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Abstract
Global changes in temperature potentially influence sexual selection by restricting opportunities for activity. However, explicit tests of the behavioural mechanisms linking thermal variation to mating and reproductive performance are rare. We address this gap in a temperate lizard by combining social network analysis with molecular pedigree reconstruction in a large-scale thermal manipulation experiment. Populations exposed to a more restrictive (cooler) thermal regime presented fewer high activity days compared to populations exposed to a warmer regime. While plasticity in thermal activity responses masked overall differences in activity levels, prolonged restriction nevertheless affected the timing and consistency of male-female interactions. Less active females in the cool thermal regime were significantly less likely to reproduce, which subsequently limited male mating. Surprisingly, this did not correspond to a heightened intensity of sexual selection or shifts in the targets of sexual selection. Thus, populations facing thermal activity restriction may possess limited potential for evolutionary response.  


Introduction:
[bookmark: _Hlk51329923]	Climate change is among the most urgent threats facing the persistence of natural populations (Pounds et al. 2006, Carpenter et al. 2008, Sinervo et al. 2010, Cahill et al. 2013, Pearson et al. 2014, Selwood et al. 2015, Pecl et al. 2017). A major objective of global change biology is to understand how variation in the physiological thresholds and compensatory strategies that will be directly influenced by climate change will affect the structure of biotic communities and determine species-specific extinction vulnerabilities (Deutsch et al. 2008, Somero 2010, Arribas et al. 2012, Cahill et al. 2013, Cochrane et al. 2015). However, there are also a myriad of indirect effects that global changes in the abiotic environment may exert on biological systems that could operate independently or synergistically with the above processes and alter ecological and evolutionary trajectories. One such avenue is through climate-mediated shifts in the opportunities, context, and nature of social interactions (Moss and While 2021). Such intra-individual interactions form the fundamental building blocks of animal mating and social systems, fluctuations in which can profoundly influence population demographic and evolutionary trajectories (Olsson et al. 2011b, García-Roa et al. 2020, Moss and While 2021). Despite this, we have a relatively poor understanding of how these effects play out in natural systems. 
	One way the thermal environment could mediate the frequency and nature of social interactions is by altering the distribution of breeding opportunities for individuals. Ectothermic species are particularly attuned to variation in the thermal environment, with  ambient temperature a direct regulator of the time available for activity (Adolph and Porter 1993, Kearney et al. 2009, Sinervo et al. 2010). Early models suggested that the tight temperature-activity relationship could be used to extrapolate performance of other costly metabolic functions, such as mating. Indeed, Sinervo et al. (2010) leveraged taxonomically calibrated thermal physiologies, together with simulated thermal conditions experienced during reproductive periods, to project alarming rates of population collapse among lizards under future warming trends. More recent applications of metabolic theory refute these predictions, emphasizing that plasticity associated with  microclimatic variation, behavioural thermoregulation, and seasonal compensation could likely overcome activity restriction (Kearney 2012, 2013, Fey et al. 2019). However, there have been surprisingly few empirical tests to verify the presumed mechanistic links between temperature, activity and reproductive rates. Furthermore, virtually no studies have explored the ramifications of these links for broader evolutionary processes such as natural and sexual selection. 
In this study, we address these knowledge gaps. Using large, seminatural enclosures, we quantify variation in activity, male and female encounter rates, and reproductive output in a temperate lizard (Liopholis whitii) exposed to two different thermal regimes than spanned the thermal conditions experienced by these lizards during the breeding season. Our aim was to test: a) how the thermal environment mediates activity rates; b) how the thermal environment in combination with activity influences the extent of male-female interactions and, ultimately, mating rates; and, c) the extent to which temperature-mediated shifts in behaviour and mating rates have downstream consequences for the opportunities and targets of sexual selection. 

