon numbers, a pattern that has
previously been observed to varying degrees in other insects (Blomquist et al. 1985, Howard et
al. 2003, Yew et al. 2011, Curtis et al. 2013). The majority of compounds present in the cuticle
were hydrocarbons that ranged from C,; to Cs; and included alkanes, alkenes, and several
methyl-branched alkanes that collectively span the upper range of chain lengths commonly
observed for hydrocarbons in Drosophila (Ferveur 2005). The number and variety of
hydrocarbons we detected is not unusual for an insect (Ferveur 2005). Five of our 18 FID peaks
were made up of multiple co-eluting methyl (peaks 6, 11, and 17) or dimethyl (peaks 13 and 18)
alkanes, with methyl branch locations shared across peaks (Table 1). These hydrocarbons have
previously been shown to co-elute at the ECL we report (Howard et al. 2001).

In addition to hydrocarbons, we also provisionally identified six homologous branched
wax esters, two that are highly abundant and four that are less prevalent. Esters have been
reported as cuticular pheromones, or potential pheromones, in flies (Chao et al. 2010, Dweck et
al. 2015), bees (Buckner et al. 2009), ants (Nelson et al. 2001), wasps (Howard and Baker 2003),
thrips (Krueger et al. 2016), beetles (Keppner et al. 2017), and spiders (Chinta et al. 2016). Wax

esters of secondary alcohols, like those identified here, have occasionally been reported as ECs
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in various insects (Blomquist et al. 1972, Finidori-Logli et al. 1996, Howard and Baker 2003,
Borocezky et al. 2008).

We detected no sex-specific epicuticular compounds (i.e. all were shared by males and
females). Although many insects display qualitative sexual dimorphism with respect to EC
identity (e.g. Curtis et al. 2013, Dweck et al. 2015), not all do (e.g. Bartelt et al. 1986, Jallon and
David 1987, Howard et al. 2003). We did detect quantitative differences in compound absolute
abundances between males and females, however, even after accounting for sexual dimorphism
in body size. Such quantitative sexual dimorphism in EC abundances is prevalent in insects (e.g.
Bartelt et al. 1986, Jallon and David 1987, Howard et al. 2003, Curtis et al. 2013, Booksmythe et
al. 2017).

Sexual dimorphism suggests a history of sex-specific selection, with sexual selection
being a prime candidate. Consequently, one might expect the ECs under consistent sexual
selection to exhibit greater sexual dimorphism. However, this did not appear to be the case. Six
of the compounds (or groups of compounds) we quantified displayed significant sexual
dimorphism in abundance, after correcting for differences in body size (Table 2), but none of
them were under consistent selection across the sampling years. Three of them (peaks 1, 15, and
18) were associated with male mating success in only one year, and one (peak 14) was negatively
associated with mating success in 2013 but positively associated in 2017. Two of the sexually
dimorphic compounds, peaks 7 and 17, were not significantly associated with male mating
success in either year (Fig. 3). Conversely, neither peak 9 nor peak 16, which were consistently
associated with male mating success, differed between the sexes, although the dimorphism for
peak 16 approached significance. Overall, these data suggest that sexual dimorphism in EC

abundances do not reflect the strength of contemporary sexual selection on male traits. This is
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not surprising as current selection may differ from that experienced historically, and the
evolution of sexual dimorphism depends also on genetic constraints between the sexes that arise
from a shared genome (Ingleby et al. 2014).

We detected significant differences in male EC relative abundances in this population
between our sampling years. These may partly represent evolved differences in the EC
phenotype, but they could also result from plastic responses to differing environmental
conditions. The summer of 2013 was hot and dry, whereas 2017 was unusually cold and wet.
Insects can alter their EC profile to aid in desiccation resistance (Stinziano et al. 2015), so it is
plausible that flies in each year adjusted their ECs to cope with different environmental
conditions. Some laboratory studies suggest that an increase in the relative abundance of longer,
more saturated, and less-branched hydrocarbons is associated with increased resistance to
desiccation (Gibbs and Pomonis 1995, Gibbs et al. 1997, Stinziano et al. 2015). Evidence for the
relative enrichment of such ECs in 2013 is mixed: while 2013 males had relatively higher levels
of some longer-chain hydrocarbons (peaks 16 and 18), they also displayed high levels of
relatively short-chained peaks 2 and 7 (Fig. 2). Furthermore, both unbranched, saturated alkanes
were significantly higher in relative abundance in 2017 (peaks 5 and 10; Fig. 2). There may be
other ways to achieve desiccation resistance, a possibility consistent with the fact that desert-
adapted Drosophila mojavensis display many branched and unsaturated hydrocarbons (Toolson
et al. 1990)

