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Abstract

Mating with the wrong species is surprisingly common in nature. Interspecific mating can
lead to reproductive interference, where wasted time, energy, nutrients, or gametes reduces
the fitness of one or both of the interacting species. However, the ecological and evolution-
ary forces that maintain this seemingly maladaptive behavior remain poorly understood,
in part because the natural complexity of heterospecific encounters is often not considered
experimentally. The goal of this study was to directly test if the negative effects of het-
erospecific mating can be mitigated by conspecific mating. We used two closely related
species of squash bug, Anasa tristis and Anasa andresii, which are known to readily mate
with each other despite clear negative fitness consequences. We gave all females opportuni-
ties to mate with conspecific males before and after encountering heterospecific males. We
found that A. tristis females can alleviate temporary bouts of heterospecific interference
when given opportunities to mate with conspecifics. However, we found the opposite for A.
andresii females. Mating with conspecifics did not shelter female A. andresii from the con-
sequences of heterospecific mating. Our study reveals the complex dynamics of reproduc-
tive interference and highlights scenarios where mating with the wrong species can have
either minimal or long-lasting effects on fitness. We emphasize the benefit of assessing
reproductive interference using experiments that not only vary heterospecific encounter
rates, but that also quantify lifetime measures of fitness. Our study adds to the growing
body of research highlighting the importance of reproductive interference and sheds light
on why this seemingly paradoxical behavior continues to persist.
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Introduction

Mating with the wrong species is rarely an adaptive reproductive strategy. Interspecific
mating can waste time, energy, nutrients, or gametes and directly interferes with mating
and reproducing with conspecifics. This so-called “reproductive interference” reduces
the fitness of one or both of the interacting species (Groning and Hochkirch 2008;
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Burdfield-Steel and Shuker 2011). While in some cases heterospecific mating can result in
viable hybrids (Lipshutz 2018), in most scenarios it is a reproductive dead end. However,
despite these obvious fitness consequences, sexual interactions between species remain
surprisingly common in nature (Hettyey and Pearman 2003; Dame and Petren 2006; Gron-
ing and Hochkirch 2008; Valero et al. 2008; Kishi et al. 2009; Shuker and Burdfield-Steel
2017; Drury et al. 2019; Grether et al. 2020).

Reproductive interference can play an important role in shaping community structure
and the evolutionary trajectories of populations (Kyogoku and Wheatcroft 2020). Sexual
interactions between species can have consequences for population persistence (Liu et al.
2007; Hochkirch et al. 2007; Kishi et al. 2009) and species coexistence (Konuma and
Chiba 2007; Thum 2007). For example, the short, intense breeding seasons of many frog
species drive males to vigorously clasp and guard any object they perceive as a potential
mate, including heterospecifics. This indiscriminate mating behavior used by one common
species, Rana dalmatina, decreases the mating success and persistence of another, more
threatened species, Rana latastei (Hettyey and Pearman 2003). Heterospecific mating can
also influence habitat partitioning and competition (Kuno 1992; Groning and Hochkirch
2008). McLain and Shure (1987), for example, found that aggressive heterospecific mating
attempts by the seed bug Neacoryphus bicrucis structure community composition by chas-
ing off heterospecific females, effectively preventing other insect species from co-coloniz-
ing host plants. However, despite the growing number of studies documenting reproductive
interference and its consequences, the ecological and evolutionary forces that maintain this
seemingly maladaptive behavior remain poorly understood.

Reproductive interference is traditionally investigated by comparing survival and repro-
ductive performance among individuals subjected to continuous access to either conspecif-
ics, heterospecifics, or a combination of both for the entire length of an experiment (Gron-
ing and Hochkirch 2008; Shuker and Burdfield-Steel 2017). This approach has been key
in determining not only which species display indiscriminate mating behavior, but also in
revealing, through comparison of individuals exposed for the duration to either heterospe-
cifics or conspecifics, the maximum possible effects reproductive interference can have on
fitness (Groning and Hochkirch 2008; Burdfield-Steel and Shuker 2011; Manzano-Winkler
et al. 2017). However, in natural populations, organisms are rarely subjected to continuous
exposure to heterospecifics. Instead, the opportunities for reproductive interference vary
substantially over an organism’s lifetime. The timing and length of heterospecific encoun-
ters depends on a wide variety of ecological factors (Drury et al. 2019) and is often driven
by niche partitioning (Noriuki and Osawa 2016). Previous studies suggest that when
encounter rates between ecologically similar species are low, conspecific mating may alle-
viate the costs of brief bouts of reproductive interference (Price 1997; Noriuki and Osawa
2016; Burdfield-Steel et al. 2015; Clemente et al. 2018). This may occur through a vari-
ety of pre- and post-copulatory mechanisms, including learning and avoidance (Svensson
et al. 2010), sperm precedence (Price 1997; Howard et al. 1998; Reinhardt 2006), sperm
competition (Lorch and Servedio 2007; Simmons 2014) and preferential sperm allocation
via cryptic female choice (Wade et al. 1994; Tyler et al. 2013). For example, when female
Gryllus field crickets are subjected to conspecific and heterospecific mating, they can
preferentially store more sperm from conspecific males, which has a higher fertilization
probability (Yeates et al. 2013). Thus, reproductive interference may persist in many sys-
tems because conspecific mating overrides the negative effects of mating with the wrong
species.

