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ABSTRACT

Sexual conflict is a mechanism of selection driven by the divergent fitness interests between
females and males. This disagreement can be great enough to promote antagonistic/defensive
traits and behaviors. Although the existence of sexual conflict has been identified in many
species, less research has explored the conditions that initially promote sexual conflict in animal
mating systems. In previous works on Opiliones, we observed morphological traits associated
with sexual conflict only occurred in species from northern localities. We hypothesized that, by
shortening and compartmentalizing time periods optimal for reproduction, seasonality
represents a geographic condition sufficient to promote sexual conflict. We conducted a
systematic review of literature on reproductive traits and behaviors. Using standardized criteria,
we reviewed publications to identify whether subjects occurred in a temperate (high seasonality)
or tropical (low seasonality) biome. After identifying and adjusting for a publication bias towards
temperate research, we identified no significant difference in the strength of sexual conflict
between temperate and tropical study systems. A comparison between the distribution of taxa
studied in sexual conflict papers and papers focused on general biodiversity indicates species
with conflict-based mating systems more accurately represent the distribution of terrestrial
animal species. These findings contribute to ongoing efforts to characterize the origins of sexual

conflict, as well as life history traits that co-vary with sexual conflict.



This is the authot's accepted manuscript without copyediting, formatting, or final corrections. It will be published in its final form in an upcoming issue of
The American Naturalist, published by The University of Chicago Press. Include the DOI when citing or quoting:
https://doi.org/10.1086/722797. Copyright 2022 The University of Chicago.

Introduction
Sexual conflict was first described in a 1966 book titled “Adaptation and Natural Selection” by
George C. Williams. Some debate over the exact meaning of the term exists, however, for some
researchers, sexual conflict describes a mechanism of selection rooted in the conflict between
the different fitness interests of males and females (Scharer et al. 2012; Michalczyk et al. 2011;
Kaneshiro 2009; Pizzari & Snook 2007; Parker 2006; Arngvist & Rowe 2005; Pizzari & Snook
2003; Parker 1979). Sexual conflict is broadly categorized as inter- or intra-locus depending on
the specific mechanism through which the conflict is generated (Schenkel et al. 2018). Both
forms of sexual conflict arise from differences in sex-specific fitness optima: intralocus conflict is
due to shared genetic architecture while interlocus sexual conflict involves alleles at different
loci (Schenkel et al. 2018). In one common example of interlocus sexual conflict, males and
females “disagree” over the mating rate. The optimal mating rate of males is often higher than
that of females. Females maximize their fitness by being selective with their gametic
investments, and males, often unable to assess their paternity, encourage mating and ensure
fertilization (Kaneshiro 2009). In this case both sexes cannot achieve their maximum fitness
simultaneously, so a mutual resolution is impossible. One possible outcome of this conflict is
sexually antagonistic coevolution (Parker 2006; Pizzari & Snook 2003). Within sexually
antagonistic coevolution, males and females can become locked in an arms race, each evolving
traits that come at a fitness cost of the other sex (Parker 2006; Arngvist & Rowe 2005; Arngvist
& Rowe 2002; Clutton-Brock & Parker 1995). This can appear in the form of male traits that aid
in controlling and coercing a female into mating, and female defensive traits meant to avoid
male coercive interactions (Arngvist & Rowe 2002; Clutton-Brock & Parker 1995). Despite the
historically mutualistic and cooperative view of reproduction, sexual conflict and sexual coercion
are relatively prevalent and occur in a wide variety of species (Arngvist & Rowe 2005; Chapman

et al. 2003; Rice 2000; Parker 1979).
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According to the Web of Science database, prior to 1990, fewer than 5 publications each
year mentioned the term “sexual conflict” (Supplemental Fig. S1). Despite 2,580 publications
since 1968 that mention or otherwise utilize this term, interest in sexual conflict did not increase
until the 1990s (Parker 2006; Pizzari & Snook, 2003). This lack of attention means that many
important aspects of conflict, such as the effects of different environmental pressures, are poorly
understood (Plesnar-Bielak & Lukasiewicz 2021; Garcia-Roa et al. 2020; De Lisle et al. 2018;
Parker 2006; Pizzari & Snook 2003). Previous work in Opiliones, also known as harvesters or
“daddy-longlegs”, has indicated a possible role of breeding season in the evolution of conflict
(Burns et al. 2012). Features and traits specifically associated with coercive mating and
interlocus sexual conflict (Burns & Shultz 2015), are restricted to temperate species of
harvesters, while tropical species are almost exclusively cooperative (Burns et al. 2012). The
absence of coercive mating in tropical regions and its restriction to temperate regions supports
the idea that a shorter breeding season contributes to conflict. Similarly, it has been proposed
that cyclical environmental changes may allow sexually antagonistic selection on loci to persist
(Connallon & Hall 2016). Observations of the multiple, phylogenetically independent, and
geographically organized transitions to coercive mating in temperate species of harvesters,
combined with Connallon & Hall's proposal, drives the hypothesis that length of the breeding
season plays a significant role in the evolution of sexual conflict in mating systems (Burns et al.
2012). It is hypothesized that shorter breeding seasons constrain the time available to find and
court a receptive mate and reproduce. This leads males to evolve coercive mating strategies.
To date, relatively few studies have evaluated any connections between conflict and climate,
specifically the effects of differences in the length of the breeding season (Garcia-Roa et al.