A cross-sectional selection analysis revealed significant association between relative EC
concentrations and mating success in males in the wild, consistent with directional sexual
selection on these traits. Variation in male EC phenotype explained 12% and 17% of variation in

mating success in 2013 and 2017 respectively. These values are similar to those seen in binomial
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analyses of mated vs. non-mated males in other species in which the role of ECs as sexual
displays has been well established, although primarily via lab studies (Chenoweth and Blows
2005, Van Homrigh et al. 2007, Curtis et al. 2013), and it suggests that ECs may be an important
sexual signal in P. litigata as well. However, like all observational selection analyses, it is
possible that variation in male mating success was causally associated with one or more other,
unmeasured traits that are phenotypically correlated with EC variation in this population, such as
male body size, behaviour, or overall health and vigour. Confirmation of a role for ECs in antler
flies will therefore require isolating these traits (e.g. assaying the effects of EC extracts alone),
testing the effects of sensory manipulations (e.g. Giglio and Dyer 2013), or manipulating EC
profile via perfuming assays or a selection experiment (e.g. Hine et al. 2011, Dyer et al. 2014). It
is also possible that observed EC differences between mated and single males are a consequence
of mating itself (e.g. if ECs highly abundant on females are transferred to males during mating).
While this remains to be addressed in P. litigata, mating is known not to alter the sexually
selected ECs of male Drosophila serrata (Gershman and Rundle 2016). Nevertheless, ECs are
confirmed as sexual signals in diverse arthropod species, and the existing sexual dimorphism in
EC abundances in antler flies implies a history of sexually antagonistic selection, consistent with
these traits being targets of sexual selection in males.

When sexual selection was partitioned into its intra- and intersexual components, ECs
were significantly associated with the mating success of territory holding males, suggesting
female mate choice for particular pheromone blends. In contrast, we did not detect any
association between male EC profile and territory possession, suggesting ECs are not used in
male-male interactions related to acquiring or holding a territory on the upper surface of an

antler. Variation in ECs has been implicated in male-male competition in some insects (e.g.
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Moore and Moore 1999, Lane et al. 2016), although in Drosophila serrata, similar to antler flies,
ECs have been implicated as a target of female mate choice but do not affect male-male contests
over territories (White and Rundle 2015).

In our case, non-territory-holding males were collected from the underside of moose
antlers where males rarely defend territories. However, male P. litigata frequently rest
underneath the antler for a period of time, ranging from minutes to hours, after mate guarding is
completed following a successful mating (Bonduriansky and Brooks 1998b). For this reason, our
males without territories may have included both individuals that had mated—and thus, likely
had held a territory previously—and those that had not. This may have reduced the power to
detect an association between ECs and territory success. Further insight into the role of ECs in
intrasexual competition would require associating EC variation with the outcome of observed
male-male contests.

In addition, territoriality is not the only form of intrasexual competition in P. /itigata.
Single males sometimes attempt to take over matings from copulating or mate guarding rivals
(Bonduriansky and Brooks 1998b). These take-overs may represent an alternative intrasexual
strategy or a common mating tactic that is not captured by data on territory holding alone.
However, because male take-overs are rarely successful (Bonduriansky and Brooks 1998b), we
consider territory defense to be the main manifestation of intrasexual selection in P. /itigata.

Finally, the association between mating success and particular male ECs differed
significantly between our two sampling years, suggesting temporal variation in sexual selection.
This is consistent with many other multi-year studies of selection in the wild, which have often
found temporal changes both in the magnitude and direction of selection on phenotypic traits

(Siepielski et al. 2009). Seven compounds (or groups of compounds) were associated with
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mating success in only one of our sampling years, and two, peaks 6 (11- and 13-
methylheptacosane, co-eluted) and 14 (3-methylnonacosane), were subject to opposing selection
between the years (Fig. 3). Strikingly, only two of the 18 compounds, peak 9 (x-nonacosene) and
peak 16 (x-hentriacontene), were concordantly associated with mating success across years. It is
conceivable that these differences could result from changes in the mean EC phenotype between
years despite a static fitness surface, if selection was non-linear and trait distributions were
located on different parts of the surface each year. However, although a few ECs show very
different ranges of relative abundance between the sampling years (e.g. peaks 4, 16, and 18),
many compounds that differed significantly still broadly (Fig. 2). In these cases of high
phenotypic overlap, it is likely that selection on ECs truly differed through time.