Here we use two closely related species of squash bug, Anasa tristis and Anasa andresii,
to directly test if conspecific mating can reduce the negative consequences of reproductive
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interference. Both species are widespread agricultural pests of cucurbits and can feed,
mate, and oviposit on the same plant species (Jones 1916; Beard 1940). Anasa tristis and
A. andresii naturally interact in gardens and fields along a narrow contact zone in north-
ern Florida and are known to show classic reproductive interference behavior. Hamel
et al. (2015, 2018) showed that interspecific mating between these two species leads to
substantial reproductive costs for females. However, despite these costs, males of both
species readily engage in heterospecific mating. One possible reason that mating persists
between these species is that the fitness consequences of heterospecific matings may be
low in natural populations. Although both species overlap in the field, their generations
are not entirely synchronous (Hamel et al. 2018). Anasa tristis tend to emerge from over-
wintering before A. andresii (Jones 1916; Beard 1940). Thus, interactions between spe-
cies cycle between periods of low and high encounter rates as a season progresses. During
periods when encounter rates are low, females may offset potential interference costs by
mating with conspecifics and therefore weaken selection against this seemingly maladap-
tive behavior.

We conduct two parallel experiments designed to show why reproductive interference
persists between these two species. The first experiment focuses on the survival and fecun-
dity of A. tristis females, and the second experiment focuses on the survival and fecundity
of A. andresii females. In both experiments, we allowed male—female and male-male inter-
actions in not only conspecific and heterospecific contexts, but under varying sex ratios
as well (i.e., one female with one male, or one female with two males). We give females
opportunities to mate with conspecific males both before and after encountering hetero-
specific males. We hypothesize that when females are not continuously exposed to het-
erospecific males, interference will have negligible effects on their overall reproductive
performance. By experimentally testing how encounter dynamics influence reproductive
interference, we reduce the likelihood of over- or underestimating reproductive interfer-
ence’s effect in shaping species interactions (Groning and Hochkirch 2008; Kyogoku and
Nishida 2013; Kyogoku and Wheatcroft 2020).

Materials and methods
Squash bug collection and rearing

All squash bugs used in this study were lab-reared decendents of wild-caught populations
from Gainesville, FL. Both A. tristis and A. andresii can be readily maintained in the labo-
ratory for multiple generations.

Initially, immature bugs of each species were reared communally in 12X 12X 12 inch
pop-up mesh insect cages. Rearing cages contained a single yellow summer squash (Cucur-
bita pepo) plant for food and were kept in walk-in environmental chambers (Environmental
Specialties, Inc., Raleigh, NC, USA) set to a 14:10 h light/dark cycle at 26C and 50% rela-
tive humidity. To ensure that squash bugs were unmated prior to experiments, cages with
developing juveniles were checked every 24-48 h for newly mature adults. Mature bugs
were removed and placed in a new mesh cage containing other unmated adults of the same
species and sex. These pools of unmated A. tristis and A. andresii adults were used for all
subsequent experiments.
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Lab observations suggest adults of both species are reproductively mature approxi-
mately 10 days after becoming adults. Moreover, adults that survive at least 10 days are
considered “robust” and typically live up to three months in captivity. Thus, we only used
squash bugs that were at least 10 days old to ensure that all individuals were reproductively
active at the outset of the experiment and were likely to survive the length of the study.