2020).
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Sexual conflict driven by evolution in phenology
Certain abiotic factors have important repercussions for the lifespan and activity of terrestrial
animals. Colder temperatures limit their dispersal and constrain their activity (Machado et al.
2016; Chown & Nicholson 2004). In these organisms, metabolism decreases as they near the
lower limit of their temperature tolerance range (Block et al. 1990). This becomes important
when considering seasonality which, in more northern latitudes, can determine the life cycle,
specifically the breeding season (Machado et al. 2016; Zerbe et al. 2012). Temperate and more
northerly locations which encounter high seasonality are likely to experience a shorter effective
breeding season (Machado et al. 2016; Buzzato et al. 2013; Zerbe et al. 2012). Conversely,
animals in southern latitudes and habitats with less seasonality are likely to experience a longer
breeding season. In Opiliones, for example, previous studies which investigated a number of
genera and species have identified certain factors that control the breeding season. The length
of the breeding season is determined by an interaction between the number of months with
appropriate levels of precipitation (humidity) and temperatures above the lower tolerable limit in
Opiliones (Machado et al. 2016; Buzzato et al. 2013; Buzzato & Machado 2008). The length of
the breeding season itself has been shown to positively correlate with the frequency of resource
defense polygyny - a mating system in which males defend territories or resources in an attempt
to control or secure mating (Machado et al. 2016; Buzzato & Machado 2008). Species of
harvesters in colder areas which experience shorter breeding seasons are more likely to exhibit
scramble competition polygyny in which males do not defend females or resources (Machado et
al. 2016).

While the breeding season has been shown to have a significant effect on the mating
system, no studies have yet definitively connected breeding season to sexual conflict (Perry &
Rowe 2018). However, sexual selection has been broadly connected to different aspects of
climate and seasonality (Garcia-Roa et al. 2020). Sexual dimorphism, a potential morphological

indicator of sexual selection, has been linked to the type of mating system in harvesters
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(Machado et al. 2016). Harvester species with a resource defense polygyny mating system
exhibited a stronger degree of sexual dimorphism, specifically those structures involved in male-
male antagonistic interactions (Machado et al. 2016). The link between mating system and
sexual dimorphism, combined with the correlation between mating system and breeding season
length, suggests a possible connection between sexual selection and the length of the breeding
season (Machado et al. 2016; Buzzato & Machado 2008). In previous work in Nephila plumipes,
the strength and direction of selection was noted to fluctuate throughout a breeding season,
highlighting the impact of seasonality on selection (Kasumovic et al. 2008).

The few studies that have investigated the specific effects of seasonality on sexual
selection concluded that male-biased sexual size dimorphism was correlated with the
seasonality of reproduction (Heldstab 2021; Zerbe et al. 2012). Species with a stronger
seasonal component to reproductive cycles had a greater degree of male-biased sexual size
dimorphism (Heldstab 2021; Zerbe et al. 2012). The proposed explanation for this trend aligns
with our hypothesis, in that female monopolization, and male-male interactions, are more likely
to evolve in species with a shorter breeding season (Heldstab 2021). Female monopolization
occurs in polygamous mating systems when females or resources are aggregated in such a
way that defending or monopolizing them is possible (Emlen & Oring 1977). Additionally, the
degree of breeding synchrony, and number of reproductive events may play a significant role in
sexual dimorphism (Emlen & Oring 1977). It appears that a reduced mating season may
constrain multiple animal mating systems in a similar way.