Environmental and demographic changes are known to drive temporal variation in sexual
selection (Jann et al. 2000, Kasumovic et al. 2008, Miller and Svensson 2014) and could
therefore underlie the between-year differences we observed. For example, both the strength and
direction of sexual selection on males can vary with density and sex ratio (Jann et al. 2000,
Kasumovic et al. 2008). Furthermore, mate preferences, like the sexual displays they target, are
traits under selection, and this selection may change through time (Chaine and Lyon 2008), so
temporal variation in sexual selection may also arise from changes in female mate preferences
themselves, either evolved (Dodd 1989) or plastic (Chaine and Lyon 2008, Robinson et al. 2012).
In addition, processes such as mate-choice copying (e.g. Mery et al. 2009) and preferences for
rare phenotypes (e.g. Hughes et al. 2013) might lead to variable mate preferences. In addition,
the genetic background of the 2013 and 2017 populations may have differed due to natural
migration as well as experimental relocation of larva-containing antlers, potentially contributing

to differences in both EC profiles and mate preferences.
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Alternatively, healthier and more vigourous males often have greater success in
reproductive competition, meaning sexual as well as natural selection may favor traits that
increase male vigour. ECs play an important role in desiccation resistance and relative
enrichment of longer, more saturated hydrocarbons is associated with decreased cuticular
permeability in Drosophila melanogaster (Gibbs et al. 1997, Stinziano et al. 2015). Therefore,
EC phenotypes that promoted male vigour, and hence male mating success, in hot, dry 2013 may
not have had similar positive effects in colder, wetter 2017. Accordingly, changes in selection on
ECs between our sampling years may have arisen from consistent female preference for
healthier, more vigorous males rather than variation in their preferred pheromone blends.
Understanding the underlying causes and consequences of temporal variation in sexual selection

will be a challenge for evolutionary and behavioral ecologists going forward.
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Table 1 Epicuticular compounds of Protopiophila litigata.

FID ECL® Identification Molecular  Mass Diagnostic ions (m/z) Method® Notes

peak no. formula (Da)

la 2292  x-heptadecyl hexanoate C23Hy60o 354 99, 238 MS (P) Not
integrated on
GC:FID

1b 23.08  x-nonadecyl butanoate CyHiO, 354 71,266 MS (P) Not
integrated on
GC:FID

lc 23.89  x-octadecyl hexanoate CHi30, 368 99, 253 MS (P) Not
integrated on
GC:FID

1 2497  x-nonadecyl hexanoate CysHs00, 382 99, 266 MS (P)

1d 25.83 x-icosyl hexanoate CyHs,0, 394 99, 280 MS (P) Not
integrated on
GC:FID

2 26.74  x-heptacosene®* CyHss 378 378 MS, L (P)

3 26.81 x-heneicosyl hexanoate Cy7Hs40, 410 99, 294 MS (P)

4 26.89  unknown Not detected
via GC:MS

5 27.00  heptacosane Cy7Hse 380 380 ST

6 27.32 11- and 13- CasHss 394 11-methyl: 141, 168, MS, L Co-eluted on

methylheptacosane 224,252, (M-15) GC:FID
13-methyl: 168, 196,
224, (M-15)

7 27.73 3-methylheptacosane CasHss 394 337,365, 393 MS, L

8 28.75  x-nonacosene‘‘ CaoHss 406 406 MS, L (P)

9 28.83  x-nonacosene’ CaoHss 406 406 MS (P)

10 29.00  nonacosane CaoHgeo 408 408 ST

11 29.32 11- and 13- CsoHez 422 11-methyl: 141, 168, MS, L Co-eluted on

methylnonacosane 253, 281, (M-15) GC:FID

13-methyl: 168, 196,
224,253, (M-15)
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FID ECL? Identification Molecular Mass Diagnostic ions (m/z) Method® Notes
peak no. formula (Da)
12 29.50 4-methylnonacosane CsoHez 422 337, 365, (M-15) MS, L
13 29.58 11,15- and 13,17- Cs1Hes 436 11,15-dimethyl: 141, MS, L Co-eluted on
dimethylnonacosane 169, 197, 211, 225, GC:FID
239, 267, 295
13,17-dimethyl: 169,
197, 239, 267
(Symmetrical)
14 29.73 3-methylnonacosane CsoHe2 422 365, 393 (M-15) MS, L
15 29.80  m-methylnonacosane CsoHez 422 379 MS, L
16 30.77 x-hentriacontene®® Cs1He 434 434 MS, L (P)
17 31.34 11-, 13-, and 15- Cs,Hes 450 11-methyl: 141, 168, MS, L Co-eluted on
methylhentriacontane 218, 309, (M-15) GC:FID
13-methyl: 168, 196,
252,281, (M-15)
15-methyl: 196, 224,
252, (M-15)
18 31.64 11,15- and 13,17- Cs3Hes 464 11,15-dimethyl: 141, MS, L Co-eluted on
dimethylhentriacontane 169, 225, 239, 295, GC:FID

323

13,17-dimethyl: 169,
197, 225, 239, 267,
295

*Equivalent chain lengths of all compounds calculated from GC:FID except 1a-d which were

calculated from GC:MS.