Experimental design
Overview

We conducted two experiments. The first experiment focused on the reproductive perfor-
mance of A. rristis females, and the second experiment focused on the reproductive per-
formance of A. andreseii females. Both experiments were conducted in three stages: (1)
pre-exposure, (2) exposure, and (3) post-exposure (Fig. 1). Each stage lasted four weeks.
Since squash bugs typically live 10-12 weeks in the wild (Beard 1940), the length of
both experiments captures the lifetime reproductive performance of squash bugs. Initially,
unmated females were individually placed in a 12X 12X 12 inch mesh cage containing a
single yellow summer squash plant, which provided food and a substrate on which to mate
and lay eggs. Females were randomly assigned to one of three treatments: heterospecific
(A. tristis n=10 females, A. andresii n=>5 females), conspecific (A. tristis n=10 females,
A. andresii n=5 females) or single (A. tristis n=10 females, A. andresii n=>5 females). All
females were paired with one conspecific male, and, in the heterospecific treatment, during
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Fig. 1 Summary of two experiments designed to test the influence of a window of reproductive interference
on the fecundity of Anasa tristis females (top) and Anasa andresii females (bottom). Black bugs represent
A. tristis and white bugs represent A. andresii. In both species, the larger bugs indicate females and the
smaller indicate males. Each experiment has three treatments and was conducted in three stages. The gray
bar represents the “Exposure” period of each experiment, in which we manipulated the number and species
of males allowed to mate with females
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the exposure stage, females were exposed to a second, heterospecific male. In the conspe-
cific treatment, during the exposure stage, they were exposed to a second conspecific male,
and in the single treatment a second male was never introduced (Fig. 1).

Details

The experiment began with the “pre-exposure” stage, where a single, conspecific male
was added to each cage. Thus, all cages at this time contained two squash bugs: one
female and one conspecific male (Fig. 1). All males were labeled with a unique num-
ber drawn on the pronotum using a non-toxic silver pen. These labels do not influence
male survival or mating behavior. Conspecific pairs were left to mate and reproduce for
four weeks. This no-choice period insured that each female was given a reproductive
“head start” and allowed unrestricted mating with a conspecific male. Throughout the
pre-exposure stage, each cage was checked 2-3 times per week for eggs and adult sur-
vival. Eggs are typically glued directly to the squash plants and can easily be removed
without harming the bugs or damaging the plants. Eggs were collected and left to hatch
in 7X7x 3 mm plastic boxes, allowing us to determine the total number of eggs and off-
spring produced by each female during the pre-exposure stage of the experiment.

Immediately following the pre-exposure period, we conducted the “exposure” stage.
During this four-week period, we manipulated the number and species of males that
were in each cage (Fig. 1). The females assigned to the “heterospecific” treatment
were each exposed to a second, heterospecific male. Thus, these cages now contained
three squash bugs: one female, one conspecific male and one heterospecific male. The
females assigned to the “conspecific” treatment were each exposed to a second, conspe-
cific male. Thus, these cages also contained three squash bugs: one female and two con-
specific males. The final females, assigned to the “single” treatment, were not exposed
to an additional male. Thus, these cages simply contained the original mating pair of
adults from the pre-exposure stage.

All males that were added to cages during the exposure stage were individually
marked as described above. Again, each cage was checked 2-3 times per week for adult
survival and eggs, which were collected and left to hatch in a 7X 7 X3 mm plastic box.
From each box, we could determine the total number of eggs and offspring produced by
each female during the exposure stage of the experiment.

For the final “post-exposure” stage of the experiment, we removed all of the males
that were introduced to the cages during the exposure period. Thus, during this stage
all cages were back to containing only the original pairs from the pre-exposure stage
(Fig. 1). This design insured, for the last four weeks of the experiment, that females
once again had uninterrupted access to a conspecific male without the presence of a
competing male, allowing us to test for any delayed or recovery effects on female repro-
duction after the exposure stage. Again, each cage was checked 2-3 times per week for
eggs and adult survival. Eggs were collected and left to hatch in a 7X7 X3 mm plastic
box, allowing us to determine the total number of eggs and offspring produced by each
female during the last four weeks of the experiment.

Throughout both experiments, we tracked female survival. If a female died, the trial
ended. On the rare occasion that a male died, he was immediately replaced with a male
of the same species. Over the course of both experiments, four A. andresii males and
three A. tristis males died and were replaced.
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Data analysis

All analyses were conducted in R v3.3.3 (R Core Team 2016) using RStudio v1.0.136
(RStudio 2015). We used a series of models to test for changes in reproduction through-
out the experimental stages within each of the three treatments. We chose this approach
over larger, full factorial models that simultaneously compared measures among stages
and treatments due to the lower sample sizes of the A. andresii experiment. For con-
sistency, and to facilitate comparisons between species, we analyzed both experiments
similarly. The numbers of eggs laid and the numbers of offspring produced within each
treatment were normally distributed (Shapiro-Wilks normality test; P> 0.05). Thus, we
used a series of linear mixed models (LMMs) to explore the influence of intraspecific
competition and interspecific interference on female reproductive performance among
experimental stages (i.e., pre-exposure vs. exposure vs. post-exposure). For each treat-
ment, we predicted changes in the numbers of eggs laid and offspring produced over
the course of the experiment by modeling the experimental stage as a fixed effect and
individual cage as a random effect. The random effect was included to account for the
repeated measures of each female over the three stages. The intercept of each LMM was
set to the value of the pre-exposure stage (i.e., the beginning of the experiment). We
also used a series of mixed models to explore changes in egg fertility rates (i.e., pro-
portion of eggs that successfully hatched) across stages. Because eggs were scored as
“hatched” or “not hatched”, we used generalized linear mixed models (GLMMs) assum-
ing a binomial distribution to analyze changes in fertility rates. For each GLMM, exper-
imental stage was modeled as a fixed effect and individual cage as a random effect. The
random effect was included to account for the repeated measures of each female over the
three stages. The intercept of each GLMM was set to the value of the pre-exposure stage
(i.e., the beginning of the experiment).