We chose to evaluate the contribution of seasonality to the strength of sexual conflict by
performing a systematic review of existing reproductive research studies. A recent investigation
of biodiversity publications served as inspiration for this project and the choice in methods
(Titley et al. 2017). In order to investigate any biases in biodiversity studies between temperate
and tropical regions, Titley et al. 2017 performed a meta-analysis and identified both the region
that the study occurred in as well as the taxa studied. Taking that paper as inspiration we chose
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to investigate studies of sexual conflict between temperate and tropical regions. While the types
of data used to establish conflict vary widely, making a true meta-analysis difficult, our aim was
to provide a synthesis of the current state of sexual conflict publications and evaluate our
hypothesis: If the length of the breeding season plays a significant role in the evolution of sexual
conflict, then we expect sexual conflict to be more common in regions which experience high
seasonality and a shorter breeding season. This would include regions experiencing a
temperate climate, and we would expect that species experiencing sexual conflict in temperate

regions should be more affected than those occurring in tropical regions.

Biases in temperate publications
In order to properly evaluate any differences in the effects of conflict between biomes, it is
important to first evaluate any publication biases that may be present (Coté & Jennions 2013).
Publication bias in ecology has received increasing research interest. An earlier ecological
meta-analysis (Titley et al. 2017) suggests there is a current research bias towards vertebrate
species and temperate countries in animal biodiversity papers compared to the described
proportion in taxonomic groups in animals and their geographic distribution (Mora et al. 2011).
The reasoning behind this temperate bias could be attributed to the economic or political state
of the countries in which these studies were performed. The number of papers on biodiversity in
a country shared a positive relationship with its nominal Gross Domestic Product (Titley et al.
2017), suggesting that the wealth of a nation heavily influences where research is done.
Temperate regions may be more accessible to researchers in the Global North, and these
regions are likely more familiar (Zuk 2016). In contrast, tropical countries often had few to no
lead authors and averaged lower GDPs than temperate countries (Titley et al. 2017). These
temperate biases, if present in studies of reproduction, could produce results that spuriously
identify correlations between conflict and temperate biomes. In order to ensure that our results

are meaningful, any bias towards temperate biomes must be accounted for in our results.
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In this paper, we detail the process and results of a systematic review of reproductive
biology literature spanning over a half century of research in temperate and tropical animal
systems. We use the results of this review to sub search papers that indicate sexual conflict to
be a significant mechanism in the evolution, reproductive behavior, and/or mating systems of
study species. We similarly evaluate the general effect of lifespan and/or motility on the author-
defined strength of conflict by categorically rating the lifespan and motility of each study species
and then comparing the importance of conflict across those categories, as these variables may
be important in the evolution of sexual conflict (Connallon 2015; Adler & Bonduriansky 2014;
Bonduriansky 2014). While we quickly identified that the publication bias towards temperate
studies swamped out any evidence of a correlation between temperate biomes and great
incidence of sexual conflict, we did discover the distribution of taxa affected by sexual conflict
mirrors the distribution of terrestrial animals. We complete the paper by discussing potential

experimental methods to examine the origins of sexual conflict within species or populations.

Methods

Publication search
To evaluate any bias between temperate and tropical publications, we performed a systematic
review (Fig. 1). The databases Web of Science, Academic Search Ultimate, and Agricultural
and Environmental Science Collection were utilized to identify academic publications. These
databases were selected because they allowed the use of a single search string, and they
contained the highest numbers of applicable publications. Identifying suitable publications
required the creation of a specific search string which targeted studies that focused on
reproductive and mating behavior in natural or wild populations. This search string eliminated
unwanted topics and organisms, such as papers that dealt with maternal behavior. Maternal
behavior publications were categorically eliminated because of the high proportion of papers

that focused on humans. While parental investment is a source of sexual conflict, our focus is
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on mating system evolution, and precopulatory traits may prove to be more significant to the
evolution of mating systems (Wensing et al. 2017). Furthermore, many aspects of maternal
behavior are a product of, but not definitely related to, the act of mating. The search string was
created through an iterative process, during which we identified key words and phrases from
“model” publications across the three databases. Our search string was deemed “complete”
once further revisions did not result in any appreciable decrease in the number of results across
all databases.

The completed search string (“reproduct® behavior” and “mat*” and “population*” not
“maternal”) was then used in each of our databases. Only experimental and observational
academic studies published between 1966 and 15 January 2021 were considered. The year
1966 was used because it was the year that the term “sexual conflict” was first published in an
evolutionary context (Fig. S1; Williams 1966). This date was selected to ensure that our sample
papers were all from a time period when sexual conflict publications were also possible. The
end date of 15 January 2021 represents the date at which the paper search was completed, and
the sample papers were collected. This serves as the last possible publication date included
within our study, although we cite more recent papers in this publication. Papers from our
search of the three selected databases were transferred to the citation management software

Endnote Online (Clarivate) for the primary and secondary reviews.

