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ABSTRACT

Fertilisation success is a major component of male fitness, meaning males should capitalise on all
opportunities for mating. However, other sources of variation in fithess mean that males often
evolve life histories that limit their ability to mate frequently. We quantified mating latency, mating
duration and offspring production in males of the tropical fly Drosophila birchii when presented with
up to four females consecutively. Males were sourced from isofemale lines from the extremes of
two elevational gradients (20 — 1100 m), that show substantial differences in population density,
temperature and humidity. Total offspring sired increased with number of matings achieved,
demonstrating substantial benefits of multiple mating. However, mean numbers of offspring
declined with each successive mating, and mean mating durations increased, while mating latencies
remained consistent. We saw no reduced fitness in male offspring from later matings, suggesting
that declining offspring production is not associated with decreasing quality»Although differences
between gradients were observed in total offspring production, reductions in offspring number were
as great for males from high density sites as those from low density sites, despite expectations that
males from high density sites would show higher mating investment. We also detected no
divergence between high and low elevation sitesfor other traits, suggesting little adaptive
divergence in mating strategies across this'species”entire elevational range. The steep decline in
offspring production over successive‘matings’'may reflect low encounter rates, or mating
opportunities with females in naturalpopulations of this species, even in high density environments,

reducing relative investment in sperm or ejaculates.

Key words: Male mating, Bateman gradient, fitness, elevational gradient, offspring quality,

adaptation, 'Drosophila
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INTRODUCTION

Sexual selection theory assumes that the reproductive success of males is primarily determined by
the number of matings they obtain (Arngvist & Rowe, 2005, Kokko et al., 2006, Bateman, 1948,
Janicke et al., 2015, 2016). The strength of this correlation between mating and reproductive success
is often described as the “Bateman gradient”, and used to quantify the strength of sexual selection
(Fromonteil et al 2023). However, there are often significant costs to mating for males, including the
energetic costs of mate searching (Harvanek et al., 2017, Parker, 1978), courting and copulating-with
females (Cordts & Partridge, 1996, Brown et al., 2009, Martin & Hosken, 2004, Kotiaho & Simmons,
2003, Partridge & Farquhar, 1981) and competing with rival males (Bretman et al., 2013b, Gaskin et
al., 2002). Ejaculate production itself can be energetically expensive (Edward & Chapman, 2011,
Hayward & Gillooly, 2011, Dewsbury, 1982, Van Voorhies, 1992, Reinhardt et.al., 2011, Perry et al.,
2013), especially in species such as Drosophila that generate large spermj(Pitnick, 1996, Snook, 2005,
Pitnick et al., 1995). Together, these costs may limit male mating rate and therefore the number of
females that males can successfully inseminate within"a giventime period, driving a trade-off
between current and future reproductive success.'As a result, optimal investment in each mating will
depend on opportunities for future matings within'a genotype’s lifetime (Parker & Pizzari, 2010,
Parker, 1982). If male mating oppartunities are scarce, males will be expected to invest more in
initial matings, whereas when mating opportunities are abundant, resources are likely to be
strategically allocated among successive mates, particularly where the costs of mating are high

(Wedell et al., 2002, Bonddriansky, 2001, Engqvist & Sauer, 2001).

Although several studies have characterised variation in male mating behaviour (e.g. number of
rematings, copulation duration, courtship duration, time to remating) and reproductive allocation

and success (number of offspring produced per remating, or egg-larvae survival) across successive
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mating opportunities and in various insect taxa (Douglas et al., 2020, Macartney et al., 2020,
Linklater et al., 2007, Hopkins et al., 2019), there is a lack of data on the degree to which these key
fitness traits vary in natural populations. Selection to prioritise current versus future mating will
fluctuate across environments (Gromko & Markow, 1993, Harshman et al., 1988, Emlen & Oring,
1977), in response to factors such as population density, that affect the likelihood of acquiring mates
by changing both the intensity of male-male competition and the chance of encountering conspecific
females (Parker et al., 2013, Knell, 2009, Kokko & Rankin, 2006, Niemela et al., 2021). However,
population density has complex effects on mating opportunities across many insect taxa including
flour, soldier and fungus beetles, earwigs, and meal moths (McCullough et al, 2018; House et-al.
2019; Winkler et al. 2023). Although male encounters with females may become more.common’at
higher densities, inter-male competition may also increase, reducing mating efficiency and/or
duration, or altering investment in mating versus in parental care. For example, male mating
behaviour in Drosophila melanogaster evolves in response to greater exposure to rival males,
resulting in increased mating latency and duration (Dore et al.,2021), while males also deplete
ejaculates more rapidly where females are encountered.morerarely (Linklater et al., 2007). Females
may also show higher levels of sexual selection at highet densities, meaning that (for a given male)
mating opportunities may be as infrequent at*higher population densities as at lower densities, while
also requiring higher investment in courtship and male-male competition (House et al. 2019).
Female as well as male behaviour may also be affected in other ways, for example by reduced
aggregation at ovipositionsites.at higher density, meaning increased population density may not

necessarily increase male encounter rate (Churchill et al. 2020; Churchill et al 2021).

