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Editorial on the Research Topic
 Sex ratios in the Anthropocene




Plants and animals began to experience a dramatic uptick in novel stressors with the onset of the current epoch, the Anthropocene (Crutzen, 2002; Ehlers and Krafft, 2006; Steffen et al., 2011; Lewis and Maslin, 2015). Introduction of non-native species, pollution, landscape modification, climate change, and over-harvesting are some of the biggest offenders (Lande, 1998; Steffen et al., 2011; Newbold et al., 2015; Maxwell et al., 2016). While human activities can cause population declines via mortality and impaired reproduction, more cryptic disturbances to population sex ratios can be just as damaging to population viability (Wedekind, 2012; Boyle et al., 2014).

For decades scientists have issued warnings about sex ratio skews and the threat of extinction in species with environmental sex determination (ESD), like sea turtles (Janzen, 1994). However, there are myriad mechanisms that can lead to a skewed sex ratio, regardless of a species' mode of sex determination, and abnormally skewed sex ratios increase the threat of extinction in most species (Wedekind, 2012). Given that sex ratios are a linchpin of population dynamics (Hartl, 1988) and significantly affect evolutionary responses to changing environments (Hendry et al., 2017; Geffroy and Wedekind, 2020), it is imperative to place sex ratios at the center of conservation research.

We conducted a literature analysis to gauge the attention paid to anthropogenic disturbances to sex ratios, including the relative focus on different taxa and anthropogenic threats (Figures 1A–C). Below, we outline these findings within three conceptual frontiers. We address major knowledge gaps and highlight the contributions in this special issue that work to fill these gaps, with the goal of impelling additional sex ratio research in the Anthropocene.
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FIGURE 1
 Publishing trends from top tier journals (Science, Nature, Proceedings of the Royal Society: B, Proceedings of the National Academy of Sciences of the USA, and Current Biology) between 1991- and 2021 on anthropogenic disturbances to sex ratios or sex determination based on the Web of Science database. (A) The number of papers published annually on sex ratios or sex determination in a fundamental context (gray bars) versus. an applied context (black bars). Trend lines are 3-year moving averages on the percentage of sex ratio or sex determination papers each year that were fundamental (gray) versus applied (black). (B) The anthropogenic threats studied within the applied sex ratio or sex determination papers. (C) The taxa represented in the applied sex ratio or sex determination research. Because we were concerned that using the above journals might bias our results toward fundamental studies, we ran a second literature analysis using eight top-tier conservation journals. Research in these journals emphasized applied sex ratio or sex determination research, yet produced strikingly similar trends and publication biases (unpublished) to the above results.



Anthropogenic effects on sex determination and juvenile sex ratios

Research on anthropogenic sex ratio skews is dominated by reptiles with temperature-dependent sex determination (Figures 1B,C). While continued work in this area is needed—particularly to determine the number of males required for population viability (Heppell et al.)—we need to broaden the scope of this research to ensure other species vulnerable to skewed sex ratios are considered. For example, there are numerous species with other forms of ESD (Korpelainen, 1990) or with labile forms of genetic sex determination that may also be at risk of skewed sex ratios as a result of anthropogenic activities (Stelkens and Wedekind, 2010; Bókony et al., 2017).

Despite the wealth of research on sex allocation theory in birds and mammals (Trivers and Willard, 1973; Rosenfeld and Roberts, 2004), these taxa are underrepresented in sex ratio conservation research (Figure 1C). Family-level sex ratio skews in response to environmental and social conditions can occur in these species, despite possessing genetic sex determination. For example, in European starlings (Sturnus vulgaris), similarity in maternal and paternal glucocorticoids, a hormone that is often responsive to anthropogenic stressors, affects a pair's likelihood of successfully fledging sons (Kilgour et al.).

Research on indirect mechanisms of sex ratio skew, like sex-specific recruitment, rarely appeared in the literature analysis. Sex-specific differences in traits that influence recruitment (e.g., growth rates and body size) can alter male and female recruitment rates, and thus, adult sex ratios. For example, wild-born female brown trout (Salmo trutta) have higher growth rates and grow larger than males, while hatchery-born individuals exhibit the opposite relationship (Palejowski et al.), which could alter recruitment and sex ratios after introduction into the wild. These indirect avenues of sex ratio skew may be cryptic, yet important drivers of population persistence.



Anthropogenic effects on adult sex ratios

Anthropogenic threats can skew sex ratios through sex-specific adult mortality. Of these threats, selective harvest and habitat loss receive the most research attention (Figure 1B).

Selective harvesting like hunting, fishing, and poaching (and the associated bycatch) can bias sex ratios by disproportionately removing one sex, especially in dimorphic species with prized ornamentation (Ginsberg and Milner-Gulland, 1994; Clutton-Brock et al., 2002; Mysterud, 2011). However, selective harvest can also affect sex ratios in more nuanced ways. For example, in many female-first sex-changing grouper, naturally female-biased sex ratios are common. Fishing practices can disrupt this sex ratio bias, which can decrease spawning and, ultimately, fishery sustainability (Chong-Montenegro and Kindsvater).

In species where males and females have different habitats, home ranges, or dispersal patterns, landscape modification can disproportionately impact the survival of one sex (Conde et al., 2010; Bonal et al., 2015). Road mortality of nesting female turtles as a function of increasing urbanization (Steen and Gibbs, 2004) is one example that has received considerable attention. Conservation efforts should include sex-specific habitat and resource use and movement patterns to better understand potential sex-specific threats that could lead to skewed sex ratios.



Engineered sex ratios

Our literature survey revealed growing exploration of intentional sex ratio manipulation for conservation, accounting for 7% of the applied papers published, mostly in the last decade. Sex ratio engineering may be used to correct a sex bias in a dwindling population, control the spread of a vector-borne diseases, or mitigate invasive species (Compton and Tu). For example, mosquito sex ratios are being engineered to curb avian malaria in threatened Hawaiian birds (Samuel et al., 2011) and sex allocation theory is being hacked to enhance population growth in New Zealand's endangered kakapo (Clout et al., 2002). Even in populations with balanced sex ratios, enhancing the production of females, which are often the limiting sex, can boost population growth (Wedekind, 2002). However, care should be taken to balance the potential benefits of sex ratio engineering with risks like increased inbreeding and reduced genetic variance (Wedekind, 2002, 2012).



Conclusions

The effects of anthropogenic disturbances on sex ratios are rippling across plant and animal taxa, yet research on the topic is broadly lacking, taxonomically biased, and dominated by a single anthropogenic threat (Figures 1A–C). We challenge researchers to think beyond the strong climate change bias apparent in publishing trends (Figure 1B), and to also consider climate change as the context through which other anthropogenic effects are interpreted. Given that wild populations are often faced with multiple human stressors (e.g., climate change and pollution), it is crucial that we account for these interactions as we gauge impacts to sex ratios in the Anthropocene.
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