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Highlights
· Mosquitofish (Gambusia holbrooki) invaded Europe less than 100 years ago
· Population genetics suggest a single introduction from the same source population
· Climate shapes phenotypic diversification across their European invasive range
· Common-garden rearing suggests a minor contribution of genetic evolution
· Plasticity of morphological and life-history responses was largely maintained

Abstract
One century after their introduction to Europe, eastern mosquitofish (Gambusia holbrooki) represent a natural experiment to determine the relative contributions of adaptive plasticity and rapid evolutionary change in creating large-scale geographic variation in phenotypes. We evaluated the population-genetic structure and invasion history based on allele length polymorphisms of 15 nuclear microsatellites, which we quantified for N = 660 individuals from 23 populations sampled in 2013 across the invasive range of G. holbrooki in Europe. We analysed body-shape and life-history variation in N = 1,331 individuals from 36 populations, sampled in 2013 and 2017, and tested heritability of phenotypic differences in a subset of four populations using a common-garden experiment. The genetic structure of wild-caught individuals suggested a single introduction for all European mosquitofish, which were genetically impoverished compared to their native counterparts. We found some convergent patterns of phenotypic divergence across native and invasive climatic gradients (e.g., increased body size in colder/more northern populations); however, several phenotypic responses were not consistent between sampling years, pointing towards plastic phenotypes. Our analysis of common-garden reared individuals uncovered moderate heritability estimates only for two measures of male body size (intraclass correlation coefficient, ICC = 0.628 and 0.556) and offspring fat content (ICC = 0.734), while suggesting high levels of plasticity in most other phenotypic traits (intraclass correlation coefficients, ICC ≤ 0.407). Our results highlight the importance of phenotypic plasticity in invasive species during range expansions and demonstrate that strong selective pressures—in this case towards increased body size in colder environments—simultaneously promote rapid evolutionary divergence.
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1 Introduction
The colonization of new environments has important ecological and evolutionary consequences (Phillips et al., 2010). Following range expansions, species often encounter novel environmental conditions (Marques et al., 2018) to which they must rapidly respond to avoid local extinction (Reznick and Ghalambor, 2001). Organisms can respond to environmental variation either through phenotypic plasticity (Ghalambor et al., 2007; Lande, 2015)—i.e. the ability to alter their phenotypes with unchanged genotypes (West-Eberhard, 2003)—or rapid evolutionary change (Reznick et al., 2019). In several cases, our knowledge of the mechanisms underlying phenotypic variation remains limited (Kruuk et al., 2003), as it can be difficult to distinguish between plastic responses and rapid evolutionary change (Merilä and Hendry, 2014). Moreover, phenotypic plasticity can influence rates of evolutionary change, either promoting or retarding genetic evolution (Levis and Pfennig, 2016; Fox et al., 2019), and also the level of phenotypic plasticity itself (i.e., reaction norms) can be differently selected for (DeWitt and Schneider, 2004). 
Invasive species provide unplanned ‘natural experiments’ on environmentally-induced phenotypic diversification (Mooney and Cleland, 2001; Sax et al., 2007; Whitney and Glaber, 2008; Bock et al., 2015; Colautti and Lau, 2015; Jourdan et al., 2019) and may provide invaluable insights into the relative contributions of plasticity and contemporary evolution following the colonization of new environments (Hendry, 2015). Biological invasions often occur over large temporal and geographical scales, sometimes spanning entire continents (Rice and Sax, 2005). They allow comparisons between native and invasive ranges, or between replicated invasion events (Colautti et al., 2009; Kelly, 2019). Moreover, if the location and timing of an invasion event is known (e.g., Beckenbach and Prevosti, 1986; Rosecchi et al., 2001; Bucharova and Van Kleunen, 2009), rates of phenotypic diversification can be quantified (Sax et al., 2007; Reznick et al., 2019). 
The importance of phenotypic plasticity for creating phenotypic variation has been demonstrated in invasive plants [e.g., Taraxacum officinalis, Molina-Montenegro and Naya, 2012; alligator weed (Alternanthera philoxeroides), Geng et al., 2007; see also Richards et al., 2006; Davison et al., 2011] as well as in invertebrates (springtails, Chown et al., 2007; Daphnia limholtzi, Dzialowski et al., 2003; Littorina obtusata, Trussell and Smith, 2000), fish (Gobio gobio and Pseudorasbora parva, Rosecchi et al., 2001), and birds (Duncan et al., 2003). On the other hand, an increasing number of studies identified examples of adaptive evolution taking place within a few generations after introduction (Mooney and Cleland, 2001; Barrett et al., 2008; Dlugosh and Parker, 2008; Prentis et al., 2008; Suarez and Tsutsui, 2008; Reznick et al., 2019). For example, in the 20 years following the introduction of Drosophila subobscura from Europe to both North and South America (described as “a grand experiment in evolution” by Ayala et al., 1989), an adaptive cline in wing size was observed, similar to what had been described for the species’ native distribution range (Huey et al., 2000; Gilchrist et al., 2004). Likewise, Johnston and Selander (1971) reported the evolution of a body size cline in invasive house sparrows (Passer domesticus) from a large geographical range in North America similar to the cline observed in the species’ native range. Finally, within only 10-14 years following their introduction to several Caribbean islands, Anolis lizards evolved morphological adaptations to their new environments (Losos et al., 1997). 
Here, we used the invasion of eastern mosquitofish (Gambusia holbrooki) across Europe to study the mechanisms underlying phenotypic differentiation over large geographic scales (> 2,000 km). These small fish of the poeciliid family are native to the United States of America (Pyke, 2005) but were introduced to Spain and Italy during the 1920s for mosquito control (Grapputo et al., 2006)—with varying degrees of efficacy (Kottelat and Whitten, 1996; Pyke, 2008; Azevedo-Santos et al., 2017)—and successfully colonised a wide range of environments. Mosquitofish are now widespread and common in Europe, ranging as far north as central France (Pyke, 2005; Grapputo et al., 2006; Benejam et al., 2009). In their native range along the East Coast of the USA, mosquitofish exhibit latitudinal (climatic) clines, with larger body size, greater reproductive investment, smaller offspring and shallower bodies coupled with smaller heads in northern and colder climates compared to southern/warmer ones (Riesch et al., 2018). Phenotypic divergence due to environmental variation has also been observed in invasive Gambusia affinis from China (Ouyang et al., 2018), and G. holbrooki from Europe; albeit in the latter case, fish were sampled across a relatively small geographical area within their invasive range (Benejam et al., 2009). In the closely related G. affinis, Stockwell and Weeks (1999) found that rapid evolution of life-history traits occurred within 55-58 years after the founding of four populations in the USA. However, it is currently not known whether, across their invasive range, geographic variation in mosquitofish phenotypes is driven by (a) phenotypic plasticity or (b) rapid local adaptation (or a combination of both). Alternatively, (c) phenotypic variation may be a consequence of multiple introductions of phenotypically diverse fish from multiple source populations across their native range (but see Vidal et al., 2010; Sanz et al., 2013).
We sampled G. holbrooki across their invasive range in France, Italy and Spain and used population genetic methods to investigate the genetic structure of invasive populations and their invasion history. Furthermore, we analysed body-shape and life-history differentiation between wild-caught individuals from 36 different populations. We estimated broad-sense trait heritability in a subset of four populations that were raised under common-garden laboratory conditions for two generations. We aimed to answer the following questions: (1) What is the population genetic structure of European mosquitofish, and does it suggest a single or multiple introductions? (2) What is the extent of body-shape and life-history variation across the species’ invasive range in Europe? (3) Which environmental factors (including climatic variation and habitat-specific environmental parameters) are associated with the observed patterns? (4) Are phenotypic differences due to plasticity alone or do they also have a genetic basis? 