Methods:
Study Population
Liopholis whitii is a medium sized (72–88 mm snout-to-vent length (SVL)) viviparous skink found across south-eastern Australia and Tasmania. It occurs in close association with rocky outcrops and excavates deep and complex burrow systems at the base of rocks and shrub vegetation. Breeding takes place annually in the austral spring (September–October), followed by a 3–4-month gestation period and parturition in the austral summer (January–February; While et al. 2009a). Liopholis whitii are sexually monomorphic and both sexes are highly territorial, which promotes long-term stable male-female associations as well as prolonged parent-offspring associations (While et al. 2009b, 2009a, Munch et al. 2018). Nevertheless, extra-pair fertilizations are relatively common and arise in approximately one third of all litters (While et al. 2009a).
 
 Animal Capture and Husbandry 
One hundred and twenty-eight lizards were captured from the southern edge of the species geographic range (Orford, Tasmania; 42°35'05.5"S 147°48'20.3"E). Adult individuals (SVL > 72 mm) were captured in August-September 2019 using the ‘mealworm fishing’ technique (While et al. 2009a). Lizards were then transported to the University of Tasmania in cool, damp cloth bags. Standard morphometrics (SVL, total length, head width, head length) were recorded for each individual and sex was determined via eversion of hemipenes. All individuals were toe-clipped for permanent identification. Lizards were housed individually in plastic terraria (30 x 60 x 40 cm) under 40W basking lamps on a 10:14-hour light/dark cycle and provided water and mealworms ad libitum. 

Field Enclosure Setup and Thermal Manipulation
We used eight large (16 x 8 m) semi-natural outdoor enclosures to simulate treatment groups with distinct thermal environments. Each of the eight enclosures contained an identical set of resources, which were evenly distributed to encourage dispersion. This included 10 high-quality ‘crevice sites,’ consisting of large wooden pallets filled with burrowing substrate (~100 L sand) and topped with cement bricks, eight supplementary basking sites, consisting of two cement bricks stacked on top of each other (Supporting Information A; Fig S1; Fig S2), as well as food and water. Partitions located down the center of each enclosure were fitted with 3 wide openings (dispersal gates) to allow lizards to move unhindered between opposite sides of the enclosures. Bird netting was secured over the entire facility to exclude predators. To generate the low and high thermal treatments, half of the enclosures were covered with 70% shade cloth (©GALE Pacific Commercial, Braeside, VIC, Australia). Temperature was recorded every 30 minutes for the duration of the experiment using Thermochron iButton temperature data loggers (©Maxim Integrated Products, Inc., San Jose, CA, U.S.A), which were deployed on bricks evenly throughout each enclosure (Fig S3). While considerable natural fluctuations in temperature occurred throughout the season (Fig S4), enclosures with shade cloth averaged 2.77 ± 1.30℃ cooler than the high thermal treatment (range = 0.59–5.35℃; Supporting Information B; Fig S4).

Behavioral Observations
At the commencement of the experiment, each enclosure was populated with eight male and eight female lizards to approximate natural population densities (G while, pers obs). Each individual was fitted with a numbered cloth sticker for identification. The exception to this was one unshaded enclosure (Enclosure 4), which was inadvertently populated with 9 females and 7 males (see Supporting Information C for verification that main results remain robust when excluding this enclosure). Animals were released into the enclosures over a staggered period between 15 and 23 September, corresponding to dates of capture. Males were released first, permitting time to establish home territories, followed by females 2–5 days later. Observations were carried out by two observers (JM, ZB) between the 25 September and 26 October 2019. This timeframe encompasses the observed mating season for L. whitii in the wild (Chapple and Scott Keogh 2006, While et al. 2009a) and thus, we expect to have captured the vast majority of opportunities for mating. Surveys were conducted throughout the day (0800–1700), with observers alternating between sets of enclosures each day and distributing time evenly between each enclosure. Positions (as grid coordinates) of each individual in an enclosure were recorded on a map along with the time observed. Potential for interaction was inferred based on the locations of individuals throughout the day, with unchanged positions more than an hour after initial observation recorded as new observations. In total we made 5,843 positional recordings for all the enclosures during this period. At the completion of the observation period, we recovered 58 males and 62 females (93.8%).