We ran additional models to compare the lifetime reproductive success among the
treatments (i.e., heterospecific vs. conspecific vs. single). Lifetime reproductive success
is defined as the overall eggs, egg fertility, and offspring produced while the female was
alive in the experiment. Lifetime numbers of eggs and offspring were each obtained by
simply adding together the numbers produced from each stage of the experiment. Both
of these lifetime measures were normally distributed within species (Shapiro-Wilks nor-
mality test; P>0.05), so we opted to use linear models for comparisons among treat-
ments. LMs were modeled with treatment as a fixed effect. Lifetime egg fertility was
calculated as the total number of eggs hatched out of all the eggs laid over the female’s
life. The lifetime egg fertility was modeled for each species with a generalized linear
model (GLM) assuming a binomial distribution. GLMs were modeled with treatment
as a fixed effect. All models were fit in R using the ‘lme4’ library package (Bates et al.
2015; R Core Team 2016). Degrees of freedom and resulting p-values were estimated
with the Satterwhite approximation using the ImerTest library (Kuznetsova et al. 2016).
Post hoc comparisons between treatments were performed using Tukey’s honestly sig-
nificant difference tests (HSD) using the R library package ‘emmeans’.

Finally, we analyzed survival of A. tristis and A. andresii females as a step function
using two Kaplan—Meier survival analyses with the ‘survival’ package in R (Therneau
and Grambsch 2000). We analyzed differences in survival between treatments using the
log-rank test with post hoc Pairwise t-tests.
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Results
Reproductive performance of Anasa tristis females
We collected at total of 19,316 eggs from 30 Anasa tristis females over the course of the

12-week experiment. We tracked: (1) the numbers of eggs laid, (2) egg fertility and (3) total
offspring produced by each female during each stage of the experiment (Fig. 2; Table S1).
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Fig.2 Reproductive performance of A. tristis females. Each line tracks an individual female’s egg laying
(A, D, G), egg hatching success (B, E, H), and offspring production (C, F, I). Bugs on the x-axis indicate
the number and species of males that were allowed to mate with A. fristis females during each stage of
the experiment. Shaded region highlights the “Exposure” periods, in which the mating scenario differed
between treatments. Black bugs =Anasa tristis males; white bugs =Anasa andresii males. Different letters
in each panel indicate significant differences (P <0.05) between stages
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Female A. fristis in the heterospecific treatment laid significantly fewer eggs during
both the exposure (LMM with Tukey HSD post hoc tests, P <0.0001) and post-exposure
(P<0.0001) stages compared to the initial pre-exposure stage (Fig. 2A; Table S3A). There
was no significant difference in the number of eggs laid between the exposure and post-
exposure stages. There were significant differences in fertility rates among these females
in all three experimental stages (Fig. 2B; Table S3B; GLMM with Tukey HSD post hoc
tests, P<0.001 for all comparisons). Fertility rates were highest during the pre-exposure
stage and lowest in the exposure stage (Table S1). Females had significantly fewer number
of offspring during both the exposure (P <0.0001) and post-exposure (P <0.0001) stages
compared to the pre-exposure stage (Fig. 2C; Table S3C). There was no significant differ-
ence in the offspring produced between the exposure and post-exposure stages.

For A. tristis females in the conspecific treatment, there was no significant difference in
the numbers of eggs laid, fertility rates or offspring produced between the pre-exposure and
exposure stages (Fig. 2D-F; Table S4). However, all three reproductive measures were sig-
nificantly lower during the post-exposure stage than in the previous two stages (P <0.004
for all comparisons; Fig. 2D-F; Table S4).

