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Abstract

Post-copulatory mate guarding is a widespread reproductive strategy that reduces
sperm competition but can generate sexual conflict when male and female optima
diverge. While mate guarding is known to respond plastically to immediate social
conditions, the extent to which early-life social environments of both sexes shape
adult guarding behaviour remains poorly understood. We experimentally tested how
developmental density of males and females influences post-copulatory mate guard-
ing and associated behaviours in the nuptial gift-giving cricket Gryllodes
sigillatus. Using a full factorial design, we reared males and females under high or
low same-sex densities and crossed them in standardized no-choice mating trials.
We quantified mate-guarding duration, the intensity of guarding, female feeding
time on the nuptial gift and ampulla retention time. Contrary to our prediction, males
reared at low density guarded females for significantly longer than males from high
density. Females reared at low density were also guarded for longer, with largely
additive effects of the two treatments. Further analyses revealed that longer mate
guarding prolonged female feeding and ampulla retention. These results demonstrate
that developmental social environment can have lasting, sex-specific effects on post-
copulatory behaviour and that mate guarding is functionally linked to mechanisms
that ensure sperm transfer. Our findings highlight how early social cues can bias
adult reproductive tactics and, consequently, the outcomes of sexual selection in po-
lygamous mating systems.

Keywords: sexual conflict, mating tactics, nuptial gift feeding, shared mating traits, density effects, post-
copulatory behaviour
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Introduction

Post-copulatory sexual selection shapes reproductive strategies across animals,
particularly in systems where females mate with multiple males and ejaculates com-
pete for fertilizations (1,2). Under these conditions, selection favours male traits and
behaviours that increase the likelihood of paternity, including strategic allocation of
time, energy and reproductive effort after mating. Mate guarding represents one such
strategy, in which individuals invest time after mating to reduce competition and
thereby enhance reproductive success (3-5). Consistent with predictions from sperm
competition theory, mate guarding behaviour has evolved repeatedly across the ani-
mal kingdom and has been documented in multiple taxa including insects (6-8),
crustaceans (9), reptiles (10), birds (11-13) and mammals (14,15).

In post-copulatory mate guarding, both sexes should have an interest to influence
the duration towards their own optimum, as each incurs distinct costs and benefits
(16). For males, prolonged guarding can reduce sperm competition risk and increase
fertilization success, but it also limits opportunities to seek additional mates (17,18).
Females, in contrast, may benefit from guarding if it enhances sperm utilization,
protection from harassment by other males or access to nuptial gifts, yet extended
interactions can also impose costs such as restricted mobility, constrained cryptic
choice or reduced genetic benefits (16-21). Studying these divergent interests and
how they influence the outcome requires examining both sexes simultaneously,
since male and female traits may both have effects on the outcome (22). While sex
ratio manipulation studies have revealed plasticity in male mate guarding behaviour,
they cannot distinguish sex-specific or developmental effects from immediate con-
textual responses. By manipulating developmental density in both sexes factorially,
we reveal novel sex-specific anticipatory effects on post-copulatory interactions,
with implications for how early-life social cues bias sexual selection outcomes in
density-variable populations.

Nuptial-gift systems provide an informative context for such research since they in-
tegrate pre- and post-copulatory selection pressures: the duration of gift feeding fre-
quently mediates the extent of mate guarding and, consequently, paternity. For ex-
ample, in species such as Gryllodes sigillatus, females continue feeding on the nup-
tial gift (spermatophylax) while the male guards her, linking male investment and
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female behaviour. After copulation, the male remains in close proximity to the fe-
male, often maintaining physical contact or closely following her movements (23),
while the female feeds on the nuptial gift. This strategy is thought to enhance male
reproductive success through at least two overlapping, non-mutually exclusive
mechanisms. First, mate guarding can prolong the period during which the ampulla
of the spermatophore remains attached to the female, thereby increasing the number
of sperm transferred (24, 25). Second, as a response to intrasexual competition,
guarding can function to exclude rival males by physically deterring them or by
making the female less receptive to additional mating attempts (26, 27). Regardless,
mate guarding benefits males in ways that can generate sexual conflict if females
gain from discarding the gift, earlier ampulla removal or remating (28).