2 Materials and methods
2.1 Sampling sites and environmental parameters
We sampled Gambusia holbrooki from 36 independent populations across Italy in May 2013, Spain and France in September 2013, and Italy and Spain in July/August 2017; in addition, four of these populations were samples in both years to provide a direct measure of temporal variation (Fig. 1; Table S1). All fish were sampled using hand-held dip nets, immediately euthanized using clove oil, and preserved in 70% ethanol for subsequent analyses. At each sampling location, we measured water temperature [ºC], dissolved oxygen [mg L-1] and conductivity [µS cm-1] using a Hach Rugger DO/pH/Conductivity Field Kit (Hach, Loveland, Colorado, USA) and recorded latitude and longitude using a Garmin GPSMAP 64s (Garmin Ltd., Olathe, Kansas, USA).
We downloaded maximum, minimum and mean daily temperature and rainfall for each sampling site from the ECA&D database (http://www.ecad.eu), at a resolution of 0.1 degrees latitude/longitude. For our analyses, we used averaged values across 120 days (the day of sampling plus the preceding 119 days), in order to account for seasonal and yearly environmental variation (Table S1). The average interbrood interval in this species is approximately 30 days (Pyke, 2005), and so a period of 120 days should have captured the environmental conditions experienced during up to three preceding reproductive bouts. We further measured distance from the sea [m] for each population using Google Maps (http://www.google.com/maps).
We condensed environmental data and population-specific environmental parameters via principal component analysis (PCA) with Varimax rotation, from which we obtained 3 PCs with eigenvalues > 1.0 that accounted for 74.28% of the overall variation (Table S2); these were used as explanatory environmental variables in all subsequent analyses (hereafter named EPC1-3).