Finally, for A. tristis females in the single treatment, there were significant differences
in the numbers of eggs laid, fertility rates or offspring produced among all three stages of
the experiment (P <0.04 for all comparisons; Fig. 2G-I; Table S5). Specifically, all three
reproductive measures peaked during the exposure stage and were the lowest during the
post-exposure stage (Table S1). Note, however, that the significant increase in egg fertility
in the exposure stage is driven by the large increase for a single female (Fig. 2H). When
this female is removed, there is no longer difference in egg fertility between the pre-expo-
sure and exposure stages (P=0.85).

We also compared lifetime measures of fitness among treatments (i.e., heterospecific
vs. conspecific vs. single). Lifetime numbers of eggs laid, egg fertility, and offspring pro-
duced were obtained by combining the values produced in the three experimental stages.
This provided the total reproductive performance of each female over the course of her life.
There were no significant differences for lifetime numbers of eggs laid or offspring pro-
duced (Table S6A,C; LMs with Tukey HSD post hoc tests, P>0.19 for all comparisons)
among the three treatments. The females in the conspecific treatment had a significantly
higher lifetime egg fertility than those in either the heterospecific (Table S6B; P=0.03) or
conspecific treatments (P =0.01).

Reproductive performance of Anasa andresii

We collected at total of 4616 eggs from 15 Anasa andresii females over the course of the
12-week experiment. We tracked: (1) the numbers of eggs laid, (2) egg fertility and (3) total
offspring produced of each female during each stage of the experiment (Fig. 3; Table S2).

Female A. andresii in the heterospecific treatment had significantly lower numbers of
eggs laid, egg fertility and offspring produced in the exposure and post-exposure stages
than in the initial pre-exposure stage (Fig. 3A—C; Table S7; P <0.008 for all comparisons).
There were no significant differences in any reproductive measures between the exposure
and post-exposure stages (Fig. 3A—C; Table S7).

For A. andresii females in the conspecific treatment, there were no significant differ-
ences in the number of eggs laid (Fig. 3D; Table S8A) or offspring produced (Fig. 3F;
Table S8C) among any stage of the experiment. However, females did have significantly
lower fertility rates during both the exposure (Fig. 3E; Table S8B; P<0.0001) and
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Fig.3 Reproductive performance of A. andresii females. Each line tracks an individual female’s egg laying
(A, D, G), egg hatching success (B, E, H), and offspring produced (C, F, I). Bugs on the x-axis indicate
the number and species of males that were allowed to mate with A. andresii females during each stage of
the experiment. Shaded region highlights the “Exposure” periods, in which the mating scenario differed
between treatments. Black bugs =Anasa tristis males; white bugs =Anasa andresii males. Different letters
in each panel indicate significant differences (P <0.05) between stages

post-exposure (P=0.0003) stages compared to the initial pre-exposure stage. There was no
significant difference in fertility between the exposure and post-exposure stages (Fig. 3E;
Table S8B).

Finally, the A. andresii females in the single treatment laid significantly different num-
bers of eggs in all three stages of the experiment (Fig. 3G; Table S9A; P<0.05 for all
comparisons). Egg production peaked in the exposure stage and was the lowest in the post-
exposure stage. There were no significant differences in egg hatching rates among the three
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experimental stages (Fig. 3H; Table S9B). The number of offspring produced between
the pre-exposure and exposure stages was marginally significantly different (Fig. 3I;
Table S9C; P=0.07). However, females produced significantly fewer offspring during
the post-exposure stage than both the pre-exposure (P=0.001) and exposure (P <0.0001)
stages.

Similar to the first experiment, we compared lifetime measures of fitness among treat-
ments. There were no significant differences in the lifetime number of eggs laid among the
three treatments (S10A; P> 0.12 for all comparisons). However, the overall fertility rates
of A. andresii females were significantly different among all three treatments (Table S10B;
P <0.0001 for all comparisons). Lifetime fertility was highest for females in the single
treatment and lowest for females in the heterospecific treatment. The overall number of
offspring produced by A. andresii females in the heterospecific treatment was signifi-
cantly lower than those in either the conspecific (P=0.02) or single (P=0.05) treatments
(Table S10C). There were no significant differences in the number of offspring produced
between females in the conspecific and single treatments (P =0.87).

Survival of A. tristis and A. andresii females

We tracked the survival of both females of both species in our experiments (Fig. 4). Survival
of A. tristis females did not vary among treatments over the course of 12 weeks (Fig. 4A;
Kaplan—Meier Survival, log-rank test, X2=2.01, df=2, P=0.37). However, survival of
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A. andresii females varied significantly among treatments (Fig. 4B; Kaplan—Meier Sur-
vival, log-rank test, x>=8.62, df=2, P=0.01). Specifically, pairwise post hoc tests show
that females in the heterospecific treatment died at faster rates than females in either the
conspecific (P=0.01) or control (P=0.04) treatments. There was no difference in survival
between females in the conspecific or control (P =0.40).