Here we examine the effects of male and female developmental density on post-
copulatory mate guarding in Gryllodes sigillatus. We used a full factorial design
manipulating male and female developmental density to test how early social envi-
ronment influences mate-guarding behaviour and its underlying components. Spe-
cifically, we quantified guarding duration and associated post-copulatory behav-
iours, including female feeding on the nuptial gift and ampulla retention time, to
assess Whether density effects operate through changes in male investment, female
behaviour, or both. Given the higher benefits associated with males as compared to
females, we hypothesized a stronger male effect on the duration of mate guarding
and predicted that males raised in higher density would guard females for longer as
they have a perception of higher intrasexual competition. We also predicted a causal
correlation between intensity of mate guarding and the ampulla retention time by
females. By integrating these behavioural measures within a structural equation
modelling framework, we aimed to disentangle direct effects of developmental den-
sity from indirect effects mediated by post-mating interactions between the mating
partners.
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Methods

Study organism

Animals used in the study originated from a stock of approximately 200 individuals
(adults and subadults) that were sourced from an insect breeder firm in April 2022
(ReptilienKosmos). For maintaining the laboratory population, in each generation,
when adults were detected, moistened cotton wool was provided in a plastic cup as
an oviposition substrate. Hatching nymphs were collected en masse and approxi-
mately 200 nymphs were allocated at random to each container (28cm x 17.5cm X
17cm) to establish the next generation (15 containers/generation). This process min-
imizes inbreeding in future generations. Crickets were kept inside a laboratory room
at 27+1 °C on a 12hr:12hr light:dark cycle. They were provided with ad libitum food
(Nekton cricket breeding concentrate), water in a glass vial (22 ml) plugged with
cotton wool and egg cartons for shelter. Individuals for the experiment were sourced
from the 9th and 10th generations of the lab population at the nymphal stage.
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Experimental design

To investigate the sex-specific effects of density on mate guarding and its associated
post-copulatory behaviours in G. sigillatus, we reared males and females under two
same-sex density treatments — high and low (S1). At 3-4 weeks of age, nymphs from
the stock population were individually sexed using a stereo microscope (Leica MS5,
1.6x magnification) based on the morphology of the posterior abdomen: females
were identified by the presence of a developing ovipositor, while males lacked this
structure. After sexing, individuals were assigned to either the low-density (1 indi-
vidual) or high-density (8 individuals) treatment and placed in plastic containers
(1:116.9 cmw:10.5 cm h:7.4 cm). Crickets remained in their assigned density and sex-
specific groups for 8 weeks throughout the remainder of development until sexual
maturity (S1). The density treatments were designed to simulate two levels of social
environment during development in the wild, allowing assessment of density-de-
pendent effects on adult post-copulatory mating traits.

Mating trials followed a full factorial design, in which males and females inde-
pendently raised from one of two density treatments (low or high) were crossed,
generating four possible male—female treatment combinations. During each no-
choice trial, one female followed by a male were introduced into a standardized mat-
ing arena (dimensions) under controlled laboratory conditions (temperature:
27 °C, red light). Only one individual from each high density replicate of both sexes
was used at random for the mating trials to avoid pseudo-replication. Pairs were ob-
served by two observers continuously until copulation (transfer of spermatophore
from male to the female) and mate guarding was completed. Data was collected for
the following traits: mate guarding duration (time for which the male guarded the
female by remaining in close proximity or following her around), feeding time (time
taken by the female to finish feeding on the spermatophylax), ampulla retention time
(time for which the ampulla remained attached to the female) and the number of post
copulatory touches (number of times the male made physical contact using antennae
or other body parts with the female during mate guarding, particularly when the fe-
male attempts to bend down to remove the ampulla). Post-copulatory touches (PCT)
were quantified as a measure of mate guarding intensity, since our enclosed mating
arenas did not allow the female to escape the male.
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Statistical analyses

All analyses were conducted in R (v. 4.5.2). To examine the effect of density treat-
ment on mate guarding duration we first evaluated a linear mixed-effects model us-
ing Ime4 package (v. 1.1.37; 29) including male treatment, female treatment, male
and female weight as fixed effects, and batch as the random intercept. As the distri-
bution of mate-guarding time was right-skewed, a natural log transformation was
applied to meet assumptions of homoscedasticity and normality. Since batch ex-
plained negligible variance, it was subsequently removed, resulting in a final Gauss-
ian linear model with fixed effects.