Publication review
The papers that were analyzed were evaluated on five criteria. (1) Is the paper an originally
published observational or experimental study? If the paper was not observational or
experimental (i.e., a review document), it was eliminated from the set. (2) Is the paper
reproduction focused? This included, but was not limited to, papers discussing sexual conflict,
breeding behavior, mating calls and signals, sexual selection, and reproductive morphology. If

these topics were not discussed, papers were removed from analysis. (3) Does this study focus
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on or use wild organisms? If the organisms of study were human or entirely farm or laboratory-
raised for greater than 3 generations, the paper was removed from analysis. (4) Was the study
performed in a biome of interest? Due to the complexities of assessing seasonality for arctic,
desert, and marine biomes, we removed papers that focused on organisms endemic to these
regions.

Lastly, (5) does the study take place in a temperate or tropical biome (as assessed using
Google Earth and a biome map from figure 49.11 in Freeman et al. 2017). Papers that qualified
as “Temperate” featured research in temperate forests, temperate grasslands, Mediterranean
forests, temperate coniferous forests, or montane grasslands. Papers characterized as
“Tropical” included systems located in tropical wet forests, tropical dry forests, tropical
coniferous forests, or tropical grasslands. Using geographic data from each paper, we sorted
publications into temperate and tropical subsets. Studies that focused partially in either biome of
interest were retained for analysis if the other qualifying criteria were also met. In addition,
studies focusing on qualifying migratory organisms were retained based on where their
reproduction occurred. All papers were double screened by separate reviewers to decrease bias
towards our initial evaluation decisions. Each paper from the “Temperate” and “Tropical” sets
was sorted into a spreadsheet (see Table S1) based on their biome, to check and confirm their
suitability and record their study locations, lead author institution or affiliation, and lead author
location. Papers that raised questions about their suitability were evaluated by another reviewer,
as well as papers with outdated country information.

To identify studies implicating sexual conflict as a mechanism of importance to
reproductive evolution, behavior, and/or mating system of the study species, we used the
Endnote online search option to find the term “sexual+conflict” in titles of abstracts from the
reviewed temperate and tropical reproductive biology papers we had previously screened. For
the purposes of this analyses, we took a broad view of sexual conflict and did not differentiate
between intra- and interlocus conflict; however, we recognize that our search string and

10
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review criteria may exclude papers focused on intralocus conflict. Papers that lacked
accessibility at our institution but included “sexual+conflict” in the title or abstract (N=2) were
requested through interlibrary loan and reviewed by RB. A total of 61 sexual conflict papers
were identified. Twelve of these papers were studies of the same animal system, and four
papers provided results on multiple species. In total we reviewed research on 61 total animal
systems, which we also called “sexual conflict species”.

To define the effect of sexual conflict on each animal system, we used the following
criteria to develop a qualitative metric of sexual conflict. We ranked the importance of sexual
conflict to the evolution or mating system of the species based on the authors’ findings. If sexual
conflict was deemed to be the most important mechanism responsible, the system was given a
rank of “2.” If sexual conflict was deemed to be present but other mechanisms of sexual
selection, were equally or more prominent to the study, a rank of “1” was made. A rank of “0”
corresponded to studies where sexual conflict was discussed but no determination of its
importance was given, and a rank of “-1” was given for studies where sexual conflict was not
found by the researchers (Table S1). The sexual conflict metrics (SCMs) were averaged for
temperate and tropical species, and for species with multiple studies. Comparisons of sexual
conflict across taxonomic differences in lifespan and range size were done by roughly
classifying the lifespans as short or long, and the range sizes as small, medium, and large. As
an example, arthropod lifespan and range size were deemed to be short and small,

respectively, while avian range size was considered large.

Statistical analyses
To evaluate publication biases between temperate and tropical studies, we compared the
numbers of temperate and tropical papers within our accepted sample to previous studies on
the number of described species (Mora et al. 2011), and to the number of biodiversity studies

within these same regions (Titley et al. 2017). This was done using a chi-square test.
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Subsequent analysis of SCMs used a weighted t-test approach to account for biases between
temperate and tropical research. After reviewing SCMs, a Shapiro-Wilk test and subsequent
nonparametric Wilcoxon rank-sum tests were used to assess hormality and compare the
distribution of described study species in sexual conflict publications to the described species

from Titley et al. (2017).