Discussion

The overall goal of this study was to test if the negative effects of heterospecific mating can
be mitigated by conspecific mating. We designed two experiments to mimic more realistic
encounter rates with heterospecifics, which can vary periodically over an individual’s life-
time. Both experiments were conducted in three stages that collectively covered the typical
lifespan of Anasa squash bugs (Beard 1940). However, we found that female reproductive
output naturally decreases after about eight weeks. In both experiments, female reproduc-
tion in our control groups (i.e., single treatments) sharply declined during the post-expo-
sure stage (Figs. 2G, I, 3G, I). This significant reduction in fitness was consistent across all
replicates of both experiments and happened in the absence of any addition of males. These
patterns suggest that reproductive data from the post-exposure stage are more likely driven
by age-related effects rather than any experimental manipulation. Our data are consistent
with previous results describing decreases in fecundity over time in natural populations of
Anasa (Nechols 1987; Bonjour et al. 1993). Thus, our conclusions primarily focus on the
pre-exposure and exposure stages of the experiments. However, we stress that reproductive
output during these older, less fecund stages still contributes to an organism’s overall fit-
ness and can help buffer the effects of reproductive interference.

Our first experiment focused on the reproductive performance of A. tristis females
(Fig. 1). All females in this experiment successfully mated and produced offspring (Fig. 2;
Table S1). However, despite an initial reproductive “head start,” the subsequent addition of
a heterospecific male still caused a significant reduction in all measures of female fecun-
dity (Fig. 2A—C; Table S3). Female A. rristis simultaneously housed with both A. tristis
and A. andresii males laid 60% fewer eggs and produced 62% fewer offspring than when
they were previously housed with only a single conspecific male. This reduction in fit-
ness was consistent across all 10 replicates and demonstrates clear signs of reproductive
interference. These data are similar to previous studies showing the negative effects of
heterospecific mating between male A. andresii and female A. tristis (Hamel et al. 2015,
2018). Importantly, in the cages that did not receive a second male during the exposure
period (i.e., the single treatment), fecundity actually increased (Fig. 2G, I). Thus, the lower
reproductive performance of females exposed to A. andresii males was due to reproductive
interference and not merely natural reduction in fecundity as squash bugs age. Interestingly,
when females were exposed to a second conspecific male, the effect on female reproduc-
tion was much more variable. While, overall the data indicate no difference in reproduc-
tion between the pre-exposure and exposure stages in the conspecific treatment (Table S4),
some females experienced sharp declines in eggs and offspring while others had these
measures increase when a second male was added (Fig. 2D, F). These data, combined with
the higher success of females in the single treatment, suggest that in some scenarios there
is a potential reproductive cost of polyandrous mating and male-male competition. Further
studies should investigate these possibilities in Anasa.
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It remains unclear how male A. andresii were able to reduce female A. tristis reproduc-
tion. It is possible that during the 4-week exposure period, females just ran out of sperm
and were prevented from re-mating with the conspecific male. However, this scenario is
unlikely given that a single mating can provide female squash bugs with enough sperm to
fertilize eggs throughout her lifetime (Beard 1940). Instead, interference is likely due to
pre-zygotic harassment and increased mate guarding behavior. Previous studies show that
male harassment and subsequent denial of oviposition opportunities is a common repro-
ductive interference strategy (Gomez-Llano et al. 2018). When male A. andresii were to
added cages, females likely spent more time and energy trying to avoid heterospecific mat-
ing and less time laying eggs. In fact, during the exposure stage we observed females were
more often on the mesh walls of the cages and not on the plants themselves. Males can
also reduce egg laying by remaining in copula for prolonged periods of time. For example,
Andrews et al. (1982) showed that heterospecific courtship behavior between two tick spe-
cies severely reduced mating between male and female conspecifics. Future studies should
quantify squash bug interference behavior to determine how mating and guarding behavior
changes in response to the presence of heterospecific competitors.

Interestingly, even though A. tristis females suffered an immediate reduction in fecun-
dity when exposed to A. andresii males, the effect was not large enough to significantly
reduce their survival (Fig. 4A) or lifetime reproductive performance relative to those that
were not exposed to heterospecific males (Table SOAC). We should note that lifetime fer-
tility rate was highest in the conspecific treatment; specifically, females exposed to two
conspecific males had lifetime fertility rates roughly 2% higher than those in the heterospe-
cific or single treatments (Table S1, S6B). This slight but significant increase may indicate
a benefit of polyandrous mating in this species. Regardless, our data suggest that suffi-
cient reproduction with conspecifics, particularly before encountering a heterospecific, can
moderate a temporary bout of interference. In other words, if female A. tristis can avoid
A. andpresii long enough to sufficiently mate and reproduce with other A. tristis, then the
reproductive consequences of interference are actually relatively low. This scenario seems
plausible for many A. tristis females in the wild because, although both species overlap in
the field, their generations are not entirely synchronous (Hamel et al. 2018). Anasa tristis
tend to emerge from overwintering before A. andresii, and therefore females have plenty of
opportunity to mate with conspecifics in the absence of A. andresii. Our data suggest that
selection against heterospecific mating should be relatively weak in natural populations and
likely explain why female A. tristis have not evolved heterospecific avoidance mechanisms.