Quantifying Activity
Using the positional data overlaid on digital grids, we extracted multiple metrics corresponding to the number and distribution of individual observations over the course of each day. These included: i) number of times seen ii) number of times moved >1 m, iii) number of same-side pallet-switches, iv) number of side-switches, and v) number of pallets visited. To quantify and compare activity across days in relation to temperature, each of five daily counts was consolidated into a single, continuous score (henceforth, ‘daily activity’ score) via principal component analysis (see Supporting Information C for full details). To examine how individuals varied in the shapes of their thermal response curves, we employed multiple linear regression and extracted the slope and intercept for each individual following Martin et al. (2010) and Stamps et al. (2012). Daily activity scores were found to be significantly, albeit weakly, repeatable within individuals (R1,4127 = 0.080, p < 0.0001) – a result not unexpected given the large number of measurements taken over drastically variable thermal conditions. Therefore, overall scores were calculated by taking the mean of daily activity across all days of the experiment (henceforth, ‘individual activity’).

Social Network Analysis
	Male-female interactions were established on the basis of positional co-occurrence, which we defined using conservative thresholds of spatial (within 1 m) and temporal (within 1.5 hours) distance in the R package ‘spatsoc’ (Robitaille et al. 2019). Using a weighting approach that assigns strength to pairwise associations (equal to the number of interactions divided by total observations of one or both individuals), we then constructed social networks for individuals within each enclosure and derived multiple metrics corresponding to individual positions in the network (Farine 2013). These included the overall number and strength (sum of all intersex edge weights connected to a node) of intersex connections (Farine and Whitehead 2015), as well as the speed at which associations formed (inverse number of days before the interaction was first observed), the number of recurrent interactions with intersex partners, and the duration of associations (number of days between the initial and final observed interactions; Tang et al. 2009). Metrics were calculated for all possible edges (i.e., pairwise intersex associations) in each social network, with unobserved and onetime interactions coded using zeroes for recurrence and duration and the maximum time interval allowable (40 days) to denote the speed of edge formation and time between contacts. Nodewise metrics were derived by taking the mean of all nonzero edges.

Gestation and Birth
At the completion of the data collection period lizards were returned from the outdoor enclosures and housed individually in small outdoor tubs (1m diameter) in the zoology compound at the University of Tasmania for the remainder of the gestation period. Each tub contained sand as substrate, a water dish and a basking rock. Tubs were covered with nets, to exclude predators. Mealworms and water were provided ad libitum. Towards the end of female gestation, all females were returned to indoor laboratory housing conditions where they were housed individually in plastic terraria (30 x 60 x 30 cm) under 40W basking lamps until birth. The first birth took place on 29 January 2020, and subsequent offspring births within litters occurred asynchronously (over ± 3 days). Immediately upon birth, each offspring was measured and weighed, and a small portion of tail was taken and stored in 70% ethanol for DNA extraction. Mothers were weighed following each parturition event. All adults and offspring were released at the mother’s point of capture at the termination of the study.



Molecular and Parentage Analysis
Parental and offspring DNA was extracted from tail tips using ISOLATE II Genomic DNA Kit (©Bioline AgroSciences Ltd, London, U.K.) and protocols. To determine genetic parentage of offspring, we enlisted 7 highly polymorphic microsatellite markers optimized for L. whitii (Supporting Information D; Table S2). Target DNA regions were amplified following standard protocols for multiplex Polymerase Chain Reaction (Table S3). Microsatellite fragment analysis was carried out in the University of Tasmania Central Science Laboratory, and genotyping was performed using CEQ 8800 Genetic Analyser (©Beckman Coulter, Inc., Fullerton, CA, U.S.A). Paternity analysis was carried out using the software CERVUS 3.0 (©Field Genetics Ltd., London, U.K.). Eight candidate sires were specified for each offspring based on the mother’s enclosure of origin. Calculation of the confidence in the simulation of parentage analysis was performed using LOD Scores (natural logarithm of the combined likelihood ratio) with 80% ‘relaxed confidence’ and 95% ‘strict confidence’ (Marshall et al. 1998). LOD scores were used to identify the two most likely sires of each offspring and these were verified manually by eye. Five offspring (4%) could either not be matched to their mother or father or failed to amplify and were excluded from further analysis.