Results

Preferred reporting items for systematic review and meta-analysis (PRISMA)
Our initial search identified 7,640 papers, of which 1,964 papers were deemed appropriate for
this project and were included in our statistical analyses (Fig. 1). During both the initial and
secondary review process we rejected a total of 5,676 papers. In order to quantify the relative
frequency with which papers were rejected for the various reasons above, we recorded the
reasons and frequency of rejection from 100 of the total number of reviewed papers (Fig. 1).
This random sample was collected from the 7,640 papers included in our initial results. The
largest percentage of rejected papers were those that investigated an inapplicable organism
such as humans or marine organisms (63.4%), and those that were non-experimental studies
such as reviews or theoretical papers (21.9%) (Fig. 1). A small subset of rejected papers (7.3%)
were those that did not specifically mention a study site or were otherwise inaccessible. This
subset of papers was rejected because an accurate description of the exact study or collection
site was needed to assign a biome to the publication. Many countries contain both temperate
and tropical regions and it would be difficult to ascertain location from the species studied.
Following the secondary review, the final accepted 1,964 papers, comprising 1,290 categorized
as temperate and 674 categorized as tropical (Fig. 1), were used as the sample set in which we

would evaluate studies of sexual conflict.
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Publication bias towards temperate reproductive biology papers
Following the second review of all papers, where we recorded data on the study country and
first author affiliation, we compared paper counts from temperate and tropical biomes to
previous studies of described species (Mora et al. 2011) and biodiversity (Titley et al. 2017) in
the same geographical regions. Using a chi-squared test, we found significantly greater
(x?>=3001.8, df=4, p<0.0001) proportions of biodiversity and reproductive biological studies were
performed in temperate systems as compared to the proportion of animal species actually
occurring in temperate regions (Fig. 2). Using the location details from publications, we found
that not only do reproductive studies appear to be biased towards temperate regions, but certain

study (and lead author) locations appear in much higher proportions than others (Figs. 3a; S2).

Sexual conflict publications
A total of 61 (temperate: 53, tropical: 8) sexual conflict species were identified, and we further
evaluated these for author and study species location (Fig. 3b), as well as taxonomic group (in
the style of Titley et al. 2017). To account for temperate publication bias in the analysis of
sexual conflict papers, we calculated weights by dividing the expected proportion of studies
given random selection (0.2 temperate, 0.8 tropical) by the proportion of temperate and tropical
reproductive biology publications we found. These weights (temperate=0.2/0.658;
tropical=0.8/0.342) adjust the proportions of sexual conflict species found by the bias that
already exists toward temperate publications and study species.

After calculating weights to properly assess any correlation between sexual conflict and
geography, a weighted t-test revealed no statistically significant difference between adjusted
SCMs of temperate and tropical species (Fig. 4; t=0.72, df=10.98, p=0.487). This means that
after accounting for publication bias, we did not see a significantly higher sexual conflict metric
in temperate biomes with high seasonality. However, when comparing the proportions of sexual
conflict study taxa to described terrestrial species and species diversity studied from 2011-2015

13
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in Titley et al. (2017), we found that the distribution of study species from sexual conflict papers
(not normally distributed following Shapiro-Wilk test: W=0.59, p<0.0001) did not significantly
differ from the diversity of described terrestrial species (Fig. 5; Wilcoxon rank-sum: W=52,
p=0.599). Conversely, Titley et al. (2017) reported significantly different proportions of taxa were
studied in biodiversity papers as compared to actual described species diversity (Fig. 5;
Wilcoxon rank-sum: W=24, p<0.05). Subsequent analyses failed to show a significant link
between standardized metrics of sexual conflict for taxonomic group (Fig. 5; N=8) and average
range size (small or large; Kruskal-Wallis rank sum, X?=3.746, p=0.154) or lifespan (i.e. short,
medium, or long; X?=3.239, p=0.0719). While we took a broad view of sexual conflict, none of
the papers included in this dataset studied intralocus conflict. This may result from our

reproductive behavior-focused search string.

Discussion

Reproductive research is biased towards temperate biomes
In comparing the frequency of reproductive biology studies within our results to that of animal
species occurring within temperate and tropical regions, we found that temperate biomes are
vastly over-studied when compared to tropical regions regarding reproductive research (Figs. 2-
4). Furthermore, there were a larger number of lead authors from temperate localities
represented within our results; the majority of these authors resided within the United States.
These results indicate that there is a strong temperate bias within biological research of
reproduction (Fig. 2, 4). It has been well established that a greater number of species exist
within the tropics than outside of them (Zuk 2016; Mora et al. 2011; Corlet & Primack 2010). If
studied according to the number of species, tropical articles should far outnumber temperate
ones. However, our results corroborate what other studies have shown: a bias towards

temperate regions exists in many biological research areas (Titley et al. 2017; Zuk 2016). The
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exact reasons for this trend are unclear, however, a few possible explanations, such as
differences in GDP (gross domestic product) and a general belief that tropical regions are
“different”, meaning that findings from such studies are not-applicable to other systems, have
been suggested (Titley et al. 2017; Machado et al. 2016; Zuk 2016)).