*Techniques for authentication of compound: comparison of ECL values with published literature

(L; see Methods); mass spectral fragmentation patterns (MS); comparison to standards (S).

Provisional identification (P).

°E-Z configuration for these compounds is unknown.

YECL values for these compounds suggest the double bond is at the 9-position
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Table 2 Mean =+ standard error (SE) of absolute and size-corrected abundances of epicuticular

compounds in male and female P, /itigata. Bold denotes significant sexual dimorphism in size-

corrected abundances.

Absolute compound abundance (ng) Size-corrected values (ng) Sexual

FID peak dimorphism (P)"
no.* Males (SE) Females (SE) Males (SE)  Females (SE)

1 87.2 (3.89) 134.3 (11.6) 94.2 (5.53) 124.9 (8.56) 0.005
2 39.5(2.99) 36.2 (2.87) 40.6 (3.14)  34.9(2.48) 0.161
3 20.0 (1.21) 19.2 (1.39) 204 (1.27)  18.6(1.19) 0.270
4 14.2 (0.614) 16.7 (1.24) 14.8 (0.712) 16.0(0.999) 0.331
5 91.8 (6.42) 120.4 (10.9) 97.1(6.82)  113.4(8.95) 0.158
6 13.5(0.551) 13.3(0.722) 13.7(0.574) 13.0(0.655) 0.450
7 19.0 (1.13) 27.4(1.94) 20.1 (1.28)  25.9 (1.51) 0.006
8 103.0 (7.14) 93.7 (7.54) 106.1 (7.56)  90.0 (6.33) 0.112
9 55.7 (3.22) 50.0 (4.31) 57.2(3.41) 48.2(3.75) 0.083
10 75.7 (4.00) 74.0 (5.79) 77.7(4.13)  71.6(5.10) 0.358
11 36.5 (1.95) 37.6 (2.53) 37.4(2.09)  36.5(2.18) 0.761
12 12.1 (0.637) 12.7 (0.536) 12.4 (0.500) 13.1(0.522) 0.296
13 11.9 (0.526) 13.5 (0.63) 12.1 (0.561) 12.5(0.450) 0.616
14 12.7 (0.637) 19.2 (1.38) 13.4 (0.740) 18.2 (1.14) 0.001
15 11.2 (0.434) 14.0 (0.641) 11.5(0.482) 13.6 (0.524) 0.006
16 13.0 (0.497) 15.9 (0.897) 13.4(0.561) 15.3(0.746) 0.054
17 14.6 (0.536) 16.6 (0.848) 14.9 (0.588) 17.3(0.764)  0.020
18 12.1 (0.521) 14.9 (0.72) 12.4 (0.558) 14.6 (0.646) 0.016

*FID peak numbers refer to compounds identified in Table 1.

*Significance from a Welch’s #-test performed separately on the size-corrected abundance of each

compound.
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Fig. 1 Mirrored GC:FID chromatographic profiles of male (above) and female (below) P.
litigata. Numbers correspond to compounds identified in Table 1. Esters 1a-d are not shown

because they were not reliably detected via FID.
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Fig. 2 Violin plot showing CLR-transformed relative abundances of male epicuticular
compounds collected in the wild across two years. Dark gray violins are males collected in 2013
(n=251) and light gray violins are males collected in 2017 (n = 173). White circles represent the
median and the internal black boxes demark the first and third quartiles. Asterisks beside peak
numbers indicate significant differences between years (Welch’s #-tests: P < 0.05). See Table 1

for compound identifications.
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Fig. 3 Sexual selection gradients (+ SE) on 18 epicuticular compounds (or groups of compounds)

in wild P, litigata males in (A) 2013, (B) 2017, and (C) 2017 including intersexual selection only
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(see Methods). Filled symbols represent significant sexual selection gradients (P < 0.05, based
on single-year ¢-tests), and open symbols represent nonsignificant estimates. See Table 1 for

compound identifications.
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