Statistical Analyses
All statistical analyses were carried out in R v 4.0.0 (R Core Development Team 2017). Unless otherwise stated, all model fitting and analysis was performed using linear mixed model (LMM) or generalised linear mixed model (GLMM) functions implemented in the package lme4 (Bates et al. 2015), followed by two-way ANOVA. As appropriate, all model structures included treatment and sex as main effects. Where other predictor variables were tested, we specified the interaction between main effect and treatment as a covariate. Date, ID nested within enclosure, and/or enclosure were included as random effects in all models unless stated otherwise. These model structures were used to explore: i) treatment-level differences in female and male reproductive parameters, ii) temperature-activity relationships; and iii) links between thermal treatment and social behavior. Further, we evaluated the opportunities and targets of sexual selection on males by comparing slopes of the Bateman gradient (i.e., the least-squares regression of mating success on fertilization success; Bateman 1948), partitioning sources of variance in mating and reproductive success, and testing the predictive value of morphometric and behavioral traits in linear regressions of relative (enclosure-level) reproductive success. For full details of statistical analyses and model structures, see Supporting Information E. 

[bookmark: _Hlk49933464]Results and Discussion
[bookmark: _Hlk49933547]Evidence for thermal activity restriction and compensation
According to biophysical models, the primary mechanism through which the thermal environment modulates ectothermic life history is by restricting activity times (Adolph and Porter 1993). However, this relationship can be complicated if preferred body temperatures are physiologically or behaviorally plastic (Gvoždík 2012). We found that while lizards were observed outside of their burrows within a broad range of mean daily temperatures (Fig 1A), broad-scale suppression of activity (in which more than half of the lizards in the enclosure were inactive) occurred over more days in the restrictive (low) thermal treatment (13 ± 1.14 days) than in the unrestrictive (high) thermal treatment (8.25 ± 3.59 days). Yet when individual activity was averaged across the whole season no significant differences between the low and high thermal treatment remained (χ22,126 = 0.005; p = 0.946). That is, mean individual activity levels were equivocal between treatments despite the fact that temperatures were 2–3℃ lower in the low thermal treatment compared to the high thermal treatment and that the number of active days overall was reduced. 
A closer examination of daily activity responses between the treatments provides an explanation for these effects. While daily activity scores were strongly correlated with mean daily temperature regardless of thermal environment (Table 1; Fig 1B), the magnitude of the response varied considerably between the treatments (Fig 1C and D). Specifically, while lizards in the high thermal treatment maintained significantly higher levels of baseline activity (thermal response intercepts; χ22,126 = 11.729; p = 0.0006; Fig 1E), lizards in the low thermal treatment showed significantly steeper thermal response slopes with dramatic increases in activity on warm days (χ22,126 = 6.462; p = 0.011; Fig 1F). These patterns are consistent with ‘temperature compensation’ (Hazel and Prosser 1974, Crockett and Sidell 1990), a phenomenon whereby short-term acclimation to cold thermal environments is met with steeper metabolic reaction norm slopes (Johnson and Bennett 1995, Terblanche et al. 2005, Lachenicht et al. 2010). After controlling for fluctuations in mean daily temperature, activity scores were significantly higher among individuals in the high thermal treatment compared to the low thermal treatment (Table 1). Combined, this suggests that while behavioural plasticity may compensate for 2–3°C lower temperatures in an absolute sense, it is limited in its capacity to broaden the time windows available for activity. Reconciling these contrasting short-term and long-term effects clarifies a key mechanistic gap in models to date – that the thermal environment may still limit opportunities for activity even when we account for behavioral compensation.











Table 1: ANOVA outputs of a two-part generalized mixed effects model of daily activity, in which activity was first modelled as a Bernoulli probability (Activity Probability) and then as a lognormal distribution applied to nonzero activity scores (Daily (Nonzero) Activity Score). Parameter estimates and standard errors (SE) are provided for fixed terms. Individual ID nested within Enclosure was specified as a random term in each model. 
	Term
	Activity Probability
	Daily (Nonzero) Activity Score

	
	Parameter Estimate
	SE
	χ24,4124
	p
	Parameter Estimate
	SE
	χ24,2331
	p

	Daily mean temperature
	0.380
	0.021
	456.330
	<0.0001
	0.178
	0.008
	545.117
	<0.0001

