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Abstract
Multiple paternity (MP) increases offspring’s genetic variability, which could be linked to invasive species’ evolvability in novel distribution ranges. Shifts in MP can be adaptive, with greater MP in harsher/colder environments or towards the end of the reproductive season, but climate could also affect MP indirectly via its effect on reproductive life histories. We tested these hypotheses by genotyping N = 2,903 offspring from N = 306 broods of two closely related livebearing fishes, Gambusia holbrooki and Gambusia affinis. We sampled pregnant females across latitudinal gradients in their invasive ranges in Europe and China, and found more sires per brood and a greater reproductive skew towards northern sampling sites. Moreover, examining monthly sampling from two G. affinis populations, we found MP rates to vary across the reproductive season in a northern Chinese, but not in a southern Chinese population. While our results confirm an increase of MP in harsher/more unpredictable environments, path analysis indicated that, in both cases, the effects of climate are likely to be indirect, mediated by altered life histories. In both species, which rank amongst the 100 most invasive species worldwide, higher MP at the northern edge of their distribution likely increases their invasive potential and favours range expansions, especially in light of the predicted temperature increases due to global climate changes.
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Introduction
Invasive species are a global threat to biodiversity as well as ecosystem health and stability (Gallardo, Clavero, Sánchez, & Vilà, 2016; Mooney & Cleland, 2001; Ricciardi et al., 2017; Simberloff et al., 2013). They are one of the leading causes of extinction worldwide (Clavero & García-Berthou, 2005), and aquatic ecosystems are especially vulnerable (Gallardo et al., 2016). While fishes rank amongst the most threatened groups of aquatic animals (Gozlan, Britton, Cowx, & Copp, 2010) they are also amongst the most commonly introduced organisms, with 624 species reported to have become invasive due to fish farming, ornamental fish trade, and fisheries (Gozlan, 2008). Some species are more successful invaders than others, but our understanding of which traits increase invasion success is still limited (Catford et al., 2019). Besides r-selected life-history traits (Sakai et al., 2001), the ability to increase genetic diversity amongst offspring via multiple paternity (MP) has been suggested to explain invasion success of both invertebrate and vertebrate species (e.g., Miller et al., 2010; Yue et al., 2010).
MP can occur as a consequence of both male and female reproductive behaviour, such as male sexual harassment (Pizzari & Birkhead, 2000) and sexual coercion (Bisazza, Vaccari, & Pilastro, 2001; Kelly, Godin, & Wright, 1999), or active female solicitation of multiple mating (Jennions & Petrie, 2000). In the latter case, females may gain direct and indirect benefits from multiple copulations (Jennions & Petrie, 2000). For instance, by mating multiply, otherwise sperm-limited females can obtain sufficient sperm (Borowsky & Kallman, 1976). Alternatively, multiple mating can limit the negative effects of suboptimal mate choice (Hamilton, 1990) or directly increase the genetic quality of females’ offspring (Jennions & Petrie, 2000; Pitcher, Neff, Rodd, & Rowe, 2003), resulting in an increased offspring fitness (e.g. guppies, Poecilia reticulata, Evans & Magurran, 2001; Ojanguren, Evans, & Magurran, 2005). Lastly, females can mate multiply in order to increase the genetic variation of their offspring as a genetic bet-hedging strategy (Yasui, 2001). In this way females increase the likelihood that at least some of their offspring will be viable in unpredictable and/or unfavourable environments (García-González, Yasui, & Evans 2014; Mäkinen, Panova, & André, 2007; Simons, 2011; Zane, Nelson, Jones, & Avise, 1999). 
Several studies have shown that levels of MP are influenced—directly or indirectly—by multiple biotic and abiotic environmental factors. Depending on the mechanism underlying MP, levels of MP might either in- or decrease under adverse environmental conditions. For example, under high predation conditions, guppy males increase their rates of coercive mating (Godin, 1995) thereby increasing both the proportion of multiply-sired broods and the number of sires per brood (Kelly et al., 1999; Neff, Pitcher, & Ramnarine, 2008). Climate also influences MP, for instance in yellow-bellied marmots (Marmota flaviventris), where the proportion of multiply sired broods decreases in years with more snow coverage, simply because this decreases the chance for males and females to meet (Martin, Petelle, & Blumstein, 2014). Similarly, MP in sand lizards (Lacerta agilis) is lower in colder years (Olsson & Madsen, 2001; Olsson et al., 2011), and frequencies of extra pair paternity in birds increase in habitats characterized by high climate variability and low predictability (Botero & Rubinstein, 2012).
Here, we analysed how climate influences geographical and temporal variation of MP in two highly invasive species of mosquitofish: Gambusia holbrooki and Gambusia affinis (Poeciliidae). Both species are livebearers with internal fertilisation that are native to North America, and they are similar in their appearance, biology and general ecology (Pyke, 2005). Since the 1920s, they have been widely introduced as mosquito control agents (Benejam, Alcaraz, Sasal, Simon-Levert, & García-Berthou, 2009), with rare-to-non-existent effects on mosquitoes but mostly negative effects on other native species (Kottelat & Whitten, 1996). As a result, both species are considered to rank among the 100 most harmful invasive species worldwide (Lowe, Browne, Boudjelas, & De Poorter, 2000). Today, invasive G. holbrooki occur across Southern Europe, Australia, Northern and parts of Central Africa, whereas G. affinis is established across Asia, including mainland China (Welcomme, 1992).
Mosquitofish are characterised by highly seasonal reproductive behaviour: the reproductive season usually starts in mid-spring and lasts until mid-autumn (Pyke, 2005), and water temperature appears to be the most important driver of the reproductive cycle (Fraile et al., 1994). In both, G. affinis and G. holbrooki, females mate multiply and MP is commonly found in most broods (Zane et al., 1999). Unlike several other poeciliids, male Gambusia usually lack brightly coloured nuptial ornaments (Magurran, 2005; but see Martin, Riesch, Heinen-Kay, & Langerhans, 2014) and typically do not exhibit courtship, but rely on forced copulations, so-called “gonopodial thrusts” (Bisazza et al., 2001). Nevertheless, females have been shown to prefer bigger over smaller males (Chen et al., 2018) and groups of males over single males (Bisazza et al., 2001), suggesting that they may be able to bias paternity of their monthly broods.
We assessed levels of MP in European G. holbrooki and Chinese G. affinis across a latitudinal gradient. We further quantified monthly MP variation across the reproductive season in two Chinese populations, a southern and a northern one. We specifically tested two different hypotheses. We predicted that MP levels would be higher in harsher, more unpredictable environments (hypothesis 1), i.e. in northern populations of our geographical sampling, and towards the end of the reproductive season in our temporal sampling (Haynes & Cashner, 1995; Karlsson, Jonsson, & Jansson, 2005; Reznick, Schults, Morey, & Roff, 2006). In both cases, higher offspring quality (Evans & Magurran, 2001; Møller & Alatalo, 1999; Pilastro et al., 2007; Pitcher et al., 2003) and/or genetic diversity (Grapputo, Bisazza, & Pilastro, 2006) should be favoured by more unfavourable environmental conditions (Botero & Rubinstein, 2012). 
Nevertheless, multiple, potentially interacting and not always mutually-exclusive mechanisms have been shown to influence MP in livebearing fishes, and climate might therefore not have a direct influence on MP. A brief summary of these mechanisms—including mechanisms supporting our specific a priori hypotheses and additional explanations for variation in MP—are provided in Table 1. For example, number of sires per clutch usually increases as fecundity increases (Neff et al., 2008), and fecundity has been shown to increase towards northern populations in native G. holbrooki from the East Coast of the USA (Riesch et al., 2018). At the same time, increased male body size in northern populations could lead to a reduction of MP in those populations, as bigger males are able to monopolise access to females (Bisazza & Marin, 1991), and smaller males have higher efficiency in coercive copulation attempts due to their higher manoeuvrability (Pilastro et al., 1993). An additional level of complexity is introduced by potential geographic variation in demographic factors like adult sex ratios that may, for instance, affect the efficiency of alternative male mating strategies (Table 1 for an overview). Thus, population differences in MP could be due to spurious effects, indirectly mediated by climate through altered life-history traits or altered population demography (hypothesis 2). If indirect climate effects (via altered life histories and/or population demography) play a role here, several different scenarios are possible, including population-level and monthly differences in MP that do not always change predictably with climate or seasonal temperature patterns, respectively. It could even be possible that life histories or demographic factors have a stronger total influence on variation in MP than climate variation per se.