Here we stress the importance of conducting experiments that not only vary encounter
rates with heterospecifics but also quantify lifetime measures of reproductive success. If A.
tristis females were continuously housed with A. andresii males for the entire 12-weeks,
they would have suffered a massive reduction in lifetime fecundity (Hamel et al. 2018),
leading to the conclusion that interference should be strongly selected against and avoided
at all costs. This scenario oversimplifies the interactions between these two species and
assumes females are incapable of avoiding A. andresii males. Instead, our experiment built
in periods of heterospecific avoidance. Moreover, while the data clearly show the negative
effects of heterospecific mating for A. tristis females, the magnitude of this effect appear
lessened when combined with the mating success before and after heterospecific exposure.
Thus, assessing lifetime measures of reproductive performance was critical to reveal how
conspecific mating might alleviate the temporary consequences of reproductive interfer-
ence for A. tristis females.

Our second experiment focused on the reproductive performance of A. andresii
females. Once again, the addition of a heterospecific male in the exposure stage caused
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an immediate reduction in female fitness (Fig. 3A—C; Table S7). However, unlike the
first experiment, this temporary bout of interference was severe enough to signifi-
cantly influence lifetime measures of fitness. Female A. andresii exposed to hetero-
specific males produced significantly fewer offspring over their lifetimes than females
exposed only to conspecific males (Table S10C). This reduction in total offspring was
due, in part, to a more severe reduction in lifetime fertility rates (Fig. 3B). The addition
of male A. tristis to cages caused mean lifetime egg hatching rates to drop by nearly
40% (Table S2). Thus, unlike the first experiment, reproductive interference here might
involve post-copulatory mechanisms. Hamel et al. (2018) showed that eggs produced
by mating between these species are mostly infertile. The drop in egg hatching rates
suggests that A. tristis were not only successful at inseminating A. andresii females, but
that their sperm potentially outcompete or remove A. andresii sperm (Simmons 2014).
Alternatively, heterospecific matings may directly reduce female fertility (Howard et al.
1998; Reinhardt 2006; Lorch and Servedio 2007; Simmons 2014). For example, Nasci
et al. (1989) showed that female Aedes aegypti are rendered sterile after mating with
invasive Ades albopictus. Further assessments of sperm competition and post-copula-
tory fertilization dynamics in squash bugs are needed.

Additionally, male A. tristis significantly reduced female A. andresii survival (Fig. 4B).
Only one of the five A. andresii females exposed to A. tristis males survived the entire
12-week experiment. These data suggest that male A. tristis, which are much larger than
male A. andresii, cause physical harm when mating with A. andresii females. Males initi-
ate mating by forcibly grasping the female and positioning the distal tip of their abdomens
to meet the distal tip of the female’s abdomen. Females can reject mounting attempts by
shaking their bodies or kicking the males with their hind legs. In many cases, prolonged
copulation attempts can result in serious injury (Schraft 2017). Once a male successfully
mounts a female, he internally latches onto the female’s genitalia using aedeagus hooks.
While these hooks likely co-evolved as a “lock and key” mechanism with female genita-
lia to keep pairs in copula while they move and feed, they may also inadvertently injure
females. Adaptations that prevent males from being dislodged while mating are widespread
among insects (Kokko et al. 2014; Moore 2014) and may indeed be a major contributor to
the consequences of reproductive interference. Curiously, most of the A. andresii female
deaths occurred during the post-exposure period, when the heterospecific males had been
removed (Fig. 4B). Future work should examine females immediately after heterospecific
copulation to assess injuries sustained during mating. Regardless of how A. tristis cause
harm, this experiment shows that interference can have both immediate and long-term
effects on A. andresii health and fitness.