	Thermal regime
	2.767
	0.518
	2.403
	0.121
	1.693
	0.246
	6.059
	0.01

	Daily mean temperature x Thermal regime
	-0.186
	0.025
	55.281
	<0.0001
	-0.104
	0.010
	104.281
	<0.0001

	Sex
	0.031
	0.157
	0.039
	0.844
	0.597
	0.068
	76.281
	<0.0001

	Random Effect Variance
	ID:Enclosure
	0.629 ± 0.783
	ID:Enclosure
	0.091 ± 0.303

	
	Enclosure
	0.115 ± 0.334
	Enclosure
	0.031 ± 0.176



[image: ]Figure 1: Trends in mean activity overlaid on daily mean temperatures. The top panel depicts two components of temperature-dependent activity inferred from daily behavioural observations of lizards in semi-natural enclosures: (A) probabilities and (B) intensities. Days are partitioned into equally spaced bins by daily mean temperature, with axis tick labels specifying bin lower limits. To visualise intensity of activity, individuals were pooled according to treatment and day (because individuals in the same treatment experienced approximately equivalent mean daily temperatures) to arrive at mean values of daily activity. The points plotted depict the average for each temperature bin +/- one standard deviation. The middle panel depicts daily changes in activity in relation to daily temperature fluctuations experienced in the (C) high thermal treatment, and (D) low thermal treatment. Red and blue lines represent trends in daily mean temperatures in the high thermal and low thermal treatment, respectively. Shaded grey bars are drawn to the height of the mean daily change in activity across individuals within treatments. For ease of interpretation, activity scores depicted in the top and middle panels were standardized to means of zero and standard deviations of 1 within each individual, such that negative values represent below-average activity levels and positive values represent above-average activity levels. The bottom panel depicts individual thermal response curves estimated for lizards in the (E) high and (F) low thermal treatments. Plots depict lines-of-best-fit obtained via multiple linear regression analysis of daily activity scores on mean daily temperatures.


Activity patterns shape mate encounter frequencies
We next examined the consequences of the thermal regime and activity levels on male-female encounter rates using social network analysis. Mirroring temperature-activity relationships, differences in social interactions between the thermal treatments only emerged when examining day-to-day patterns. Specifically, while overall social connectivity of individuals did not differ between the two thermal regimes (strength of intersex associations: χ22,125 = 0.315; p = 0.575; number of intersex associations: χ22,125 = 0.218; p = 0.641), daily encounter rates were strongly linked to daily activity levels and exhibited more dramatic variation in response to daily activity in the low thermal treatment compared to the high thermal treatment (Table S4). Hence, subtle shifts in the nature of social interactions can clearly arise through temperature-mediated shifts in the distribution and frequency of suitable activity windows without observed effects on the structure of the networks overall. This inference is supported by strong effects of thermal regime on the timing of male-female associations (Fig 2). Not only did associations form significantly faster in the high thermal treatment compared to the low thermal treatment (χ22,108 = 21.757, p < 0.0001), they were also more recurrent (χ22,108 = 3.843, p = 0.050). These results complement temperature and activity trends, which illustrate later onset of suitable thermal conditions in the low thermal treatment followed by brief windows of intense activity.

[image: ]
Figure 2: Differences in the timing of male-female interactions between treatments, depicted as the cumulative density of male-female associations formed by experimental day in the high (gold) versus low (grey) thermal treatments. 