Changes to abiotic conditions can also alter resource allocation trade-offs between mating success
andistress tolerance (Marshall & Sinclair, 2010, Gefen & Gibbs, 2009, Dolgin et al., 2006). Adaptation

to'the thermal environment (Dolgin et al., 2006, Katsuki & Miyatake, 2009, Sambucetti & Norry,
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2015) and the quality and distribution of resources (Churchill et al., 2020, Blay & Yuval, 1997, Yuval
et al., 1998, Aluja et al., 2009, Trajkovic et al., 2013, Fricke et al., 2008) have been shown to
influence male reproductive potential in several fly species. Likewise, variation in male mating-
related traits across latitude (Chahal et al., 2013) and season (Dev et al., 2013) in D. melanogaster
suggests that ecological conditions place significant constraints on reproduction, especially where
investment in mating is high, as is the case in many Drosophilidae (Markow & O'Grady, 2008). By
comparing populations that vary in the likely frequency of mating opportunities due to differences in
population density or other aspects of their ecology, genetic variation in male mating behaviour and
reproductive success across multiple matings can be quantified. Such data can be used to testfor
existing adaptive divergence in reproductive traits as well as the potential for key male-fithess traits

to evolve.

Differences in male fitness may not result solely from the total quantity of offspring produced across
successive matings, but also as a consequence of variation in offspring quality (Clutton-Brock, 1991).
Although larger and more numerous ejaculates increase reproductive success when mating
opportunities are common, ejaculate quality affects male fitness independently of quantity (Pattarini
et al., 2006, Snook, 2005). Reductions in spermiand ejaculate quality can lead to lower quality
offspring (Hosken et al., 2003, Siva-Jothy, 2000, Alavioon et al., 2017). Declining sperm quality (e.g.
motility, viability) over rapid.sequential ejaculations has been observed in rabbits (Oryctolagus
cuniculus) (Ambriz et al., 2002),.and in guppies (Poecilia reticulata), declines in sperm competitive
ability are associated with’the reduced reproductive success of sons (Gasparini et al., 2017).
Variation in non-sperm seminal products has also been shown to affect key fitness traits in offspring
(Crean etial.;’2016, Crean & Bonduriansky, 2014). Although it has been demonstrated that multiple
mating.by females (polyandry) can confer fitness benefits via enhanced offspring quality in a number

of'species (Madsen et al., 1992, lvy & Sakaluk, 2005, Gowaty et al., 2010, Jennions & Petrie, 2000),
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the effects of male multiple mating on offspring quality are, relatively unexplored; particularly in
situations where ejaculates are likely to become depleted, affecting both quantity and quality of

offspring (Crean et al., 2016, Macartney et al., 2018).

In this study, we test for variation in male reproductive investment strategies of the tropical fly
Drosophila birchii between populations where the frequency of mating opportunities is likely to
differ substantially. We measured key mating traits for individual D. birchii males from isofemale
lines sourced from the high and low ends of two elevational transects (i.e. the entire elevational
range of this species), that show significant differences in population density and abiotic factors such
as mean, minimum and maximum temperature and humidity (Bridle et al., 2009, O'Brien et al.,
2017). Traits measured were: (i) latency to achieve copulation, (i) duration of‘copulation, (iii)
number of offspring produced with each successive copulation, and (iv) total'anumber of offspring
sired, when initially virgin males were presented with four virgin femalesisequentially during a one-

day period.

From previous work with D. birchii, we predicted that male reproductive success (mean number of
offspring) would decline across successive matings. This is likely to be associated with changes in
latency to mate, as males require refractory periods to replenish ejaculate reserves between mating
bouts (Bissoondath & Wiklund, 1996, Radhakrishnan et al., 2009, Sirot et al., 2009, Macartney et al.,
2021), and mating duration, as ejaculates become depleted over rapid consecutive copulations
(Singh & Singh, 2000, Edvardsson & Canal, 2006, Linklater et al., 2007). However, we also
hypothesised that the decline in offspring production would be lower for males from the higher
density’end of each elevation gradient than those from lower density sites, as higher population

densities would select for higher male productivity across multiple matings. Finally, we tested the
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prediction that males produced from later matings (when ejaculates may be depleted) would be of

lower quality and show reduced offspring productivity compared to those from earlier matings.