Materials and Methods
Ethical statement
The current study does not include experiments involving live animals. All experimental procedures were approved by the Animal Welfare commissioner at the Department of Animal Science of the College of Animal Science and Technology, Northwest A&F University and by the College Named Animal Care and Welfare Officer of the School of Biological Sciences, Royal Holloway University of London. All procedures were performed in accordance with relevant guidelines of China (Standards for the investigation of reservoir fishery resources, SL 167-2014) and the European Union (Directive 2010/63/EU). 

Sample collection and climatic data
Geographic sampling of G. holbrooki and G. affinis
We collected Gambusia holbrooki at 10 sites in Spain and Italy between July and August 2017 (Fig. 1a and Table S1a), across an 8.5° latitudinal gradient, and G. affinis at 11 sites in mainland China between April 2017 and April 2018 (Fig. 1b and Table S1b) across a 17.3° latitudinal gradient, in order to assess geographic variation in MP. In addition, we repeatedly sampled two Chinese populations, namely C2 – Ankang (May – Oct. 2016) and C11 – Beihai (Apr. – Sept. 2016; Table S1c) once per month during the reproductive season in order to further investigate how patterns of MP vary across the year. For our monthly sampling, we were able to additionally assess population densities using catch-per-unit-effort (CPUE; numbers of fish caught per one hour of catching; Richards & Schnute, 1992) and adult sex ratios (ASR; number of sexually-mature males divided by the number of mature females caught). All collection sites were stagnant or slow-flowing water bodies with dense riparian vegetation. Fish were captured using dip nets (2 mm mesh size), immediately euthanized with an overdose of clove oil, and then preserved in 96% ethanol for subsequent analyses.
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]We downloaded climatic data for our study sites (1970–2000) from WorldClim Version 2 (http://worldclim.org/version2) at 30 arc-seconds resolution (Fick & Hijmans, 2017). We extracted the following site-specific means: (1) annual temperature, (2) maximum temperature of the warmest month, (3) minimum temperature of the coldest month, (4) annual temperature difference (by subtracting the minimum monthly temperature from the maximum monthly temperature), and (5) annual precipitation. We obtained population-specific information on (6) altitude and (7) distance to the sea from Google Earth (http://earth.google.com/; Table S2; see Ouyang et al., 2018). We condensed all seven variables via principal component analysis (PCA) with Varimax rotation and retained three environmental principal components (EPCs) that described over 84% of the variance (Table S3a).

Monthly sampling in Ankang and Beihai
For Ankang and Beihai, we downloaded monthly temperature data (mean maximum and minimum temperatures, the maximum temperature of the warmest day and minimum temperature of the coldest day; http://www.tianqihoubao.com/lishi/) for the reproductive season of 2016. We then condensed these data using PCA and extracted one temperature PC that described over 77% of the variance (Table S3b-d). This PC, population density (CPUE) and adult sex ration (ASR), were used as covariates in subsequent analyses.