A general problem with studying these regions comes from the way we delimit these
areas. Researchers often mistakenly assume “temperate” means anything non-tropical, and
anything between the Tropics of Cancer and Capricorn is automatically tropical (MaChado et al.
2016). A wide variety of seasonality and climate patterns exists both within and outside the
tropics (Machado et al. 2016)Additionally, the amount of precipitation interacts with temperature
in determining the breeding season of harvesters, indicating that it is possible that the breeding
season varies within a single region (Buzzato et al. 2013). Assuming that any region outside of
the areas between the tropics is temperate fails to consider regional abiotic differences. These
regional differences make it important to sample multiple populations, even when investigations
are performed within a single biome, as variations in mating system and/or sexual conflict are

possible (Machado et al. 2016).

Multiple interacting factors may determine the geography of sexual conflict
Climate patterns and/or seasonality may represent a small part of a larger, interactive network
of factors which all have repercussions on the strength of sexual conflict. Given the available
information we found that after accounting for the temperate bias, there was no statistically
significant difference in sexual conflict metrics between temperate and tropical biomes. Based
on our results, this indicates that sexual conflict may not be more prevalent in temperate
regions. However, this may not be the correct interpretation. As our results indicate, the amount
of reproductive research does not directly correlate with species prevalence. If this were the
case, temperate regions would have a much higher level of species diversity than tropical ones,
reflecting the research bias indicated by our results. Moreover, the distribution of sexual conflict
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taxa more closely mirrors terrestrial species distributions than studies of biodiversity (Fig. 5),
supporting the conclusion that true species diversity, sexual conflict incidence, and the level of
research are misaligned (Titley et al. 2017). This leaves the possibility that the amount of sexual
conflict research in different areas does not reflect the natural occurrence of sexual conflict.
Future studies, as we describe in D.3., will need to be completed in order to reveal the true role
of breeding season in the evolution of conflict.

While we propose that sexual conflict may be stronger in temperate climates due to
variable seasonality, other studies have proposed opposing explanations. Increased breeding
season length was shown to correlate positively with sexual selection in pipefish (Monteiro &
Lyons 2012). Additionally, male harm to females was shown to be temperature dependent in
Drosophila (Garcia-Roa et al. 2018); specifically, less harm was noted in temperatures higher
and lower than the species optimum. This result highlights the importance of temperature in
determining the level of conflict, but temperature mediated effects may vary across taxa
(Garcia-Roa et al. 2020). Other studies suggest that conflict should be weaker in stressful or
otherwise less stable environments (Plesnar-Bielak & Lukasiewicz 2021; Garcia-Roa et al.
2020; De Lisle et al. 2018), but the exact factors that make an environment stressful are likely to
vary between species. De Lisle and others (2018) additionally found the strength of sexually
antagonistic selection to have a negative relationship with latitude. Together these results
suggest that conflict may actually be weaker in temperate regions than in tropical regions and
that conflict may be more pronounced in more stable environments such as those found in
tropical climates which lack seasonality (De Lisle et al. 2018; Dynessius & Jansson 2000).

Another possible explanation for a difference in conflict across climates is the spatial
distribution of reproductive individuals (Plesnar-Bielak & Skwierzyrska 2020; Machado et al.
2016). As proposed by Machado et al. (2016), a decreased breeding season may align the
reproductive interests of males and females. Populations within tropical areas are likely to
include a mixture of reproductively available and unavailable females due to the extended
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breeding season (Machado et al. 2016). In contrast to this spatial distribution, populations within
temperate areas may contain a higher number of receptive females due to the decreased time
available to mate, producing alignment of male and female reproductive interests that would
decrease conflict. While this does not explain the global geography of conflict, the spatial
organization of receptive females may alter selection for coercive tactics, and in Opiliones it is
an important factor to consider.