Predictions:

1. Sperm and/or other components of the ejaculate will decline with successive matings, which
will result in:

a. Decline in the number of offspring sired by male D. birchii across successive matings.

b. Increased time spent courting and copulating with females, resulting in increased
mating latency (time to commence mating) and duration (time from initiation te
completion of copulation) across successive matings.

2. Males from high density populations, where mating opportunities may be morefrequent,
will partition investment across successive matings, resulting in a shallewer. decline in the
number of offspring sired across matings than for males from lower density populations, and
gain greater fitness benefits from multiple mating (in terms,of total offspring sired).

3. Quality of offspring (siring success of sons) will decline acress successive matings.

MATERIALS AND METHODS

Study species and populations

D. birchii is limited to tropical,rainforest in north-eastern Australia and New Guinea, where it has an
elevational range from©0— 1100 metres. D. birchii males display complex male courtship behaviour
(Hoikkala et al';,2000), and show highly skewed siring success when presented with multiple females

simultaneously (E O’Brien personal observation, 2010), suggesting limited capacity for remating.
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Local abundance of D. birchii varies with elevation, with populations showing steep declines in
abundance above 900 m and below 200 m (Bridle et al., 2009, O'Brien et al., 2017). We established
D. birchii isofemale lines (see below) from populations at each elevational extreme of two
elevational transects in north-east Queensland, Australia: Mount Lewis (Elevation: ~20 — 900 m,
16°35'S 145°17'E) and Mount Edith (Elevation: ~600 — 1100 m, 17°6’S, 145°38’E). Within these
transects (each 1-5 km long) there is no significant differentiation in neutral genetic (ddRAD)
markers, indicating high levels of contemporary gene flow across these distances. However,
significant isolation by distance (explaining 7% of the variance across 600+ variable loci) is observed
between these transects (Saxon, 2018). Both gradients show significant differences in mean daily
temperature and humidity between high and low elevations (O'Brien et al., 2017; Table.S1).
Population density (measured as the number of male D. birchii captured per trap per'day)varies
with elevation along both of these gradients, but in opposing directions. At Mount Lewis, the density
of the high elevation population is approximately three times greater thanithe low elevation
population, while at Mount Edith, population density declines with elevation and is approximately
eight times greater in the low than the high elevation populations sampled here (O'Brien et al.,

2017).

(a) Establishment of isofemale lines

Drosophila birchii isofemale lines (called ‘lines’ hereafter) were founded from field-mated females
collected from each population described above between March — May 2011. Flies were collected
using banana baited buckets, sampled daily using fine sweep nets and sorted under a microscope
using light-CO,.anaesthesia. Females were placed individually in vials to lay for 5 — 10 days. Each line
was maintained across 3 — 4 40 ml vials containing 10 ml of Drosophila potato food medium (agar,
instant mashed potato powder, raw sugar, inactive yeast, propionic acid, nipagin supplemented with

live yeast) at ~100 individuals per generation for each line.
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A ‘mass-bred’ stock was also established by combining 10 male and 10 female flies from each line, in
order to provide a genetically mixed background population for test females to assess the mating
behaviour and fitness of focal males. Mass-bred stocks were reared in 400 ml bottles with 100 ml of
Drosophila medium and mixed across bottles each generation. All lines and the mass-bred
population were maintained with non-overlapping generations. Mount Lewis experiments were

conducted after ~25 laboratory generations, Mount Edith after ~50 laboratory generations.

(b) Experiment I: Assaying male mating traits across successive matings

Ten lines were used for the Mount Edith assay (five from each end of the gradient). Twenty lines
were used for the Mount Lewis assay, with 10 originating from each population=Prior to the
experiment, line stocks and the mass-bred population were reared at a constant 25 °C, 12:12 hour
light:dark cycle for two generations to randomise and minimise any.effects attributable to maternal
condition. The experimental males and background females were reared for one generation at
minimal density conditions to minimise larval competition, with five male and five female flies being
allowed to mate and lay eggs in 10 ml of standard Drosophila medium for three days. Parental flies
were then removed, and pupation card (75 30mm) inserted into the vial. On eclosion, flies were
anaesthetised using CO,, and sexed using a Leica (MZ9.5) microscope. 30 males from each of 10 lines
(n=300) from Mount Edith.and 10— 20 males from 20 lines (n= 285) from Mount Lewis were
collected, along withymass-bred females, within 12 hours of emergence to ensure virgin status. All
flies were held in'single-sex vials for six days, at 25 °C at low density (maximum of 10 flies per vial)