Thermal environment shapes population reproductive rates
Reproductive output differed dramatically between thermal regimes, with significantly more offspring resulting from populations in the high thermal treatment (17.5 ± 5.26) than in the low thermal treatment (10.75 ± 2.18; Table 2). This result is consistent with studies across lizards showing that spatial and temporal variation in the thermal environment can fundamentally shape population reproductive rates (Chamaillé-Jammes et al. 2006, Sinervo et al. 2010, Clarke and Zani 2012, Bestion et al. 2015). There were no differences in reproductive investment among females exposed to cool versus warm breeding season conditions, either in terms of litter size (χ22,38 = 0.004, p = 0.948) or mean offspring mass (χ21,106 = 0.834, p = 0.361). Rather, females in the high thermal treatment were almost twice as likely to reproduce (Prt=30 = 0.833; 95%CI = 0.653–0.944) compared to females in the low thermal treatment (Prt=31 = 0.484; 95%CI = 0.302–0.669; χ24,57 = 7.967, p = 0.005), suggesting that thermal opportunities during the mating period may have limited reproductive opportunities. While neither maternal size nor behaviour accounted for significant variation across treatments (SVL: χ21,61 = 2.226, p = 0.136; individual activity: χ21,61 = 0.120, p = 0.730), activity levels had significant within-treatment effects on individual reproductive probabilities. Specifically, higher activity scores enhanced reproductive probabilities in the low thermal treatment, but not the high thermal treatment (χ21,61 = 4.150, p = 0.042). In other words, reproductive opportunities for females in cooler thermal conditions hinge on their ability to remain active at low temperatures, implicating thermal activity restriction as a potentially key modulator of population reproductive rates across seasons. These findings are consistent with a recent study by Wang et al. (2017), which showed that viviparous lizards are likely to be particularly vulnerable to climate change not because they exhibit narrower thermal tolerance but because temperature tends to restrict activity more dramatically. 


Table 2: Summary reproductive parameters for the high and low thermal treatment. Litter sizes and birth dates are expressed as enclosure-level means +/- one standard deviation.
	Thermal Regime
	Enclosure
	Reproductive Output
	Litter Size
	Ranked Partuition Day
	Proportion Females Reproducing

	High
	1
	17
	2.43 ± 1.13
	8.33 ± 6.62
	0.858

	
	2
	25
	2.78 ± 1.20
	13.38 ± 7.46
	0.889

	
	3
	13
	1.86 ± 1.35
	10.80 ± 4.21
	0.714

	
	4
	15
	2.14 ± 1.34
	10.00 ± 4.84
	0.857

	Low
	1
	8
	1.00 ± 1.41
	9.00 ± 7.55
	0.375

	
	2
	12
	1.63 ± 1.84
	15.50 ± 7.14
	0.500

	
	3
	10
	1.25 ± 1.85
	11.33 ± 3.35
	0.500

	
	4
	13
	1.86 ± 1.77
	18.25 ± 6.18
	0.571




Social interactions predict genetic parentage 
Given the effects of thermal environment on individual activity, the nature of male female encounters, and female reproductive rates, we next explored the potential role for temperature in shaping the mating outcomes for males and females. That is, we asked whether altered social conditions experienced by lizards in the low thermal treatment – less frequent suitable windows for mate searching and reduced numbers of reproducing females – influenced the male and female strategies and paternity acquisition. We began by investigating which social parameters (if any) predicted individual shares of offspring produced (Table S5). The strength of intersex interactions was a significant predictor of shared offspring (χ21,499 = 34.836, p < 0.001) with the timing, frequency, and duration of intersex interactions also having significant positive effects (speed of edge formation: χ21,499 = 33.021, p < 0.001; no. recurrent interactions: χ21,499 = 27.152, p < 0.001; duration of association: χ21,499 = 26.207, p < 0.001). None of the social network parameters measured showed significant interactions with thermal treatment. In other words, pairs that formed strong and persistent associations early on were more likely to reproduce together, irrespective of thermal environment. 
Because male-female associations tended to form later and were less recurrent in the low thermal treatment, temperature arguably had potential to limit the frequency of mating. Indeed, work in other reptiles, as well as fish, mammals and crustaceans has shown that mating rates can vary across both spatial and temporal clines in temperature (Olsson et al. 2011b; Monteiro & Lyons 2012; Santos et al. 2018; Twiss et al 2017). We found limited evidence that thermal activity restriction curtailed mating frequencies among reproducing females in this study. Indeed, the probability of multiple paternity did not differ significantly between thermal treatments (high thermal treatment: Prt=25 = 0.261; 95%CI = 0.102–0.484; low thermal treatment: Prt=12 = 0.214; 95%CI = 0.046–0.508; χ24,33 = 0.083; p = 0.774) and female activity levels had no significant bearing on the probability of polyandry (χ24,33 = 0.112, p = 0.738; interaction χ24,33 = 0.172, p = 0.678). This result is interesting in light of the strong interactive effects of temperature and activity on absolute reproductive probabilities, as it suggests that females who remained active enough to be reproductive in the suboptimal thermal regime were not limited in terms of paternity acquisition. However, it is also important to note that multiple paternity levels in our study were low overall, and this may have limited our power to detect group differences in these strategies.
In contrast to females, male mating frequencies were strongly positively influenced by activity levels (χ23,59 = 11.664, p = 0.001) and marginally constrained by thermal treatment (χ23,59 = 3.280, p = 0.070). Moreover, there were clear carryover effects of female strategies on male strategies, with the number of reproducing females in an enclosure (i.e., the ratio of males to females available to mate; Emlen and Oring 1977, Ahnesjö et al. 2001) a significant predictor of male mating rates across treatments (χ21,59 = 5.218, p = 0.022). Among males that sired at least one offspring, the number of mates acquired relative to other males in the enclosure was by far the strongest extrinsic predictor of reproductive success (χ23,25 = 10.829, p = 0.001). This factor accounted for 60.5% of variance in the number of offspring sired, compared to only 18.1% for paternity share (χ23,25 = 9.511, p = 0.002) and 1.8% for mate fecundity (χ23,25 = 3.331, p = 0.069). Taken together, these patterns implicate precopulatory mate competition as a primary driver of variance in male reproductive success in this system (see also While et al. 2014). 