2.2 Population genetic analyses
We amplified nuclear microsatellites and conducted population genetic analyses to determine the genetic structure among 23 G. holbrooki populations in Europe. We extracted DNA from N = 660 ethanol-preserved tissue samples using the NucleoSpin Tissue Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s recommendations. We used primer pairs established for G. affinis (Spencer et al., 1999; Purcell et al., 2011) and G. holbrooki (Zane et al., 1999), which were arranged in three separate multiplex reactions (reaction 1: Gaaf10, Gaaf11, Gaaf13, Gafµ3; reaction 2: Gaaf7, Gaaf9, Gaaf15, Gaaf16, Gaaf22, Gafµ2, Gafµ6; reaction 3: Gafµ1, Gafµ4, Gafµ7, Mf-13) and amplified using the Type-it Microsatellite PCR kit (Qiagen, Hilden, Germany) under thermocycling conditions as follows: initial denaturation for 5:00 min at 95°C, 30 cycles of 1:30 min at 60°C, and 0:30 min at 72°C, followed by a final extension step for 30:00 min at 60°C. Each 5 µL reaction mix included 2.5 µL Type-it master mix, 0.4 µL primer mix, 0.4 µL Q-solution, 0.9 µL RNAse-free water, and 0.8 µL template DNA. Fragment sizes were scored manually after electrophoresis on a Beckman Coulter capillary sequencer CEQ 2000, using an internal size standard (Beckman Coulter, Brea, CA, USA). 

2.3 Body-shape analysis 
We analysed body-shape variation using geometric morphometrics (Rohlf and Marcus, 1993; Zelditch et al., 2012) on 1,331 wild-caught individuals (620 sexually mature males and 711 pregnant females). In the laboratory, we took standardised photographs of the left body side of each individual using a Canon EOS 400D DSLR camera with a 50 mm macro lens (Canon Inc., Tokyo, Japan) mounted on a copy stand. Photos were collated using tpsUtil32 Version 1.70 (Rohlf, 2016a), and one of us (F.S.) added 15 landmarks to each photo using tpsDig232 Version 2.26 (Rohlf, 2016b): (1) tip of the upper lip, (2) posterior end of the head, (3) anterior and (4) posterior insertion of the dorsal fin, (5) top, (6) middle and (7) bottom of the caudal peduncle, (8) posterior and (9) anterior insertion of the anal fin, (10) where the ventral end of the operculum meets the body, (11) anterior margin of the eye orbit, (12) centre of the eye, (13) posterior margin of the eye orbit, (14) dorsal and (15) ventral insertion of the pectoral fin, following Jourdan et al. (2016). We corrected for bending (which happened to some individuals during preservation) by using the “unbend specimen” function in tpsUtil32; the program uses quadratic regression to correct the bending effects. To that end, two temporary landmarks were added along the lateral line of the fish, and were subsequently removed again (Ouyang et al., 2018). 
Using tpsRelW32 Version 2.26 (Rohlf, 2016c), we performed a relative warps analysis (Zelditch et al., 2012) on wild-caught fish, from which we obtained 3 relative warps (RWs) that described 91.2% of the total body-shape variation. Visual representation using thin-plate splines showed that RW1 mainly described differences between males and females, while RW2 and RW3 mainly described differences in body depth and head size (Fig. S3). These RWs were used as shape variables for all subsequent analyses on wild-caught fish (Table S5). Centroid size (the sum of the quadratic distances of each landmark from their centroid) was used as a covariate to control for body-size effects.
We conducted a second relative warps analysis on 145 (65 males and 80 females) wild-caught and 116 (59 males and 57 females) laboratory-reared (F2) individuals from four populations (see section on common-garden rearing below) and again retained 3 RWs that described 92.8% of the body-shape variation. Similar to our previous analysis, RW1 mainly described differences due to sexual dimorphism, RW2 mainly described differences in head size, and RW3 differences in body and caudal-peduncle depth (Fig. S7). We used these RWs in subsequent analyses to address the (broad-sense) heritability of population variation in body shape.