with flyfood medium ad libitum, before the mating assay commenced.
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Mating assay: The assay was conducted at a constant 25 °C and began within an hour of the daylight
period, to coincide with time of peak activity in Drosophila. Each virgin male was placed in a vial with
8 ml of standard fly medium. All observations were made by Andy Saxon, assisted in vial and male
and female preparation by the co-authors. A virgin female was placed with the focal male and the
start time noted. If mating was initiated, the time was recorded to give time to copulation (latency),
as was the end mating time (duration). Following copulation, the male was moved to a fresh vial and
presented with a new female. This process continued with up to four matings allowed for each male
within the one-day period, with males given up to two hours to mate with each female. If no mating
occurred, the male was recorded as ‘not mated’ and the assay concluded for that male. The
experiment was conducted over five days with ~60 male flies from each gradient tested per day,
using equal numbers from each line. The order of males was randomised within eachblock to ensure
that there was no systematic bias among lines due to diurnal effects, or the.effect of successive
matings. Blind ID codes were also used to avoid observer bias. Mated females‘'were left in the vials
for five days to ensure that they had laid all fertilised eggs. D. birchii'females lack spermathecae,
which means that sperm storage is minimal (R. Snook, pefsonal communication, 2014). The female
was then removed, and a pupation card added. At least’20,days after mating, the total productivity

(number of offspring) of each successful mating for each male was recorded.

(c) Experiment Il: Assaying the(fitness of sons derived from successive paternal matings

Ten virgin males (sons) were collected from each of the paternal matings (first to fourth) for males
from each isofemale line. These were randomly selected from a combination of all offspring of focal
males (sires).from that line that had achieved the maximum four matings in Experiment I. Sons used
were takenfrom seven of the ten Mount Edith isofemale lines (n= 280). At six days past emergence,
each male was placed in a single vial of 8 ml of fly medium with a single, virgin mass-bred female of

the same age. The pair were left for three days to mate under the same conditions as in Experiment
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I. The male was removed, and each female was left to lay for a further five days. The female was
then also removed, pupation card inserted, and all offspring left to emerge. The fitness of each son

was assayed as the total number of offspring produced by this mating.

(d) Statistical analysis

All analyses were runin R (R Core Team, 2016) v 4.1.0.

Experiment I: The package Ime4 (v 1.1-27) (Bates et al., 2015) was used to fit linear mixed models.to
test whether male mating traits (latency to mate, duration of mating, number of offspring per
mating) change across successive matings, and whether this varies among source popdlations.
Separate models were fitted for each trait and elevational gradient. Mating number (as a'continuous
factor), elevation of origin (high or low) and their interaction were included:asfixed factors. Mating
duration and offspring per mating both showed non-linear relationships\with'mating number, so
mating number was fitted as a second order polynomial using the'splines2 (v 0.4.4) package (Wang &
Yan, 2021) in R. For latency, this did not improve modelfit (based on a comparison of the log
likelihood of models with and without the second/order pelynomial term), so only the linear
relationship of this trait with mating number.was modelled. Focal male and isofemale line were

specified as random effects.

Generalised linear mixed models, with a Poisson distribution, were run using Ime4 to compare the
mean number ofimatings’obtained by males from high and low elevations at each gradient.

Elevation.of origin/Wwas included as a fixed effect and isofemale line as a random effect.

To.evaluate the fitness benefits of multiple mating, we used linear mixed models to test whether the

relationship between the number of matings achieved and the total number of offspring sired
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differed between males from high and low elevations from each gradient. Elevation, number of
matings and their interaction were included as fixed effects. We included a second order polynomial
term for number of matings (fitted using the splines2 package) to test for a non-linear relationship of

this factor with total offspring number. Isofemale line was included as a random factor.

Experiment II: To test whether there was a decline in the quality of sons produced from successive
matings by Mt Edith males we fitted a linear mixed model of male fitness (number of offspring

sired), where mating number was included as a fixed effect, and isofemale line as a random effect.

For each set of models, the significance of fixed effects was evaluated using F-tests, obtained using
the anova function in R. The significance of random effects variance was evaluated using likelihood

ratio tests to compare the full model with a model where that factor had been removed.
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Figurel. /ncreased mating duration and reduced productivity with successive matings. Plots showing
mating latency, mating duration and number of offspring (productivity) from high elevation (blue
dots) and low elevation (red dots) D. birchii isofemale lines from Mt Lewis (left) and Mt Edith (right)
foreach successive male mating (1 — 4). The size of each point is proportional to the number of
males with a particular value for that mating number and trait (Number of matings observed: Mt
Lewis 391 matings by 162 males from 20 lines; Mt Edith 589 matings by 221 males from 10 lines).
Also plotted are regression lines from models fitted for each trait against mating number, using a
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linear (mating latency) or quadratic (mating duration, number of offspring) function. The grey
shaded regions indicate the 95% confidence interval around each fitted line.