Breeding season may have an appreciable effect on the evolution of sexual conflict, but
there are other variables which may moderate this effect. Traits such as lifespan and motility
may mitigate the impact of a shortened breeding season. A shortened breeding season may be
of increased importance for univoltine species, as they only have a singular reproductive event
throughout their lifespan (Adler & Bonduriansky 2014). Conversely, multiple mating
opportunities throughout an organism's lifespan, or a longer lifespan in general, may alter the
level of sexual conflict within a population (Bonduriansky 2014; Adler & Bonduriansky 2014;
Monteiro & Lyons 2012; Candolin 1998). An increased lifespan and number of mating
opportunities may decrease the risk imposed if an organism fails to mate and as Kasumovic et
al. (2008) point out, variations in selection across a breeding season are likely to be significant
in species with a shorter lifespan. In addition to the possible effects of lifespan, the ability to
freely disperse throughout an environment holds the possibility to mediate local environmental
effects, and as a result, sexual conflict (Connallon 2015; Eldakar et al. 2010). In water striders,
females disperse away from groups with a high number of coercive males, effectively
balancing out selection for increased male coercion (Eldakar et al. 2010). The importance of
local adaptation and dispersal is highlighted by the fact that sexual conflict is expected to vary
across a species range, being strongest near the center where populations are more locally
adapted (De Lisle 2018; Connallon & Hall 2016; Connallon 2015). Similarly, sexual conflict is
expected to be strongest in populations in more heterogeneous, smaller, and/or more complex
environments. (Plesnar-Bielak & Lukasiewicz 2021; De Lisle et al. 2018; Garcia-Roa et al. 2018;
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Yun et al. 2018; Yun et al. 2017; Connallon 2015). In light of this evidence, it is possible that
motility, lifespan, and the number of reproductive events may mediate the level of sexual conflict
imposed by a shortened breeding season.

In sum, breeding season length, local adaptation, precipitation, temperature, species
range size, voltinity, motility, environmental stress, are all likely contributors to conflict (Garcia-
Roa et al. 2020; De Lisle et al. 2018; Garcia-Roa et al. 2018; Connallon & Hall 2016; Connallon
2015). Due to the interactive nature of the multiple abiotic factors, disentangling their effects

could prove difficult when evaluating the initial conditions promoting conflict.

Future empirical investigations are needed and should account for interpopulation variation
This study investigates the connection between sexual conflict and biome by evaluating the
level of published conflict research within each biome. We did not detect any significant
difference in sexual conflict metrics, however, this review highlights a few important
considerations for future research. As indicated by our review of reproductive studies, more
attention needs to focus on tropical regions. Our small sample size of tropical conflict studies
reflects the lack of scientific attention within these regions. In addition to increased focus on
understudied regions, future investigations should sample multiple populations across the
geographic range a species exists in. Local adaptation may prove to be an important
consideration for sexual conflict investigations and sampling of single populations fails to
account for any possible variation between populations. Studies investigating continuous
populations spanning across regions with varied seasonality and climates would be ideal but
may prove difficult. Importantly, future investigations which directly tests the connection between
breeding season and conflict should be completed. What follows are multiple suggested
methods for evaluating the specific drivers behind the evolution of conflict in Opiliones (or other

systems).
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Phylogenetic comparative methods

While previous studies have investigated the mating systems of different harvester species
within eastern North America, there are still more species for which phylogenetic and
morphological comparative analyses have yet to be completed (Burns et al. 2013; Burns et al.
2012). North American leiobunine species were identified to be monophyletic, with female
choice-based mating to be the ancestral system (Burns et al. 2013; Burns et al. 2012). Certain
tropical Opiliones species within Central America remain unevaluated. Investigating the mating
systems of these species, specifically the presence or absence of previously described coercive
and cooperative suite of traits, in addition to phylogenetic comparative analyses, may further
support the geography of sexual conflict in Opiliones. This will further reveal the role of breeding
season length in the evolution of conflict by sampling a continuum of species distributed along a
latitudinal transect. If breeding season is a significant factor, then tropical species should exhibit

the previously identified “cooperative” suite of traits.

Behavioral population crosses

One method for testing the benefits of coercive traits and strategies under a shortened breeding
season is to perform transplantation experiments. In this type of study, individuals of a species
ranging across temperate and tropical regions would be transplanted to a region to which they
are not locally adapted. Under this design, cooperative individuals from a region with low
seasonality would be transplanted into a region with high seasonality, and coercive individuals
from high seasonality regions would be transplanted to low seasonality regions. Focal
populations would be contained in outdoor enclosures which allow exposure to all the abiotic
conditions within a specific region while preventing individuals from dispersing. The fitness of
these transplants (i.e., numbers of offspring, reproductive attempts, and successful
reproductions) would be quantified for each region. These results would be compared to the
average fitness within their home population. If coercive mating evolved as a response to a
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shortened breeding season, cooperative individuals (particularly males; Yun et al. 2018)
transplanted from low seasonality regions into a high seasonality region should suffer reduced
fithess. The expected explanation for this result is that they lack the coercive traits which are
found in locally adapted populations. This leaves transplants suffering from a limited time to
secure mating. Similarly, coercive populations transplanted from regions with a short breeding
season into a region with a longer breeding season are expected to see no statistically
significant change in their fecundity, though an increase may be possible. Coercive males may
particularly see an increase in fithess due to the presence of coercive traits which ensure
mating. The results of this experiment would support the hypothesis that coercive strategies are

a local adaptation to a shortened breeding season.