Residual diagnostics were performed using simulation-based tests (DHARMa) to
evaluate normality, dispersion, and model fit (30). Estimated marginal means and
pairwise contrasts (emmeans, v. 1.11.2.8) were used to quantify density-dependent
differences in mate-guarding duration (31).

To test hypothesized causal relationships among all the measured behavioural traits
— nuptial gift feeding time, ampulla retention time, post-copulatory touches (PCT),
and mate-guarding duration — we constructed a piecewise structural equation model
using the piecewiseSEM framework (v. 2.3.1; 32). The model included three com-
ponent sub-models: (a) nuptial gift feeding time was modeled as a linear function of
mate-guarding duration, male and female density treatments, and male and female
body mass; (b) ampulla retention time was modeled as a function of mate-guarding
duration, feeding time, male and female density, and male and female body mass;
and (c) PCT was modeled using a linear mixed-effects model with mate-guarding
duration, feeding time, male and female density and male and female body mass as
fixed effects and batch as a random effect.

Model fit and directed separation tests were evaluated using the psem function.
Coefficients from the component models were used to interpret the strength and di-
rection of individual pathways.

To quantify indirect pathways, we performed non-parametric bootstrapping (1000
iterations) by resampling the dataset with replacement. For each bootstrap sample,
all relevant component models were refitted and the product of coefficients for each
indirect pathway was calculated. Mean indirect effects and 95% percentile confi-
dence intervals were obtained.
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Results

By manipulating the developmental density of males and females in a 2x2 factorial
design, we found that mate-guarding time was significantly higher for males from
low-density rearing than from high density (estimate = 0.33 = 0.11, t = 3.12,
p = 0.003, Table 1, Figure 1). Females from low-density rearing were also guarded
for longer than high-density females (estimate = 0.24 + 0.11, t = 2.28, p = 0.026,
Figure 1). Male and female body weights did not significantly predict mate-guarding
duration (Table S4), and the interaction between male and female density was not
significant either (estimate = —0.24 + 0.15, p = 0.11), indicating largely additive
effects of the two density treatments on mate guarding.

Table 1: Summary statistics for mate-guarding duration (minutes) across combinations of male
and female developmental density. Sample size (n), mean, standard deviation (SD), standard error
(SE), and median are shown for each treatment combination.

Male density Female density n  mean SD SE  median

high high 16 351 159 3.97 3358
high low 24 433 105 215  40.0
low high 25 475 142 283  46.1
low low 19 466 136 311  46.6

The piecewise structural equation model showed good overall fit to the data, with
no evidence of violated independence claims (Fisher’s C = 1.12, p = 0.57).

Mate guarding duration had a strong positive direct effect on female feeding time of
the nuptial gift (estimate = 0.59 £ 0.10, p <0.001, Figure 2, S2) as well as on ampulla
retention time (estimate = 0.32 £ 0.11, p = 0.005, Figure 2, S2), independent of feed-
Ing time and other covariates. In addition, feeding time was strongly correlated with
ampulla retention time (estimate = 0.55 £ 0.11, p <0.001, Figure 2, S2).

Bootstrapping confirmed a significant indirect effect of mate guarding duration on
ampulla retention via feeding time (indirect effect = 0.32 + 0.09, 95% CI 0.16-0.52),
indicating that longer mate guarding prolongs nuptial gift feeding, which in turn in-
creases ampulla retention.
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In the piecewise structural equation model, female body mass had a significant pos-
itive effect on PCT (estimate = 0.31 £ 0.11, p = 0.008, S3), after accounting for mate
guarding duration, feeding time, male body mass, and density treatments
(Table S5).