Table 1. Linear mixed effects analyses for male mating traits in Mount Edith and Mount Lewis lines.
Mating (1 — 4) and elevation of origin of isofemale line are fixed effects, with nested random effects
of isofemale line and focal male. ANOVA tables of the fixed effects are shown for each trait at each
gradient, and variance components for the random effects. P-values for random effects were obtained
using likelihood ratio tests of the full model with the effect against a reduced model with the effect
excluded. SS = sum of squares; MS = mean square.

Gradient Mating Fixed effects Random effects
trait Predictor SS MS Faf, df2) P Variance Variance x%i1a4n P
component
Elevation 25543 2554.3 2471176 0.12 Line 14.18 0.13 072
Mating 0.07 0.07 1.00x10° 099 | Male 19.44 0.13 0.71
Latency 41356
Elevation Residual 1035.4
x Mating 1634.5 1634.5 1.581356 0.21
Elevation 7.81 7.81 1.06172 0.31 Line 0.07 0.03 0.86
(Mating)2 483.04 241.52 32.94; 38, 6.29 Male 0:00 0.00 1.00
x 107
Duration 1
Mt Lewis Elevation Residual 733
X 67.20 33.60 4.58;384 0.01
(Mating)?
Elevation 230 230 0.22146 0.64 Line 53.81 2.74 0.10
(Mating)>  20939.8  10469.9  10.09;2ss 5.84 |\Male 85.81 1.39 0.24
Offspring X0
per >
mating Elevation Residual 1038.00
X 704.2 3521 0:34; 585 0.71
(Mating)?
Elevation 1535.0 1535:0 134457 0.25 | Line 21.73 1.14 0.29
Latency Mating 96.15 96.15 0.081585 0.77 | Male 0.00 0.00 1.00
Elevation Residual 1147
x Mating 2743 274.3 0.241 585 0.63
Elevation 0.19 0.19 0.10112 0.76 | Line 0.10 353 0.06
(Mating)2 446.7 223.3 110.00,485  4.05 Male 0.23 7.83 0.01
x 107
Duration o
Elevation Residual 2.03
X 0.83 0.41 0.20,485 0.82
Mt Edith (Mating)?
Elevation 1183 1183 1.5619 0.24 Line 224.7 35.71 2.29
x 107
9
Offspring  (Mating)> 62517 31259 41.22,42 447 || Male 221.0 21.07 443
per x 107 x 107
mating v 6
Elevation Residual 758.4
X 924 462 0.612422 0.54
(Mating)?
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RESULTS

(a) Experiment I: Variation in male mating traits across successive matings

Out of 589 observed matings of Mt Edith males, 166 (28.2%) did not produce any offspring, while for
Mt Lewis males, 87 of 391 (22.3%) observed matings did not produce any offspring. We therefore
ran analyses of mating traits with and without matings that produced 0 offspring. This made no
qualitative difference to the results, therefore we present the results of analyses that include these
matings. At Mount Edith, 73% of all focal males assayed attained a first mating (n= 220), with only
26% of all males reaching a fourth (n=78). 18% mated only once. Mean productivity (number of
offspring) per mating showed a 60% decline from mating 1 (mean offspring= 49.47) t0 mating 4 (=
19.71) for Mount Edith males (Fig. 1). At Mount Lewis, 57% of all focal males achieved a first mating
(n=162), while only 11% attained a fourth mating (n=31). 14% of males mated only once. Mean
productivity per mating showed a 62% decrease from mating 1 (mean offspring= 46.38) to mating 4
(= 17.74) for Mount Lewis males (Fig. 1). Latency to mating showed no change across successive
matings at either gradient (Table 1). Mating duration, however, showed a significant increase across
successive matings (Table 1), with durations incréasing approximately twofold from the first to

fourth mating at both gradients (Fig. 1).

For comparison, results of analyses ofithe relationship between mating number and mean number
of offspring restricted only to'males that mated four times are presented in the Supplementary
Materials (Fig SM1 and Table:'SM1). As for the full data set, there was a significant decline in the

number of offspring produced across successive matings (Fig SM1, Table SM1).