2.4 Life-history analysis 
Following well established life-history protocols (Reznick and Endler, 1982; Riesch et al., 2016), we dissected the fish in order to quantify the following traits: male and female standard length (SL [mm]), dry weight [mg], lean weight [mg] (dry weight after fat extraction) and fat content [% of dry weight], male gonadosomatic index (GSI [%]; testis dry weight divided by the sum of somatic and testis dry weight), female fecundity (number of developing embryos) and reproductive allocation (RA [%]; total offspring dry weight divided by the sum of maternal somatic and total offspring dry weight), offspring dry weight [mg], offspring lean weight [mg], and offspring fat content [%] (Table S6, S7). We further assessed the developmental stage of each embryo following Riesch et al. (2011), with embryonic stages ranging from 2 (fertilized oocyte with blastodisc present) to 50 (embryo ready to be born).
In order to meet statistical assumptions of normality of residuals, we log10-transformed (SL, adult and offspring lean weight), square root-transformed (fecundity), or arcsine(square root)-transformed (GSI, RA, adult and embryo fat content) all life-history variables. We then z-transformed all variables to obtain unit-free variables with equal variance for all subsequent analyses.

2.5 Common-garden rearing
To examine whether phenotypic divergence between populations is the result of phenotypic plasticity or based on evolved (genetic) differences, we also evaluated fish from a population-level common garden-rearing experiment. Laboratory stocks were available from four populations sampled in 2013, three from Italy (Torre Castiglione, Comacchio and Lago di Garda), and one from Spain (Zadorra; see Table S1 for details). All stocks were founded by dozens of individuals each in May 2013 (Italy) and August 2013 (Spain), and maintained as randomly outbred populations in 200-L tanks in the temperature-controlled Animal Facility of the University of Frankfurt (two tanks per population). All stocks were exposed to identical environmental conditions (i.e. 12:12 h light:dark cycle, constant 24ºC water temperature). Fish were fed twice daily with commercial flake food (TetraMin® Tetra GmbH), frozen chironomid larvae, bosmids and Artemia salina shrimps. In order to separate different generations and to avoid cannibalistic behavior, we introduced single pregnant females into a net cage (20 × 35 × 30 cm; 5 mm mesh size), placed in the upper portion of individual 60-L tanks. Neonates were collected daily and transferred to new 200-L tanks. Random samples of mature males and pregnant females of the second laboratory generation (F2) were collected in December 2014.

2.6 Statistical analyses
Unless stated otherwise, statistical analyses were conducted using IBM® SPSS® Statistics for Macintosh v.21 (2012), and IBM® SPSS® Statistics for Windows v.22 (2013; IBM Corp., Armonk, NY).

2.6.1 Population genetic structure
We reanalysed and included microsatellite data from a previous US American sampling (see Riesch et al., 2018). We used the software STRUCTURE 2.3.4104 to calculate individual assignment probabilities (Q-values) to varying numbers of genetically distinct clusters (K). For each value of K = 1–25, ten iterations were run using the admixture model with a burn-in period of 20,000 generations, followed by a sampling phase of 50,000 iterations. We detected the uppermost level of population differentiation with the method presented by Evanno et al. (2005) using the web-based tool STRUCTURE HARVESTER 0.6.93105. Moreover, we constructed a neighbour-joining tree based on Nei’s DA distances (Nei et al., 1983) with 1,000 bootstrap iterations using the web-version of POPTREE (Takezaki et al., 2014) to infer phylogeographic relationships among native (North American) and invasive (European) populations. Results from additional population genetic analyses are presented in Supplementary Material 2.