Assessing MP
In the laboratory, we measured female standard length (SL) to the nearest 0.01 millimetre using a digital calliper. We then opened the abdominal cavity and extracted all embryos (if present). We separated the embryos using forceps, determined their developmental stage following Riesch, Schlupp, Langerhans, and Plath (2011), and quantified fecundity as the number of developing embryos per female. In the assessment of MP, we only considered females harbouring embryos developed enough for the DNA extractions to work reliably (stage 20 or higher). We used a maximum of 10 individuals per sampling site (or monthly sampling), depending on the number of females meeting this criterion, with a minimum of 5 females for the Porto Cesareo population (see Table S5 for details).

Microsatellite analysis
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK21][bookmark: OLE_LINK22]We extracted genomic DNA from entire embryos and from females’ pectoral fin tissue using the Universal Genomic DNA Kit (CWBIO, Beijing, China). We genotyped females and their corresponding offspring using eight polymorphic nuclear microsatellite loci (multiplex PCR1: Gaaf22, Gafu2, Gafu3, Gafu4; multiplex PCR2: Gaaf7, Gaaf10, Gaaf13, Gafu7; Table S6; Purcell, Lance, Jones, & Stockwell, 2011; Spencer et al., 1999). Each multiplex PCR was performed in a total volume of 20 µL using 10 µL 2×Taq MasterMix (CWBIO, Beijing, China), 0.3–0.5 µL forward and reverse primers (10 μM) and 80–500 ng genomic template DNA. Thermocycling was conducted under the following cycling conditions: initial denaturation at 94°C for 2 min, followed by 35 cycles of 94°C for 30 s (denaturation), 60°C for 30 s (primer annealing), 72°C for 30 s (elongation), and a final elongation step at 72°C for 10 min. We scored fragment sizes using GeneMapper version 4.0 (Applied Biosystems, Foster City, CA) after electrophoresis on an ABI3730 sequencer, using Liz500 as the internal size standard. 

Quantifying patterns of MP
[bookmark: OLE_LINK23][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: x_OLE_LINK2][bookmark: x_OLE_LINK1]We calculated the polymorphic information content (PIC; Botstein, White, Skolnick, & Davis, 1980) and combined exclusion probabilities (Marshall, Slate, Kruuk, & Pemberton, 1998) for each population/month using CERVUS 3.0.7 (Kalinowski, Taper, & Marshall, 2007); descriptive statistics can be found in Supplementary Material 1. We estimated numbers of sires per clutch using COLONY version 2.0.6.4 (Jones & Wang, 2010; Wang, 2004). COLONY reconstructs sibship and estimates numbers of putative sires and parental genotypes, based on a likelihood method applied to multi-locus genotype data. Prior to paternity estimation, we checked data for nulls—caused by scoring error, null alleles, or mutation—by counting allelic mismatches between offspring and mothers (Girndt et al., 2012; Jones, Small, Paczolt, & Ratterman, 2010). The highest mismatching frequency detected was 0.05 in our Beihai population at locus Gafu4. We computed the reproductive skew among sires based on our COLONY results as described in Neff et al. (2008). Skew was summarised by first calculating the effective number of sires as 1/Σ(rsi/brood size)2; where rsi is the number of offspring assigned to sire i, and the summation is over all sires contributing to a brood. We then expressed the reproductive skew as 1 – (effective number of sires/actual number of sires) (Neff et al., 2008). In order to meet statistical assumptions of normality of residuals, we square root-transformed numbers of sires and fecundity, and arcsine(square root)-transformed reproductive skew. We subsequently z-transformed all variables to obtain unit-free variables with equal variance for all subsequent analyses. 

Assessment of life-history traits
We obtained population/monthly means of life-history traits for both our geographical and temporal samples using well-established protocols (Ouyang et al., 2018; Riesch, Easter, Layman, & Langerhans, 2015; Riesch et al., 2018). For the geographical sample, we used a subset of 19 populations (leaving out Baoding and Shenzhen for lack of mature/pregnant individuals). We thus dissected 132 male and 146 female G. holbrooki (5–29 individuals per site), as well as 196 male and 176 female G. affinis (9–30 individuals per site). For the temporal sample, we dissected 167 males and 123 females from Ankang (16–30 individuals per month), as well as 158 males and 145 females from Beihai (19–30 individuals per month; Table S7). Please note that these fish are different from the ones we used to quantify MP (see above), and thus so also provided us with a new (population-level) measure of fecundity. However, they were collected simultaneously with the females used for our quantification of MP.
We measured standard length (SL [mm]), lean weight [mg] and adult fat content [%] for males and females. We further determined male gonadosomatic index (GSI [%]; testis dry weight divided by the sum of testis and somatic dry weight) as well as female fecundity, embryo lean weight [mg], embryo fat content [%] and reproductive allocation (RA [%]; the dry weight of the developing embryos divided by the sum of the embryo and female somatic dry weight). In order to fulfil model assumptions of normality of residuals and to avoid scaling effects, we log10-transformed SL, lean weight and embryo lean weight, square-root transformed fecundity, and arcsine (square root) transformed fat content, RA and GSI, after which we z-transformed all variables.

Statistical analyses
Unless stated otherwise, all statistical analyses were performed using IBM SPSS Statistics 22.0 (IBM Inc., Chicago, IL, USA).