In a complementary linear model where mate guarding duration was the response
variable, guarding duration was positively associated with ampulla retention time
(estimate = 0.36 + 0.13, p = 0.009) and feeding time (estimate = 0.32 £ 0.14, p =
0.023). Mate guarding duration was also longer under low male density conditions
(estimate = 0.43 £ 0.19, p = 0.023), a result consistent with the first linear model.
No significant associations were detected with PCT or body mass.
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Figure 1: Effects of male and female developmental density on post-copulatory mate-
guarding duration. Violin plots show the distribution of mate-guarding duration (minutes),
with boxplots indicating medians and interquartile ranges and points representing individual
observations. Mate-guarding duration was significantly longer in males reared under low
developmental density, with a weaker modifying effect of female developmental density.
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Figure 2: Path diagram summarising the piecewise structural equation model describing relationships
among post-copulatory behavioural traits. Arrows indicate hypothesised causal pathways, and values
along arrows represent standardized path coefficients + SE from the component models of the piece-
wise structural equation model. Mate-guarding duration had strong positive effects on feeding time
and ampulla retention, with feeding time further positively associated with ampulla retention. A

weaker positive effect of mate guarding on post-copulatory touches is also shown.

Discussion

Our results demonstrate that post-copulatory mate guarding is strongly shaped by
the social environment experienced during development and is functionally linked
to key post-mating processes that influence sperm transfer in G. sigillatus (Figure
2). Contrary to our prediction, males reared at low density guarded females for sig-
nificantly longer than males from high-density environments, and females reared at
low density were also guarded for longer, with largely additive effects of the two
treatments. Further analyses revealed that guarding duration affected female feeding
time on the spermatophylax (the nuptial gift) and subsequent ampulla retention, con-
sistent with the paternity-assurance function of guarding. In particular, the positive
association between guarding duration and ampulla retention supports the hypothe-
sis that males mate guard to prevent premature removal of the ampulla and thereby
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secure sperm transfer. Together, these findings suggest that mate guarding is a plas-
tic reproductive behaviour shaped by developmental social cues and not solely the
immediate adult mating environment.

This pattern of male control can be explained by the stronger selection pressure in
males for controlling mate guarding duration. The fitness costs to males of reduced
guarding are likely substantial, as shorter guarding durations increase the risk of
premature ampulla removal and exposure to stronger sperm competition. In addition,
the costs of prolonged guarding are also expected to vary with social environment;
under low male density, costs associated with guarding such as opportunity to en-
counter more mates are reduced (33), making longer guarding less costly for males.
Previous studies have shown that density and social context modulate harassment,
guarding, and mating propensity, thereby changing how strongly male and female
interests conflict over mating rates and guarding duration (34,35).

A previous study disentangling relative control of sexes on mate guarding behaviour
in the same species also showed evidence for stronger male control achieved through
a different experimental design (36) which adds to the robustness of our result. Un-
like, Haneke-Reinders et al (2020), we did not find a correlation between male
weight and guarding duration. This difference likely reflects variation in
experimental context and analytical approach. In our study, rearing density exerted
a strong influence on male investment in mate guarding. When density treatment,
female feeding behaviour, and ampulla retention were included in our structural
models, male weight explained minimal additional variation. This suggests that
behavioural plasticity and functional drivers of guarding may be more important de-
terminants of guarding duration in our conditions than morphological traits. We did,
however, find a positive correlation between female weight and the number of post-
copulatory touches during guarding behaviour (S2). This can be attributed to the
possibility that heavier or larger females might have a greater tendency to prema-
turely remove the ampulla or that males guard them more vigorously as they per-
ceive heavier females as more fecund (37).

One potential mechanism for the detected female effect on mate-guarding duration
could be density-dependent variation in female chemical signalling, particularly cu-
ticular hydrocarbon (CHC) profiles, which may alter male behavioural responses.
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CHCs act as short-range pheromonal cues in many insects, allowing males to dis-
criminate among females and adjust courtship and mating effort based on female
CHC composition (38). If females reared at high density carry cues indicating the
presence of other females through their CHC profiles, this can inform males to seek
out other mates, reducing the guarding duration. In Gryllodes sigillatus, female
CHCs transferred during mating have been shown to influence subsequent mate dis-
crimination, highlighting their importance as chemosensory signals mediating repro-
ductive behaviour (39,40). More broadly, environmental modulation of CHC ex-
pression is well documented and can arise from variation in social contact during
development (41,42). While we did not characterize CHC profiles of individuals in
our system, the hypothesis that density-dependent CHC variation could affect male
perception of females seems plausible and thus may contribute to differences in
mate-guarding duration.