No differences in the opportunities for or strength of sexual selection despite restricted mate access
If reproductive opportunities for males depend primarily on access to females, and temperature appears to restrict access to mates (e.g., fewer suitable windows for male mate searching, skewed operational sex ratios due to activity suppression of females), then the intensity of sexual selection on males should differ between treatments. Indeed, male-biased sex ratios can promote the monopolization of available mates, either through female choice or male-male competition (Klug et al. 2010). Olsson et al. (2011a, 2011b) tested this prediction in a long-term study population of sand lizards and found that sexual selection was enhanced in years with more male-biased sex ratios, and that such patterns can arise independently of seasonal variation in multiple-paternity rates. In contrast to these studies, we found limited evidence that the thermal environment influenced the opportunity for sexual selection. First, estimates of the standardized variance in male reproductive success did not differ significantly between thermal regimes (low thermal treatment: 2.293 ± 1.199; high thermal treatment: 1.461 ± 0.758; t = 0.173, p = 0.293; Table 3). Second, the intensity of sexual selection, as estimated by the Bateman gradient, was strong, positive, and more-or-less equivocal between the low thermal treatment (βss = 2.684; 95%CI = 2.342–3.025) and the high thermal treatment (βss = 2.367; 95%CI = 2.050–2.686) (Treatment x Mating Success: χ23,59 = 2.435, p = 0.119; Fig S7). Combined, this implies that even when temperature mediates mating rates in expected directions, indirect links to higher-order processes (i.e., sexual selection) may be illusive or even antithetical. 

Table 3: Summary reproductive parameters for males in the high and the low thermal treatments, inferenced via pedigree reconstruction. Number of genetic mates and number of offspring are expressed as enclosure-level means +/- one standard deviation.
	Thermal Treatment
	Enclosure
	Mating Success 
(No. of Genetic Mates)
	Reproductive Success
(Total No. of Offspring)
	Standardized Variance in Reproductive Success

	High
	1
	1.250 ± 1.282
	2.125 ± 2.295
	1.021

	
	2
	1.333 ± 1.751
	4.000 ± 5.177
	1.395

	
	3
	0.875 ± 0.835
	1.750 ± 1.753
	0.878

	
	4
	0.750 ± 1.165
	1.625 ± 2.774
	2.550

	Low
	1
	0500 ± 0.535
	1.000 ± 1.195
	1.250

	
	2
	0.500 ± 1.069
	1.500 ± 3.207
	4.000

	
	3
	0.375 ± 0.518
	1.000 ± 1.414
	1.750

	
	4
	0.750 ± 0.886
	1.625 ± 2.256
	2.172


	