Unlike the first experiment, mating with conspecifics did not shelter female A. andresii
from the consequences of reproductive interference. These results add to the growing
evidence that interference can remain a problem despite successful conspecific mating
(Clemente et al. 2018; Kyogoku and Nishida 2013). Our data are particularly surprising
given that females were only temporarily exposed to heterospecific males and had con-
tinuous access to conspecific mates throughout the experiment. While we stress caution
in interpreting the interference results from this experiment given the lower sample size,
the effects of reproductive interference on the A. andresii females included in the study
are clear and consistent. Across all three reproductive measures, four of the five females
showed the same, negative patterns when exposed to heterospecific males. Moreover, all
four of these females died before the end of the experiment. The reductions in both fecun-
dity and survival strongly demonstrate that heterospecific mating can be much worse for
female A. andresii than for female A. tristis.

@ Springer



Evolutionary Ecology

The resilience of interference in this experiment suggests that female A. andresii should
avoid mating with A. tristis males at all costs. Interestingly, A. andresii females have not
evolved mechanisms to reject A. tristis copulating attempts. This lack of defense could be
due to the relatively narrow overlap in range between the two species. If A. andresii and A.
tristis only come in contact in northern Florida, selection may not be widespread enough
for this species as a whole to evolve mate rejection adaptations. Alternatively, A. tristis
males may simply be too large for A. andresii females to reject them. A more effective
strategy may be for A. andresii females to simply avoid areas with A. tristis males alto-
gether (Svensson et al. 2010). Here, avoidance was challenging for females given the lim-
ited space in our cages. However, in the wild, A. andresii may limit encounters with hetero-
specific males by avoiding A. tristis infested plants. Avoidance behavior may explain why
the two squash bug species often partition into different plant microhabitats in the field.
Hamel et al. (2015) noted that although both species feed, mate, and oviposit on the same
Cucurbita spp., A. tristis typically occur on substrates and plant stems near the soil surface,
whereas A. andresii are often observed on vertical plant surfaces (e.g., vining, trellised
plants) above the soil. Indeed, many theoretical studies have hypothesized that reproductive
interference can be a stronger driver of microhabitat partitioning than resource competi-
tion (McLain and Shure 1987; Noriyuki and Osawa 2016; Drury et al. 2019; Grether et al.
2020). Quantifying female choice between plants with and without A. tristis males would
be useful for determining if female A. andresii actively avoid A. tristis altogether.

The negative effects of interference between A. tristis and A. andresii were asymmetri-
cal. We show that A. tristis is the superior competitor and imposes much stronger effects on
A. andpresii than it receives. Our data suggest that there should be weak selection for A. tris-
tis females to avoid heterospecific mating but strong selection for heterospecific avoidance
by A. andresii females. Interestingly, these assumptions are consistent with the direction
of heterospecific mating most commonly observed in the field. Hamel et al. (2015) noted
that mating between these species are typically observed in one direction: male A. andresii
copulating with female A. tristis. The rare occurrence of male A. tristis copulating with
female A. andresii may reflect the more severe consequences of this pairing reported here.
Previous theoretical and empirical work show that asymmetry is common in reproductive
interference (Fujimoto et al. 1996; Takafuji et al. 1997; Wirtz 1999; Deering and Scriber
2002; Marshall et al. 2006; Hochkirch et al. 2007; Liu et al. 2007) and should eventually
lead to the exclusion of the competitively inferior species (Hochkirch et al. 2007; Kyogoku
and Wheatcroft 2020). It is possible that A. tristis will eventually eliminate A. andresii
from gardens and fields where the two species are found in sympatry. However, micro-
habitat partitioning may ultimately allow both species to co-exist (Groning and Hochkirch
2008; Kyogoku and Wheatcroft 2020). Future studies should track the long-term dynamics
of these two species in the wild to determine the effects of reproductive interference on
community ecology and composition.

In summary, we emphasize the benefit of assessing reproductive interference using
experiments that not only vary heterospecific encounter rates, but that also quantify life-
time measures of fitness. Most empirical studies test for interference by comparing the sur-
vival and reproductive performance of individuals that have constant access to either con-
specifics, heterospecifics, or a combination of the two throughout a relatively short period
of time (Groning and Hochkirch 2008). We took a complementary approach and varied the
contact between conspecific and heterospecific mates over an individual’s entire reproduc-
tive lifetime. This approach allowed us to not only identify scenarios that might mitigate
the negative effects of reproductive interference, but also reveal how even temporary bouts
of interference can have lasting fitness consequences. By experimentally demonstrating
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how fragile and resilient reproductive interference can actually be, we reduce the likelihood
of over- or underestimating its influence on species interactions (Groning and Hochkirch
2008; Kyogoku and Nishida 2013; Kyogoku and Wheatcroft 2020). Our study adds to the
growing body of literature highlighting the importance of reproductive interference and
sheds light on why this seemingly paradoxical behavior continues to persist.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10682-021-10120-1.
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