Our study provides robust evidence that post-copulatory mate guarding in a nuptial
gift—giving species is under stronger male control relative to female control. We fur-
ther show that mate guarding is a plastic behaviour shaped by developmental density
and mediated through a set of interacting post-mating traits. In particular, the close
association between guarding duration and ampulla retention time underscores the
functional importance of mate guarding as a post-mating strategy that ensures effec-
tive sperm transfer. More broadly, our findings highlight how early social environ-
ments can shape adult reproductive tactics through cascading effects on behavioural
interactions. Such tactic shifts can change which individuals are successful under
varying densities, such that sexual selection may favour strategies rather than a fixed
optimum. Therefore, these behavioural context-dependent variations can have im-
portant implications for understanding sexual selection in systems where mating in-
teractions extend beyond copulation. optimum.
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(a) Rearing treatment
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S1: Overview of the experimental design. (a) Nymph males and females were reared inde-
pendently under either low-density (blue) or high-density (red) conditions until adulthood. These
treatments manipulated each sex’s developmental social environment. (b) Adults were then ran-
domly paired in a full factorial crossing design, allowing us to test how male and female develop-
mental density—independently and interactively—affected post-copulatory mate guarding.
424
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S2: Pairwise relationships among post-copulatory behavioural traits. (A) Mate-guarding duration was
positively associated with feeding time (standardised p = 0.59, p < 0.001). (B) Mate-guarding dura-
tion was also positively associated with ampulla retention time (B = 0.32, p = 0.005). (C) Feeding
time was positively associated with ampulla retention time ( = 0.55, p < 0.001). Points represent in-
dividual mating trials, and lines show fitted linear relationships.
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S3: Scatterplot showing a positive association between female body mass and post-copula-
tory touches (PCT), with points coloured by female developmental density. The solid line
represents the fitted linear relationship, indicating a positive effect of female body mass on
PCT (p=0.31, p =0.008).

430

431  Table S4. Results of the linear model testing the effects of male and female developmental den-
432  sity (high vs. low), body mass, and their interaction on mate-guarding duration. Shown are re-
433  gression coefficients (Estimate), standard errors (SE), t-values, and p-values.

434

Predictor Estimate SE t p-value
(Intercept) 3.302 0.317 10.424 0.001
Male density (low) 0.329 0.105 3.124 0.002
Female density (low) 0.245 0.107 2.278 0.026
Male weight 0.729 1.217 0.598 0.551
Female weight 0.101 0.841 0.120 0.905
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435

436
437
438
439
440
441
442

Predictor

Estimate

SE

p-value

Male density (low) x
female density (low)

-0.242

0.149

-1.616

0.111

Table S5. Path coefficients from the piecewise structural equation model (SEM) examin-
ing relationships among mate-guarding duration (MG), feeding time on the spermatophy-
lax (FT), ampulla retention time (AR), and post-copulatory touches (PCT). Shown are
unstandardized estimates, standard errors (SE), and p-values for all fixed effects included
in the component models. Density effects are reported relative to the reference category.

Statistically significant effects (p < 0.05) indicate key pathways linking mate guarding to

post-mating females behaviours.
Response Predictor Estimate SE  p_value
PCT MG 0.202 0.140 0.154
PCT MG -0.178  0.140 0.208
PCT Male weight 0.024  0.117 0.841
PCT Female weight 0.305 0.112 0.009
PCT Male density = high -0.104  0.325 0.795
PCT Male density = low -0.040 0.324 0.918
PCT Female density = high -0.167  0.327 0.685
PCT Female density = low 0.023 0.324 0.954
AR MG 0.318 0.109 0.005
AR FT 0.548  0.109 0.001
AR Male weight -0.116  0.088 0.193
AR Female weight 0.122  0.088 0.168
AR Male density -0.009  0.119 0.941
AR Male density = high 0.029 0.123 0.813
AR Female density = low -0.011 0.121 0.931
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443

Response Predictor Estimate SE p_value
AR Female density = high 0.031 0.122 0.799
FT MG 0.587  0.103 0.001
FT Male weight 0.028  0.102 0.787
FT Female weight 0.030 0.102 0.766
FT Male density = low -0.061  0.138 0.661
FT Male density = high 0.138 0.143 0.335
FT Female density = low -0.156  0.139 0.264
FT Female density = high 0.234  0.139 0.098
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