Measures of sexual selection based solely on variance in reproductive success can be misleading if selection gradients are not reported with respect to phenotypic traits (Klug et al. 2010). Indeed, while the thermal treatments may not differ in the opportunities for sexual selection, they could still differ in the targets of sexual selection. For example, in seed beetles (Stator limbatus), experimentally lowering the temperature at which scramble competition takes place leads to strong inverted selection on male body size, as smaller beetles are better able to recover heat quickly and mobilize for mate searching (Moya-Laraño et al. 2007). While studies of sexual selection in lizards tend to highlight traits such as body size, ornamentation, and bite force as central determinants of male fitness, in many lizards endurance rivalry (i.e., ability to remain active) plays a key role in male mating success (Keogh et al. 2012) and may become even more important under shifting thermal regimes. Based on the results of our standardized selection gradients, markers of male physical competitive ability were good predictors of relative reproductive success overall (SVL: F3,58 = 9.280, p = 0.003; Mass: F3,58 = 7.710, p = 0.007; Fig 3A) but the strength of selection on these traits did not differ between thermal regimes (SVL: F3,58 = 0.091, p = 0.764; Mass: F3,58 = 0.612, p = 0.437; Fig S8A). Further, consistent with the findings of Keogh et al. (2012), the average level of activity a male was able to maintain relative to conspecifics was a significant predictor of reproductive performance across thermal environments (mean activity level: F3,58 = 21.587, p < 0.0001). 

  [image: ]
Figure 3: Regressions of male relative reproductive success on A) standardized snout-vent length; and B) individual activity score. Shaded areas around the lines of best fit represent 95% confidence intervals.

While the slope of this relationship between activity score and relative reproductive success did not differ significantly between thermal treatments (F3,58 = 1.819, p = 0.183; Fig 3B); activity explained more than twice as much variance in relative reproductive success among males in the low thermal treatment (33.9%) compared to in the high thermal treatment (13.7%). If these results hold out under additional empirical scrutiny, it would support the prediction that traits showing thermal plasticity could play a key role in adaptive responses to climate change (Gvoždík 2012, Diamond 2017, Gilbert and Miles 2017, Sandoval-Castillo et al. 2020). Although many studies have attempted to test this prediction in the context of naturally selected traits (Logan et al. 2014, Kuyucu and Çağlar 2016, Gilbert and Miles 2017, Bacigalupe et al. 2018, Sauer et al. 2018), thermal performance traits have rarely been considered in the context of sexual selection (but see Moya-Laraño et al. 2007, Punzalan et al. 2008, Svensson et al. 2020). That individual activity was also found to be repeatable in our study across highly variable thermal conditions implies underlying genetic variation, which could potentiate an evolutionary response. As a result, sexual selection could represent a yet underappreciated mechanism for the evolution of thermal reaction norms within populations.

Conclusion
[bookmark: _Hlk52029457]Under current climate change projections, natural populations are expected to experience rapid shifts in biotic and abiotic conditions during critical life stages, including annual reproductive seasons. How organisms respond to these shifting environmental regimes has the potential not only to impact population demographic processes, but also to re-shape evolutionary trajectories. Our study has shown that the thermal environment acts as a significant natural constraint on mating systems, even after accounting for plastic compensatory capacities. This is because thermal constraints operate on multiple levels, and the response of one component can shape the response of the system as a whole. Here, thermal activity restriction strongly suppressed female reproduction, but had a limited effect on mating rates among females who did reproduce. As a result, population reproductive rates declined despite plasticity in thermal activity responses, which appeared sufficient even with limited windows of thermal suitability to overcome restrictions on mate access. Remarkably, dramatic shifts in sex ratios were not accompanied by shifts in the opportunities or targets of sexual selection on males; thus, the scope for rapid adaptation to proceed via selection on mating strategies appears narrow. Crucially, because the mechanisms responsible for these patterns are underpinned by fundamental biophysical properties, we argue that similar effects are likely to play out across ectotherms. We propose that implementing these approaches in future studies, in combination with data that quantifies variation in the strength, opportunity and targets of sexual selection across climatic gradients in the wild (e.g., Punzalan et al. 2014, Svensson et al. 2020), will help deepen our understanding of thermal effects on mating systems as well as our ability to interpret these in the context of a changing climate.  
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