Geographic sampling of G. holbrooki and G. affinis
We investigated the potential involvement of climate in driving population differences in MP in our geographic sampling (confirmed by preliminary GLMs, see Table S8) by running separate general linear models (GLMs) for number of sires and reproductive skew. In both models, we used ‘species’ as a fixed factor, and the three environmental PCs and fecundity as covariates. Previous studies reported that patterns of MP in poeciliid fishes vary as a function of female fecundity (Neff et al., 2008; Zeng, Díez-del-Molino, Vidal, Vera, & García-Marín, 2017) and SL (Deaton, 2008; Herdman, Kelly, & Godin, 2004). In our analyses we only included fecundity, given the strong correlation between fecundity and SL (Pearson’s correlations; G. holbrooki: rP = 0.682, P < 0.001; G. affinis: rP = 0.730, P < 0.001). We initially included all two-way interaction terms between the fixed factor and covariates, but eliminated interaction term(s) from the final analysis if P > 0.1. We evaluated the relative importance of each term in the final model using partial eta squared (ηp2). 
We further tested the relative importance of direct and indirect effects of environmental factors and life histories on MP (given also the relatively low explanatory power of environmental PCs in the GLMs; Table 2), by employing maximum likelihood path analysis. For this, we used a subset of the total data for which population-level life-history data were available (all N = 10 G. holbrooki populations and N = 9 G. affinis populations). We first screened population-level life-history traits for potential allometric effects (i.e., significant correlations with SL) or dependency on ‘embryonic stage of development’ and used linear regressions to derive residuals in case of significant results. We thus corrected male and female lean weight as well as (population-level) fecundity for SL, and embryo lean weight, embryo fat content and RA for ‘embryonic stage of development’. Afterwards, we calculated site-specific means for each life-history trait and condensed the data via PCA, resulting in four life-history PCs (Table S4a). Using ‘species’ and our three original environmental PCs (see above) as exogenous variables and our newly derived four life-history PCs as well as our two measures of MP (residuals of number of sires and reproductive skew, corrected for female fecundity) as endogenous variables, we commenced path analysis using IBM SPSS Amos 21 (IBM Inc., Chicago, IL, USA). We first constructed the full model (i.e., paths from each higher-level node to each lower-level node), and then deleted paths with the smallest path coefficients (and P > 0.15) in a stepwise process until we arrived at a model with all path coefficients having P ≤ 0.05. This was coupled with an evaluation of model fit using Akaike’s Information Criterion for small sample size, AICc (Burnham & Anderson, 2002). In other words, the resulting final model comprised the most “important” paths. Models were checked for multicollinearity (average VIF < 3.7 in all cases), and direct and total path coefficients were calculated and tested for significance using 2,000 bootstrap resampling iterations. All path coefficients reflect standardized (partial) regression coefficients.

Monthly sampling in Ankang and Beihai
We asked whether differences in MP across the reproductive season in the Ankang and Beihai populations (confirmed in preliminary GLMs; Table S8) can be ascribed, at least in part, to climatic variation. To this end, we ran GLMs on numbers of sires and reproductive skew using ‘population’ as a fixed factor, and our temperature PC as well as fecundity as covariates.
Again, temporal patterns of MP were further evaluated via path analysis. In a first step we conducted PCA on population-specific means for life-history traits (if needed, corrected for SL and ‘embryonic stage of development’). This resulted in three life-history PCs (Table S4b). Model structure this time included the temperature PC, CPUE and ASR as exogenous variables, and our newly derived three life-history PCs as well as both measures of MP (corrected for female fecundity) as endogenous variables. Model selection then followed the procedure described above.

Results
Occurrence of MP in invasive mosquitofish
For summary statistics on the microsatellite markers (e.g., polymorphic information contents and exclusion probabilities for the second parent), please refer to Supplement 1. We found a high percentage of multiply sired broods in each of the tested populations (see Supplement 1, Table S9 for details).

Geographical variation in MP
GLM results on effects of climate and individual variation in female fecundity
Both numbers of sires and reproductive skew were significantly affected by ‘species’, fecundity and environmental PC1 (see Table 2 for GLM results and Table S4 for descriptive statistics). Moreover, numbers of sires were significantly affected by the interaction terms ‘species × environmental PC1’ and ‘species × fecundity’ (Table 2a). 
Congruent with our predictions, northern populations of both species had a higher number of sires per brood than southern ones (environmental PC1 effect; Fig. 2a; Fig. S1). Moreover, numbers of sires generally increased with increasing fecundity (Fig. 2e), and European G. holbrooki had, on average, more sires per brood than Chinese G. affinis (Fig. 2c). Finally, the relationships between environmental PC1 and numbers of sires (G. holbrooki: R2 = 0.216; G. affinis: R2 = 0.068) as well as between fecundity and numbers of sires (G. holbrooki: R2 = 0.119; G. affinis: R2 = 0.004) were stronger in G. holbrooki than in G. affinis (Fig. 2a, e).
European G. holbrooki also had higher levels of reproductive skew than Chinese G. affinis (Fig. 2d). Parallel to the pattern uncovered for numbers of sires, reproductive skew increased towards northern sites (i.e., along environmental PC1; Fig. 2b) and with female fecundity (Fig. 2f). We did not find significant effects of the interactions ‘species × environmental PC1’ and ‘species × fecundity’, suggesting that both species responded similarly to climatic variation and increased reproductive skew similarly with increasing body size/fecundity (Table 2b).

Path analysis including effects of climate and population-level life histories
We conducted path analysis to further examine whether the observed pattern of latitudinal variation in MP might reflect indirect climatic effects, mediated by altered life-history traits (assessed on the population level). The single best model identified by our path analysis included 19 out of 32 possible paths (Fig. 3), but similar to our GLMs, explanatory power for numbers of sires (R2 = 0.15) and reproductive skew (R2 = 0.22) was low, and model fit was also not particularly strong (GFI = 0.771; AICc = 544.629). In the model, all effects of climate on MP were indirect, and only a single direct path from an exogenous variable to a measure of MP (from ‘species’ to reproductive skew) was retained. The strongest indirect effects of climate on our measures of MP were the positive indirect effects of environmental PC2 onto both number of sires and reproductive skew, indicating that MP increased with increasing distance to the sea, higher annual precipitation and lower annual temperature differences; however, none of these showed consistent, overarching latitudinal patterns in both species. Moreover, these effects were indeed mediated by life-history responses, with relatively weak effects of life-history PC2 (positive) and life-history PC3 (negative) on reproductive skew, and a stronger positive effect of life-history PC4 on numbers of sires. This indicated that reproductive skew increased with increasing fecundity and female SL, as well as increasing male (GSI) and female (RA) investment into reproduction, but also with decreasing embryo lean weight. Similarly, numbers of sires increased with increasing embryo fat content. Even though several other indirect effects of climate on MP were relatively weak, they were nonetheless almost all significant (P ≤ 0.012)—the sole exception being the very weak effect of environmental PC3 on reproductive skew (P = 0.730; CI = -0.107–0.070)—while all paths were significant (P ≤ 0.045).