Although'differences were observed between the geographically distinct gradients, there were no
detectable differences between lines originating from high and low elevation sites, for any trait, at

either gradient (Table 1). Generalised linear mixed models of the mean number of matings obtained
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by males at each gradient also revealed no significant difference between males from high and low

elevations at either gradient (Table 2).

Table 2: ANOVA table of results of generalised mixed models testing for a difference between males
from high and low elevation in the mean number of matings attained. This was modelled as a

poisson distribution with isofemale line included as a random effect. MS = mean square.

Gradient Predictor MS X% P
Mt Lewis Elevation 0.46 0.44 0.51
Mt Edith Elevation 0.24 0.24 0.63

There was a strong positive association between the number ofimatings obtained and the total
number of offspring produced (Table 3, Fig 2), although the shape and slope of these Bateman
gradients varied for males from the different transects: Mt Edith males that mated only once
produced a mean of 43.02 (95% confidence interval (Cl) = 32.6 — 53.4) offspring, while males that
mated four times produce a mean of 171.88 (95% Cl = 154.5 — 189.3) offspring across all matings
(Fig. 2). Mt Lewis males that mated'enly:once had a mean total of 59.18 (95% Cl = 46.7 — 71.7)
offspring, while males that mated four times produced a mean total of 104.39 (95% Cl = 81.3 -
127.5) offspring (Fig<2). The relationship between number of matings and total number of offspring

did not vary with\elévation at either gradient (Table 3).
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Figure 2. Plots showing the total number of offspring sired by males as a function of the total number
of matings attained at each gradient (Number of matings observed: Mt Lewis 391 matings.by 162
males from 20 lines; Mt Edith 589 matings by 221 males from 10 lines). Dots are individual data points
and lines are fitted lines from linear mixed models for high elevation (blue) and low ‘elévation (red)
males. The grey shaded regions indicate the 95% confidence interval around éach fitted line.

Table 3 ANOVA table showing results of linear mixed models testing'whether the relationship between
total number of matings attained and total number of offspringwaries with elevation of origin at each
gradient. Isofemale line was included as a random effect. A greaternumber of matings was associated
with a significantly greater number of total offspring at’each gradient (see also Figure 2), but this
relationship did not differ with elevation of origin at eitherngradient. SS = sum of squares; MS = mean

square.
Gradient Predictor SS MS Fidf1, df2) P
Mt Lewis Elevation 5656 5656 2.021,1559 0.16
(NO of | 64594 32297 11.542,153_5 2.14 x10°
matings)?
Elevation x| 9021 4510 1.6151535 0.20
(No of
matings)?
Mt Edith Elevation 2560 2560 0.751,107_34 0.39
(No of | 462451 231226 67.552,209.5 0.00
matings)?
Elevation x| 1261 631 0.182_207,83 0.83
(No of
matings)?

(b) Experiment |l: Fitness of sons from successive paternal matings
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The productivity of sons (only from Mt Edith males) was not explained by the paternal mating order
(1%t—4™) that the sons were derived from. This was true whether mating number was treated as a

continuous (F1,27,= 0.179, P = 0.673) or a categorical variable (F3270= 0.917, P = 0.433) (Figure 3).

—-—
N
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o

Pty

Mean number of offspring (95% CI)
N
o

o

1 2 3 4
Mating number

Figure 3. The number of offspring sired by 280 males from 7 lines from Mt Edith as a function of the
mating (1%t — 4%) from which they were produced.. Grey dots show the number of offspring sired by
individual males. Black squares and errofbars are the estimated marginal means and 95% confidence
intervals for each mating, obtained from linear mixed models that also included isofemale line as a
random factor.

DISCUSSION
Productivity in D. birchiimales declines across subsequent matings

Males typically-maximise the number of offspring they sire by mating with multiple females
(Bateman, 1948, Trivers, 1972). However, while mating is generally assumed to be more costly to
females, it also often incurs costs for males, in the form of energetic and time demands, which are

also likely to vary across environments (e.g. McCullough et al. 2018; Winkler et al. 2023). This means
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that across many taxa the capacity of males to mate frequently and continually produce offspring
may be more limited than is often assumed, particularly where encounter rates with females are

typically low, or where monopolisation of females by a few males is common.