Experimental evolution

A final method of evaluating breeding season length and its effects on sexual conflict is through
experimentally-induced evolution trials. Previous studies have performed such trials involving
sexual conflict in Drosophila (Hollis et al. 2019). Male Drosophila melanogaster have seminal
fluid proteins (SFP) which affect female mating behavior and impose a fithess cost to females
(Hollis et al. 2019). Changes in these SFP, and male-female mating effects, were noted to occur
when monogamy was enforced over 150 generations (Hollis et al. 2019). We propose a test of
the effects of the breeding season by inducing a “short” breeding season in experimental
populations and examining the changes in SFP, female mating behavior, and overall female
survival (post-mating). While other studies in Drosophila have indicated that temperature
changes decrease conflict, none have evaluated “breeding season” (Garcia-Roa et al. 2018).
We suggest manipulating the length of time that males have access to females each generation.
This would represent the constraint of a shortened breeding season within temperate regions
but would isolate any abiotic factors such as temperature (Garcia-Roa et al. 2018). Results of
this experiment may provide support for the explanation that seasonality limits the time available
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to secure mates, which imposes a selective pressure upon males. This mechanism possibly
drives the evolution of conflict in temperate species over tropical species.

Each of the previously mentioned methods alone, may be insufficient to conclude that
seasonality is a significant driver in the evolution of conflict and coercive mating. Instead, each
method represents one part of an overarching objective to better understand the environmental
conditions which contribute to sexual conflict. While interest in sexual conflict and sexually
antagonistic selection may have increased since 1966 (Fig. S1), many questions remain
unanswered. These experiments aim to grant a clearer understanding of the evolution of sexual

conflict.

Conclusions
The abiotic drivers in the evolution of sexual conflict are a network of interacting, and often
opposing, factors. These factors are likely to drive local, population level, differences in mating
system evolution and variation. Current research stands to benefit from increased attention to
“tropical” regions as well as a purging of long held biases against tropical biology (Zuk 2016).
However, discrete classification of biome into “temperate” and “tropical” is likely to be ineffective
for future investigations (Machado et al. 2016). These broad classifications retain a prominent
level of variation in climate patterns and abiotic environmental factors, possibly making
investigations difficult (Machado et al. 2016). This is an area for improvement in current
research which often utilizes or investigates single populations and fails to account for, possibly
significant, population level variation (Fowler-Finn et al. 2019; Olivero et al. 2017; Machado et
al. 2016). Interpopulation trait variation could mean that investigation of a singular population is
not sufficient to draw conclusions about an entire species and should be considered when
studying the abiotic drivers of mating system evolution. Finally, the length of the breeding
season may have an appreciable effect on mating system evolution (Heldstab 2021; Machado
et al. 2016; Burns et al. 2012), but future investigations will need to decouple the breeding
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season from other abiotic factors in order to draw accurate conclusions (Garcia-Roa et al. 2020;

De Lisle et al. 2018; Garcia-Roa et al. 2018; Connallon & Hall 2016; Connallon 2015).
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Figure Legends
Figure 1. PRISMA diagram displaying the reasons for paper rejection along with percentages
based on a 100 paper sample set. In total, 5,676 papers were excluded from our study resulting
in a final sample size of 1,964 papers.
Figure 2. Plot visualizing publication bias towards temperate research in reproductive biology.
Bar 1 indicates the distribution of described terrestrial animals from Mora et al. (2011), bar 2
indicates the distribution of studies of biodiversity (Titley et al. 2017), and bar 3 shows our

results for temperate and tropical studies of reproductive biology. Here “a” indicates p<0.05,
while “b” indicates no statistically significant difference in frequency.

Figure 3. Global distributions of (a) all retained reproductive biology papers and (b) all systems
referencing sexual conflict.

Figure 4. Bar plots of sexual conflict-containing study systems before (a) and after (b) weighting
the proportions of species due to temperate publication bias.

Figure 5. Bar plot of (1) described terrestrial species proportions, (2) species proportions from
2011-2015 biodiversity publications (Titley et al. 2017), (3) species proportions from sexual
conflict systems in this study, and (4) standardized sexual conflict metric averages by taxonomic
group. Using a Wilcoxon rank-sum test for data from (1)-(3), we find only bars 1 and 2 are

significantly different (“b” indicates p<0.05, while “a” indicates no statistically significant

difference).
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