2.6.2 Phenotypic variation among populations (wild-caught specimens)
We initially screened our data for differences in life history and body shape between populations, genetic clusters, and years. To that end, we ran three general linear models on body shape, and male and female life histories, respectively. In the GLM on body shape variation, we used RW1–3 as dependent variables, ‘sex’, ‘year’, ‘cluster’ (derived from our analysis using STRUCTURE, Fig. 2b), and ‘population-nested-within-cluster’ [henceforth ‘population(cluster)’] as factors, and ‘centroid size’ as a covariate. In the GLM on male life-history traits, we used ‘year’, ‘cluster’, and ‘population(cluster)’ as factors, and ‘SL’ as covariate. We used a similar model structure to analyse female life histories, but added ‘embryonic stage of development’ as an additional covariate. In all analyses, we first included all two-way interactions but removed terms with P > 0.1 from the final models. We approximated F-ratios using Wilks’ Lambda and estimated effect sizes using partial η2. After confirming significant population differences (Table S8), we proceeded to investigate the effects of climate and environmental parameters on phenotypic variation. To that end, we substituted the factors ‘cluster’ and ‘population(cluster)’ in each subsequent model with the covariates ‘EPC1–3’.
We firstly analysed body-size variation using an ANCOVA with SL as the dependent variable, ‘year’ and ‘sex’ as factors, as well as ‘EPC1–3’ as covariates. We then analysed body-shape, and male and female life-history variation by again running three separate GLMs. In the GLM on body shape, we used RW1–3 as dependent variables, ‘sex’ and ‘year’ as factors, and ‘EPC1–3’ and ’centroid size’ as covariates. In the GLM on male life-history traits, we used ‘year’ as factor, and ‘EPC1–3’ as well as ‘SL’ as covariates, and in the GLM on female life-history traits, we used ‘year’ as factor, and ‘EPC1–3’, ‘SL’, as well as ‘embryonic stage of development’ as covariates. Again, we first included all two-way interactions but removed terms with P > 0.1 from the final models. In the main article, we focus on the most important effects of climate-dependent and -independent phenotypic diversity, and we report all other effects in Online Supplements 3 and 4.

2.6.3 Comparison of wild-caught vs. laboratory-raised specimens
We analysed variation in body shape using MANCOVA with ‘sex’, ‘population’ (four levels), and ‘generation’ (two levels: wild-caught vs. F2 laboratory-raised) as factors, and centroid size as a covariate. In this and in subsequent models, significant effects of ‘population’ would indicate that some degree of population-level phenotypic differences was retained in laboratory-reared individuals.
For life-history traits, we first analysed variation in SL using an ANOVA with ‘sex’, ‘population’, and ‘generation’ as factors. We then ran two sex-specific MANCOVAs on the remaining life-history traits, coding ‘population’ and ‘generation’ as factors. In the model on male life histories, SL served as a covariate, while in the model on female life histories, SL and ‘embryonic stage of development’ served as covariates. Again, the initial models included all possible interactions between factors and covariates, but interactions were removed from the final models if P > 0.1.
To obtain a more direct measure of the repeatability of population differences (i.e., broad sense heritability), we calculated intraclass correlation coefficients (ICCs) for all RWs and life-history traits separately using estimated marginal means from the abovementioned models (i.e., correcting for the influence of centroid size, SL and/or embryonic stage of development; Riesch et al., 2013; Eifert et al., 2015). Usually, ICC-values will range from 0 to 1, with values below 0.50 suggesting poor repeatability, 0.50–0.75 moderate repeatability, 0.75–0.90 good repeatability, and values above 0.90 suggesting excellent repeatability (e.g., Koo and Li, 2016).

3. Results
3.1 Population genetic structure
We successfully genotyped N = 660 individuals and detected K = 2 as the uppermost hierarchical level of population structure according to Evanno et al. (2005; Online Supplement 2). We found that the two major genetic clusters in the STRUCTURE analysis correspond to North American (blue) and European populations, respectively (green; Fig. 2b). The second highest ΔK was found for K = 4, followed by K = 15 (Fig. S2). STRUCTURE runs for K = 4 revealed population genetic structure within European populations, dividing them into an Italian/French (yellow) and a Spanish cluster (brown; with the exception of the northernmost French population, Brière; site number 7; Fig. 2b). A phylogenetic tree based on Nei’s genetic distances suggested a common origin of all European mosquitofish, whereby the population from North Carolina (NC) appears to be ancestral to European mosquitofish (Fig. 2a). Furthermore, it confirmed two clusters among European populations, one comprising French/Italian and one comprising Spanish G. holbrooki (and a single French population). In general, allelic richness (A) was significantly reduced in European populations compared to populations in their native range (t31 = 6.614, P < 0.001; Fig. S1a). 