Temporal variation in MP
GLM results on effects of temperature and individual variation in female fecundity
In the analysis of variation in MP across the reproductive season in G. affinis from Ankang and Beihai we found that ‘population’, fecundity and ‘population × fecundity’ had significant effects on both estimates of MP (Table 2c, d). Contrary to the analysis of geographical variation and counter to what we predicted a priori (Table 1), however, we did not find any significant effect of temperature variation on MP (temperature PC; Table 2c, d). Overall, G. affinis from Beihai had higher levels of multiple paternity than those from Ankang (Fig. 4). 

Path analysis including temperature effects, population demography and life histories
Our path analysis on the temporal (i.e., Ankang and Beihai) dataset yielded a model in which one path each remained towards our measures of MP (GFI = 0.839, AICc = 228.417; Fig. 5). Explanatory power for numbers of sires (R2 = 0.026) and reproductive skew (R2 = 0.029) was extremely low, and all the standardized total effects of the temperature PC, ASR and CPUE on number of sires (0.067, 0.101 and -0.027, respectively) and reproductive skew (0.076, -0.035 and 0.086), were weak and were due to indirect effects via life histories, further suggesting that life-history differences are the main drivers of differences in MP (see Table 1). Nonetheless, the indirect effects of ASR (P = 0.041) and the temperature PC (P = 0.049) on reproductive skew were significant, while the other indirect effects on our measures of MP bordered significance (0.057 ≤ P ≤ 0.071). Similarly, almost all direct effects were significant (P ≤ 0.001 in all cases), with the exception of the effects of CPUE on life-history PC2 (P = 0.081), life-history PC2 on numbers of sires (P = 0.078) and life-history PC3 on reproductive skew (P = 0.069). The total effects of temperature on reproductive skew and numbers of sires were weakly positive, indicating that MP tended to increase with increasing temperatures. The total effects of CPUE (population density) on reproductive skew and number of sires were in opposing directions (i.e., negative for numbers of sires and positive for reproductive skew), indicating that numbers of sires decreased with increasing population densities, while reproductive skew increased with increasing population densities. Conversely, the total effects of ASR on reproductive skew and number of sires were also in opposing directions (i.e., positive for numbers of sires and negative for reproductive skew), indicating that numbers of sires increased while reproductive skew decreased with more female-biased sex ratios (Table 1). Regarding the effects of life histories, numbers of sires increased with increasing fecundity, but decreased with increasing embryo lean weight (effect of life-history PC2), while reproductive skew increased with increasing embryo fat content (effect of life-history PC3).

Discussion
Both numbers of sires per clutch and reproductive skew increased in northern populations of both species (unravelled using GLMs). At first sight, this result seems to provide support for direct climate-effects, for instance, via female solicitation of MP to increase genetic variation and/or quality of their offspring under harsh (northern) conditions (Table 1). However, path analysis suggested that climatic effects were mainly indirect, mediated by altered life-history traits, both latitude-dependent (Ouyang et al., 2018; Riesch et al., 2018) and -independent. Both types of analyses, however, received relatively low statistical support. In the following paragraphs, we will discuss the relative contributions of these effects. 