We found that virgin males of the rainforest fruit fly D. birchii, when given up to four opportunities
to mate over the period of one day, experienced steep and significant declines in productivity with
each consecutive mating (Fig. 1). Similar patterns have been shown in D. melanogaster (Lefevre &
Jonsson, 1962, Hopkins et al., 2019, Linklater et al., 2007), although both the mating rate and total
productivity of D. melanogaster males exceed those of D. birchii in our study, making D. birchii much
less capable of sustained remating that other Drosophila groups. D. birchii productivity-is also
substantially lower than in other members of the serrata species complex, D.-bunnanda and D.
serrata (O’Brien et al. 2017; O’Brien et al. 2022). Importantly, these reductions in productivity with
each successive mating observed are not an artefact of the non-randem subset of males for which
estimates of fourth matings were possible (i.e. males that achieve'four matings) because a
comparable reduction in productivity across matingswas seen for this subset of males too (Fig. SM1,
Table SM1). This suggests rapid sperm or ejaculateidepletion even in D. birchii males that
successfully mate four times, which contrasts withresults obtained from tropical tephritid flies (e.g.
Anastrepha obliqua) where males alloeated consistent sperm quantities over three successive
matings (Perez-Staples & Aluja, 2006) and neriid flies (Telostylinus angusticollis) where frequently-
mated males experienced no,reduction in the quantity of offspring sired from subsequent mating

opportunities, even when/nutritionally stressed (Macartney et al., 2020).

Variation«across:matings and across lines in D. birchii male mating traits

Ejaculate,components such as sperm (Wedell et al., 2002) or seminal fluids (Wigby et al., 2009) can
limit‘male remating across insect taxa . Spermiogenesis in male Drosophila melanogaster takes five

days (at 25 °C) (Fabian & Brill, 2012) and mated males with depleted seminal fluid proteins require
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three days of sexual inactivity before transferring equivalent quantities again (Sirot et al., 2009).
Although sperm size in D. birchii is not known, long flagella and long ventral receptacles in females
(R. Snook, personal communication, 2014) suggest that male investment in sperm is relatively high
(Markow, 2015). If energetic costs of mating are also high for male D. birchii, successive mating
events may increase male choosiness, as the relative cost of mating rises with male resource
depletion (Byrne & Rice, 2006). In this study however, no variation was found in latency to
copulation across matings (Fig. 1), suggesting no increase in male choosiness (i.e. inclination to

remate) (Engqvist & Sauer, 2001) or reduction in male attractiveness to females (Taylor et al., 2007).

Edvardsson and Canal (2006) suggest that declines in copulation duration are associated with
decreasing ejaculate transfer, with reductions in mating duration observed in‘males of several
Drosophila species over consecutive matings (Linklater et al., 2007, Singh & Singh, 2000, Singh &
Singh, 2013). By contrast, we found an approximate doubling (from\approximately 3 to 6 minutes) of
mean mating durations across four matings, even though the productivity of these matings declined
(Fig. 1). Extending mating durations can also increase’/malefitness by increasing paternity (Bretman
et al., 2013a, Mazzi et al., 2009). By contrast, inseveral other Drosophila species copulation
durations decline over consecutive matings (Linklater et al., 2007, Singh & Singh, 2013, Singh &
Singh, 2000), suggesting that durationidecreases as male ejaculate becomes depleted (Edvardsson &
Canal, 2006). In these experiments however, declining productivity with increasing duration

indicates that extended copulation duration is not associated with increased sperm transfer.

No evidence for divergence in mating strategies across elevational, social or abiotic environments

We speculate that the apparent sperm or ejaculate limitation in D. birchii by low levels may be

explained by a low encounter rate with females in natural populations, reducing the benefit of
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allocating more resources to sperm. Given the big differences in population density (and therefore
encounter rate with females) along the elevational gradients studied, we might expect local
adaptation to increase productivity on multiple matings at higher elevations, where densities are
typically higher, and to evolve in response to the local ecological context (Abraham et al., 2020). This
expectation is also supported by consistent evidence for higher productivity of matings for isofemale
lines from high elevations in the lab (O’Brien et al 2017), and the fact that high and low elevation
thermal environments (~7 °C difference in mean temperature) characterise the cold and warm

ecological limits of this species, both latitudinally and with elevation.

Male allocation strategies across taxa are also likely to show adaptive responses to highly variable
social, sexual, biotic and abiotic conditions in natural populations (Wigby et al;;,2016, Wedell et al.,
2002). For example, Pitnick and Markow (1994) propose that submaximal male ejaculate allocation
over successive matings may act as bet-hedging for male Drosophila,particularly where
environments are stressful, and variation in abiotic conditions also.affects insect mating duration
(Horton et al., 2002), sperm allocation and remating rate (Katsuki & Miyatake, 2009) within

genotypes.