Geographical variation in MP
In the GLMs, MP increased along environmental PC1, which mainly describes variation in mean annual temperature and in minimum temperature of the coldest month across a north-south axis. These responses were slightly different in the two species, as European G. holbrooki had higher number of sires overall and a steeper response to latitudinal variation than Chinese G. affinis. Two, non-mutually exclusive factors can be invoked to explain these differences. First, the overall climate gradient between the northern- and southern-most populations we sampled in Europe is much steeper ( temperature of warmest month = 6ºC;  temperature of coldest month = 7ºC) compared to the climate gradient we sampled in China ( temperature of warmest month = 1ºC;  temperature of coldest month = 1ºC), even though Chinese populations were sampled across a much wider geographical range ( latitude, Europe = 8.53°, China = 17.3°). Second, we sampled European G. holbrooki in July/August, while Chinese G. affinis were sampled in April and June. Since reproduction in Gambusia is highly seasonal (Pyke, 2005), and the temporal analysis of MP revealed that, at least in some cases, MP varies across the reproductive season, temporal variation has to be considered as a possible confounding factor (Cockburn, Osmond, & Double 2008; Kasumovic, Bruce, Andrade, & Herberstein, 2008).
The higher levels of MP at higher latitudes broadly conform to our hypotheses and might suggest that active solicitation of multiple mating by females, but not male coercion, is responsible of this variation (Table 1). Indeed, increasing the number of different sires allows each female to increase the genetic variation within broods (Grapputo et al., 2006) and it could serve as a strategy against complete reproductive failure (García-González et al., 2014): by maximising the number of different offspring genotypes (and thus phenotypes), it increases the likelihood for each females that at least some of her offspring would be viable in an unpredictable environment (García-González et al., 2014; Mäkinen et al., 2007; Simons, 2011). Likewise, increased reproductive skew in northern populations could indicate higher levels of female-mediated sexual selection in these populations (Emlen & Oring, 1977), which could help females to mitigate the negative consequences of sexual harassment and to refine their mate choice (Hamilton, 1990; Pitcher et al., 2003), and produce higher-quality offspring (Ojanguren et al., 2005). The idea that female-mediated sexual selection (e.g., via cryptic female choice; Gasparini & Pilastro, 2011; Pilastro et al., 2007) increases towards northern population aligns with the results from another study on Chinese G. affinis, suggesting that male-mediated forms of sexual selection on certain phenotypic traits increase towards southern populations, where males have a modified armament of their gonopodium tips that may improve sperm transfer during coercive mating (Ouyang et al., 2018).
The results of our path analysis, however, highlighted the presence of latitude-independent effects, and how responses to climate are mostly indirect, mediated by life-history differences (for climatic effects on life histories see also Lancaster, Morrison, & Fitt, 2017; Ouyang et al., 2018; Riesch et al., 2018; Tökölyi, Schmidt, & Barta, 2014). The strongest effects of climate on our measures of MP were in fact the positive indirect effects of environmental PC2 onto both number of sires and reproductive skew, indicating that MP increased with increasing distance to the sea, higher annual precipitation and lower annual temperature differences. These patterns were either independent of latitude (distance to sea) or showed opposite patterns in G. holbrooki in Europe (higher annual precipitation and lower annual temperature differences in more northern populations) compared to G. affinis in China (lower annual precipitation and higher annual temperature differences in more northern populations). 
With respect to the effects mediated by life histories, the strong relationship between MP and female body size/fecundity—also confirmed on the individual level in this and in previous studies (Deaton, 2008; Herdman et al., 2004; Neff et al., 2008; Zeng et al., 2017)—is important as northern Gambusia populations tend to have a higher fecundity (Riesch et al., 2018). Greater female investment into reproduction (RA) was also associated with increased reproductive skew. This could potentially be a signal of cryptic female choice (Evans & Magurran, 2001; Gasparini & Pilastro, 2011; Magris et al., 2017; Pilastro et al., 2007) becoming more important in populations in which female investment into the current reproductive bout is greater, and thus the potential costs of producing offspring with suboptimal genotypes is likely to be greater as well. Lastly, we found that increasing male investment into reproduction (GSI) was associated with greater reproductive skew, which is congruent with the idea that MP is influenced by sperm competition intensity (e.g., Dean, Ardlie, & Nachman, 2006). 
Regarding the increased reproductive skew in northern populations, while it appears tempting to argue in favour of a stronger role for female mate choice (see above; Table 1), it seems likely that also in this case life-history effects are primarily responsible for the observed variation. Northern populations are subject to higher overwinter mortality than southern ones (Cheng et al., 2018), leading to lower population densities and female-biased sex ratios, at least at the beginning of the reproductive season (Zulian, Bisazza, & Marin, 1995). While mosquitofish males are, on average, larger at higher latitudes (Ouyang et al., 2018; Riesch et al., 2018), some males can achieve sexual maturity at particularly small body sizes under these conditions (Zulian et al., 1995; see also Borowski, 1978 for Xiphophorus variatus), and smaller males are more efficient in sneaky copulations, being more manoeuvrable and more difficult to spot by females (Pilastro, Giacomello, & Bisazza, 1997). 

Temporal variation in MP
When analysing temporal variation in MP, temperature differences failed to provide a strong explanation for the observed monthly variation across the reproductive season in our GLMs. However, in our path analysis (Fig. 5), a slightly more nuanced picture emerged.
[bookmark: _GoBack]In contrast to our a priori prediction of higher MP levels in colder months (similar to the pattern described for birds by Botero & Rubistein, 2012), temperature had a weak, positive effect on MP in our path analysis. However, all standardised effects of climate, adult sex ratio, and CPUE on MP were indirect and mediated by altered life histories, so that numbers of sires increased with increasing fecundity, but decreased with increasing embryo lean weight, while reproductive skew increased with increasing embryo fat content. This analysis further revealed that the effects of increasing population densities and female-biased adult sex ratios were opposite between number of sires—which decreased with increasing population densities and increased with more female-biased sex ratios—and reproductive skew, which increased with increasing population densities and decreased with more female-biased sex ratios. Both effects are further evidence that variation in sperm competition intensity drives parts of the variation in MP (see also Dean et al., 2006). Moreover, our results are congruent with previous studies on G. holbrooki reporting that populations with female-biased sex ratios are characterised by smaller males (Zulian et al., 1995) that have higher insemination efficiency in coercive copulations (Pilastro et al., 1997; Table 1). We further argue that operational sex ratios (OSR), which we could not assess in the course of this study, may be more meaningful indicators of sperm competition intensities. Alternatively, female Gambusia are known to store sperm for several months (Pyke, 2005), and—given the relative lack of males at the beginning of the reproductive season—this might have a greater effect in spring than later in the year (i.e. when population densities are lower). Similarly, previous studies in Gambusia have shown that males that matured at the end of the reproductive season are bigger than those that matured earlier in the year, and large-bodied males are preferred by females and are able to monopolise access to females (Bisazza & Marin, 1991; Pyke, 2005; Zulian, Bisazza, & Marin, 1993).
An unexpected result in our monthly sampling data was that throughout 2016, the more southern population (Beihai) had higher levels of MP than the more northern population (Ankang). Moreover, while patterns of MP fluctuated strongly from month to month in Ankang, they remained relatively similar across the reproductive season in Beihai. This is both contrary to the overall geographic trend in both China and Europe in 2017–18, as well as the actual results for both Ankang and Beihai from 2017. We cautiously argue that seasonal and yearly variation in temperature (and subsequently in life-history and demographic traits) might be responsible for such a shift; nevertheless, we cannot exclude that this result could again be influenced by seasonal variation, as the Ankang and Beihai populations were sampled during different months for our geographical analysis. This further supports the idea that differences in MP are—at least to a substantial extent—explained by indirect, not direct effects of climate and temperature.
Altogether then, no single selective agent received unanimous support as the main driver of MP across our different analyses. Thus, it appears as if patterns of MP in natural populations of invasive mosquitofish are the result of multiple selective forces that interact in a complex manner, and while there seem to be some overarching patterns (i.e., a general increase in MP with latitude), patterns are also to some degree specific to each species, and clearly differ from population to population. Moreover, the relatively low explanatory power of our models suggests that additional variables we did not quantify also contribute to patterns of MP. Likely candidates include additional sources of variation in sexual selection, such as predation (Kelly et al., 1999; Plath et al., 2019) or water pollution (xenestrogens: Díez-del-Molino et al., 2018), as well as several other environmental factors (see Table 1 for a breakdown of factors known to influence MP in poeciliid fishes). However, it is also possible that slightly different climatic variables (for the geographic study, for example, averages of the actual year of collection rather than multi-year averages) would have increased predictive power in our analyses. Finally, our argumentation hinges on the assumption that life-history traits influence patterns of MP, when some work has shown that causality could also be reversed. For example, higher rates of MP could result in higher fecundities (Noble, Keogh, & Whithing, 2013). Clearly, more work is needed to fully disentangle the main drivers of MP in natural populations.

Consequences for the invasiveness of Gambusia spp.
Independent of the mechanisms behind the observed patterns of geographic and temporal variation in MP, our results show that invasive Gambusia adjust levels of MP in response to both environmental/climatic and life-history/demographic factors. Along latitudinal gradients, the amount of MP increased with latitude. In both the native and the invasive distribution ranges, northward expansions of Gambusia are mainly limited by low temperatures (Benejam et al., 2009; Riesch et al., 2018), while southern populations have often reached some geographical barrier that prevents further range expansion towards the South (the Mediterranean Ocean and Gulf of Mexico/Atlantic Ocean for G. holbrooki in their invasive and native range, respectively, and the South China Sea for G. affinis in China). Thus, the greatest potential for future range expansion is along the northern distribution edges in both invasive ranges, and it is exactly here that both species of Gambusia show the highest levels of MP. Moreover, female Gambusia can store sperm for several months (Pyke, 2005), and a single mated poeciliid female is potentially sufficient to found a new, viable population (Deacon, Barbosa, & Magurran, 2014). Therefore, even though conflicting hypotheses on the mechanisms behind variation in MP (Table 1) could not be resolved unambiguously, our present study suggests that, in light of the predicted increases in temperature due to Global Climate Change (Carboni et al., 2017; Rojeli & Knutti, 2016), invasiveness and further northward range expansion will likely be boosted by the high levels of MP in northern populations of these species.
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Tables
Table 1
Summary of mechanisms that have been suggested to explain—directly or indirectly—MP variation. Our summary focusses on livebearing fishes (family Poeciliidae) and on our study species G. affinis and G. holbrooki in particular. Sires: numbers of sires per brood; skew: reproductive skew (unevenness in the paternity contribution of different males to a given brood). Geo: predicted effects on the geographical variation of MP; Temp: predicted effects on temporal variation of MP (hypothesis 1); LH: predicted direct effects of altered life-history traits on MP variation (hypothesis 2).
	Selective/
inducing agent
	Trait
	Effect
	References

	Male sexual coercion
	Sires
	▲ at increased population densities and male-biased sex ratios. Densities decrease in northern/colder populations. 
Geo.: ▼ in northern and/or colder populations.
Temp.: ▲ towards the end of the reproductive season (months with higher population densities).
	Head et al., 2017

	
	Skew
	▼ at increased population densities and male-biased sex ratios.
Geo.: ▲ in northern and/or colder populations.
Temp.: ▼ towards the end of the reproductive season (months with higher population densities).
	Emlen & Oring, 1977

	(Cryptic) female choice
	Sires
	▲ female choice in harsher, more unpredictable environments: females “trade up” and mate with increasingly attractive males.
Geo.: ▲ in northern and/or colder populations.
Temp.: ▲ towards the end of the reproductive season (colder months). 
	Evans & Magurran, 2001
Møller & Alatalo, 1999
Pilastro et al., 2007
Pitcher et al., 2003

	
	Skew
	Paternity biased towards the most attractive male(s) via cryptic female choice.
Geo.: ▲ in northern and /or colder populations.
Temp.: ▲ towards the end of the reproductive season (colder months).
	Evans et al., 2000

	Female choice (bet hedging)
	Sires
	▲ genetic variation of females’ offspring as an “insurance” against non-viable phenotypes in unpredictable environments.
Geo.: ▲ in northern and/or colder populations.
Temp.: ▲ towards the end of the reproductive season.
	García-González et al., 2014
Grapputo et al., 2006
Mäkinen et al., 2007
Simons, 2011
Yasui, 2001

	
	Skew
	Paternity evenly distributed across all sires in order to maximize offspring genetic variation.
Geo: ▼ in northern and/or colder populations.
Temp.: ▼ towards the end of the reproductive season.
	

	Male-male competition
	Sires & Skew
	Bigger males are able to monopolize access to females. 
LH: ▼ with increased SL (standard length).
Geo.: ▼ in northern and/or colder populations (where males achieve bigger body size).
Temp.: ▼ towards the end of the reproductive season (when males achieve bigger body size).
	Bisazza & Marin, 1991
Riesch et al. 2018

	Male insemination efficiency
	Sires & Skew
	Smaller males have higher insemination efficiency in coercive copulations, as they are more manoeuvrable and more difficult for the females to spot.
Geo.: ▼ (sires), ▲ (skew) in northern and/or colder populations (where males are bigger).
Temp.: ▼ (sires), ▲ (skew) towards the end of the reproductive season (when males are bigger).
	Pilastro et al., 1997
Pilastro et al., 2003

	Female fecundity (sampling error)
	Sires
	The ability to find multiply sired offspring in a randomly selected subset of embryos increases with fecundity.
LH: ▲ in females with higher fecundity.
	Neff et al., 2008

	Female fecundity
	Sires
	Previous studies have highlighted that the increase in number of sires with fecundity cannot be explained solely by sampling errors.
LH: ▲ in females with higher fecundity.
	Neff et al., 2008