However, despite a significant advantage from being more productive in later matings (and males
being of similar quality for{1** and last matings), we find no evidence for local adaptation with
elevation at either transect, despite evidence for at least some genetic variation in these traits (Table
1). This may be because of trade offs with other costs, or because temporal variation in environment
at eacheelevation may limit the power of selection to cause local adaptation across elevations,
favouring investment in plasticity instead (O’Brien et al. 2022; Hoffmann and Bridle, 2022). Adaptive
divergence in these mating traits may also not occur if male mating rates do not increase with

population density, due to increased inter male competition, and monopolisation of females
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(Winkler et al. 2023). Alternatively, adaptive divergence among high and low elevation sites may
have existed in the field, but been lost in these lines during the 25-50 generations for which these

isofemale lines have been in lab conditions.

Substantial variation in male mating strategies has been observed across Drosophila species (Gowaty
et al., 2003, Singh & Singh, 2013), and this is likely to correlate with ecological parameters that relate
to the risk of sperm competition, likelihood of repeated mating opportunities, and the energetic cost
of mating relative to resistance to factors such as temperature stress and pathogen or parasitoid
exposure (Rolff and Kraaijeveld, 2003) physiological stress, (Geffen and Gibbs, 2009). Drosophila
birchii are often found at low densities in their rainforest habitat (Bridle et al., 2009; O'Brien et al.,
2017; O'Brien et al. 2022), compared to other tropical drosophilids. Conspecific.interactions are
therefore likely to be relatively rare, which should shape resource allocation across matings (Aspi &
Hoffmann, 1998, Willis et al., 2011, Shelly & Bailey, 1992), and this effectymay vary depending on
population density, provided the probability of multiple encounters.(and matings) with females is
increased. In particular, reduced risk of sperm competitionimay favour reductions in sperm quantity
(Bjork et al., 2007), in favour of increased investment per gamete (Snook, 2005) and reduced
allocation across multiple matings (Ingleby et al., 2010). Reductions in production of seminal fluid
proteins also occur in less sexually competitive environments (Wigby et al., 2016). Such effects may
be especially strong in Drosophila, given many species (including D. birchii) have relatively long

sperm compared to most otherinsect taxa.

No evidence for reduced quality of males generated from later matings

The data’reported here are surprising because they demonstrate that males produced from later

matings in D. birchii, although fewer in number, are as high quality as those from earlier matings,
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and so would substantially increase fitness for males able to secure later matings. This is in contrast
to Douglas et al (2020), who found that males who mate with the most females do not necessarily
sire the most offspring in Drosophila melanogaster. Despite this they (and Davies et al. 2023) did find

evidence for a positive relationship between mating success and reproductive success.

In addition, the presence of among line variance in productivity at Mount Edith suggests that (other
things being equal) alleles that allow sustained productivity across matings should be favoured,
provided mating opportunities are increased. The fact that sustained productivity is apparently.not
maximised supports the idea that encounter rate in the field may be much lower for D. birchii than
for other montium Drosophila, even at high densities, or that encounters with females:is less likely

to lead to copulation or successful fertilisation.

Conclusions and future directions

We find no evidence for adaptive divergence in male mating traits, or an increase in ability to remate
in D. birchii across these elevational transects, déspite: (a) evidence for genetic variation in these
traits within populations; (b) no decline in‘the'fecundity of offspring from even forth rematings,
meaning that selection should favour:higher'male remating rates where female encounter rates are
higher. This lack of divergence’in mating traits is surprising given these isofemale lines were sampled
across elevational gradientsithat are equivalent to the changes in population density (up to a ten
fold difference) and climate (a 7° C change in mean temperature, and a 20% reduction in humidity)
that is equivalent to the entire ecological niche of this rainforest-limited species. Such a lack of
adaptiveidivergence may suggest constraints on the evolution of these traits, possibly due to trade
offs,with’other traits, especially those that allow better feeding, mobility or courtship at different

climates. Alternatively, the lack of divergence observed may reflect the complex effects of changes
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in climate and (especially) population density on selection on mating traits. For example, although
encounters (and potential matings) with females may be more frequent at higher population
densities, competition or interference from other males may also increase, meaning that rematings
remain just as rare (at least for most males) even at high population densities. If so, selection would
continue to maximise output (and post copulatory success) from first matings, making divergence in
male investment in subsequent matings less likely. Future work should focus on measuring and
understanding trade offs across these traits, and the consequences of variable and changing
environments on the mating and remating rates of males in response to different encounter rates
with females, including when assayed in competition with males (see O’Brien et al 2022). Overall
however, such conservatism in mating traits among populations exposed to significant.changes/in

climate and population density may constrain ecological or evolutionary responses to.rapid

environmental change in the decades to come (Bridle and Hoffmann, 2022;.Chevin and Bridle 2025).

SUPPLEMENTARY MATERIAL

Supplementary materials (Fig SM1 and Table SM1)are available.
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