	Other life-history effects
	Sires & Skew
	Mosquitofish life histories are affected by latitude-dependent and -independent environmental variation. 
Male and female body size, reproductive investment and female fecundity further vary across the reproductive season.
LH: strong influence of life histories on MP.
	Abney & Rakocinski, 2004
Ouyang et al., 2018
Riesch et al., 2018

	Sex ratio
	Sires
	▲ under male-biased sex ratio.
Temp.: ▲ towards the end of the reproductive season (when the sex ratio becomes male-biased).
	Head et al., 2017
Zulian et al., 1995

	Inbreeding
	Sires
	Inbred males have reduced multiple paternity shares, due to selection against inbred males.
In guppies, females cryptically prefer unrelated males (mediated by the ovarian fluid).
	Gasparini & Pilastro, 2011
Marsh et al., 2017
Vega-Trejo et al., 2017

	Predation
	Sires & Skew
	High predation: reduced female choice, increase of male coercive sexual behaviour, which increases MP.
Geo.: ▲ (sires), ▼ (skew) in high-predation populations
Temp.: ▲ (sires), ▼ (skew) in summer months, when predation is higher (e.g., by Diplonychus esakii on Chinese G. affinis).
	Neff et al., 2008
Ouyang et al., 2017

	Overwinter mortality
	Sires
	Lower overwinter mortality in bigger females, that have higher fecundity and attract a higher number of males.
Geo.: ▲ in northern/colder populations.
	Haynes, 1993
Reznick et al., 2006

	Number of sires
	Skew
	Positive correlation between sires and skew, as the number of sires per brood limits the upper value of reproductive skew. 
	theoretical consideration




Table 2
General linear models (GLM) on geographical variation in (a) numbers of sires and (b) reproductive skew in G. affinis and G. holbrooki, and temporal variation in (c) numbers of sires and (d) reproductive skew in G. affinis from Ankang and Beihai. Statistically significant effects are shown in bold. Non-significant interaction terms that were removed from the final model are shown in brackets.
	Dependent variable
	Effect
	d.f.
	F
	P
	Partial η2

	(a) Geographical variation:
Number of sires 
	Species
	1
	6.147
	0.014
	0.033

	
	Fecundity
	1
	19.436
	< 0.001
	0.098

	
	Environmental PC1
	1
	24.926
	< 0.001
	0.123

	
	Environmental PC2
	1
	1.171
	0.281
	0.007

	
	Environmental PC3
	1
	0.368
	0.545
	0.002

	
	Species × fecundity
	1
	4.403
	0.037
	0.024

	
	Species × environmental PC1
	1
	15.688
	< 0.001
	0.081

	
	[Species × environmental PC2]
	1
	0.070
	0.791
	< 0.001

	
	[Species × environmental PC3]
	1
	0.039
	0.843
	< 0.001

	
	Error
	178
	
	
	

	(b) Geographical variation:
Reproductive skew
	Species
	1
	4.616
	0.033
	0.025

	
	Fecundity
	1
	15.331
	< 0.001
	0.078

	
	Environmental PC1
	1
	4.936
	0.028
	0.027

	
	Environmental PC2
	1
	2.994
	0.085
	0.016

	
	Environmental PC3
	1
	0.431
	0.512
	0.002

	
	[Species × fecundity]
	1
	0.011
	0.916
	< 0.001

	
	[Species × environmental PC1]
	1
	0.737
	0.392
	0.004

	
	[Species × environmental PC2]
	1
	1.846
	0.176
	0.010

	
	[Species × environmental PC3]
	1
	0.159
	0.691
	0.001

	
	Error
	180
	
	
	

	(c) Temporal variation:
Number of sires
	Population
	1
	15.424
	< 0.001
	0.118

	
	Fecundity
	1
	10.974
	0.001
	0.087

	
	Temperature PC
	1
	0.849
	0.359
	0.007

	
	Population × fecundity
	1
	4.305
	0.040
	0.036

	
	[Population × temperature PC]
	1
	0.028
	0.868
	< 0.001

	
	Error
	115
	
	
	

	(d) Temporal variation:
Reproductive skew
	Population
	1
	8.965
	0.003
	0.072

	
	Fecundity
	1
	7.667
	0.007
	0.062

	
	Temperature PC
	1
	0.024
	0.877
	< 0.001

	
	[Population × fecundity]
	1
	0.581
	0.447
	0.005

	
	[Population × temperature PC]
	1
	0.092
	0.762
	0.001

	
	Error
	116
	
	
	





Figure legends
Figure 1
Sampling sites of (a) invasive G. holbrooki in Europe and (b) invasive G. affinis in mainland China (see Table S1 for details). The map was generated using ArcMap v 10.3.

Figure 2
Visualization of significant effects from our GLMs on geographic variation in multiple paternity. Depicted are (a, b) climate-, (c, d) species- and (e, f) fecundity-effects on variation in numbers of sires and reproductive skew (a, b, e, f: residuals; c, d: estimated marginal means, both corrected for all other covariates in the model). We present data split by the respective factor of interest in case of significant interaction effects (Table 2).

Figure 3
Best-fit structural equation model on the influence of environmental variables, species, and life histories on variation in multiple paternity in invasive mosquitofish from Europe and China. Numbers along arrows represent partial regression coefficients and arrow dimensions are proportional to the strength of the effect.

Figure 4
Visualization of significant effects from our GLMs on temporal variation in multiple paternity. (a, b) Monthly variation, (c, d) population- and (e, f) fecundity-effects on MP in G. affinis from Ankang (AK) and Beihai (BH). c, d: estimated marginal means, e, f: residuals, both corrected for all other covariates in the model. 

Figure 5
Best-fit structural equation model on the influence of climate, demography (population densities, estimated as catch-per-unit-effort, CPUE; adult sex ratios, ASR) and life histories on variation in multiple paternity in invasive G. affinis from Ankang and Beihai. Numbers along arrows represent partial regression coefficients and arrow dimensions are proportional to the strength of the effect.
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