3.2 Phenotypic differences among populations
In our preliminary analyses (Online Supplement 3; Table S8), we found significant differences between populations and genetic clusters in body shape and male and female life-history traits. The population-effect in particular was the second most important source of phenotypic diversity, after ‘sex’ (for body shape; ηp2 = 0.175) and ‘SL’ for both male and female life histories (ηp2 = 0.220 and 0.265, respectively). 

3.3 Sexual dimorphism in wild-caught mosquitofish
Sexual dimorphism (factor ‘sex’) was the main source of phenotypic variation in both, the ANCOVA on SL and the MANCOVA on body shape (ηp2 = 0.688 and 0.962, respectively; Online Supplement 3). Females were bigger than males (Tables S6, S7), and were characterised by enlarged abdominal regions, while in males the anal fin (modified into the gonopodium) was shifted anteriorly (Fig. S3).

3.4 Climate-dependent phenotypic variation
We found significant effects of climate (‘EPC1’-effect; Table S2) on body size, body shape, and male and female life histories, even though—based on ηp2—the importance of these effects was relatively minor (see Online Supplement 3 for a detailed breakdown of these effects) and several climatic responses changed between sampling years.
In colder climates (i.e., northern and Italian populations) males had rounder and deeper bodies compared to fish from warmer climates (i.e., southern and Spanish populations), while females showed the opposite pattern, being characterised by deeper bodies in southern populations (‘sex × EPC1’-effect; Fig. 3a; Tables 1a, 2). Moreover, fish had increased body size in colder/northern populations than in warmer/southern ones (‘EPC1’-effect), but this response was stronger in males than in females (‘sex × EPC1’-effect; Fig. 3b). 
When considering life-history traits, ‘EPC1’ had significant effects in males on both lean weight and GSI, as males from northern populations had increased lean weight and GSI (Fig. 3c; Tables 1b, 3). In colder regions females had higher reproductive investment (RA), while fat content increased in warmer regions, but only in bigger females and not in smaller ones (‘SL × EPC1’-effect). Some effects varied, however, between sampling years, as females were characterised by increased RA in populations from colder regions in 2017, but this effect disappeared in 2013 (‘year × EPC1’-effect; Fig. 3d; Tables 1c, 4).

3.5 Climate-independent phenotypic variation
Dissolved oxygen (DO), distance from the sea (both contained in ‘EPC2’) and conductivity (‘EPC3’, Table S2) had high axis loadings in the PCA on environmental variation. In high-oxygen, close-to-the-sea environments, fish were smaller, and females had bigger offspring than in low-oxygen, far-from-the-sea ones. Similarly to climate-effects (see above), responses to dissolved oxygen and distance to the sea tended to vary between sampling years, as the negative effect of DO on fecundity, and its positive effect on embryo weight and fat content were present in 2013 and all but disappeared in 2017 (Fig. 3e).
In habitats characterised by high conductivity, fish had deeper bodies, males were heavier, and females had reduced investment into reproduction than in low-conductivity environments, but conductivity did not affect body size. Furthermore, increased conductivity had a negative effect on male, female, and embryo fat contents (Fig. 3f). Again, in 2017 fish had more streamlined bodies, higher fecundity and RA, but lower embryo fat in high-conductivity environments, while the pattern was reversed in 2013.

3.6 Heritability of phenotypic differentiation
The comparison between wild-caught and laboratory-reared G. holbrooki revealed—among others—significant effects of ‘population’, ‘generation’, and ‘population × generation’ on body size, shape, and life histories (see Online Supplement 4 for a detailed breakdown of these effects). Both males and females modified their phenotypes in the laboratory, but most of these modifications were population-specific (‘population × generation’-effect). Laboratory-raised fish were bigger (estimated marginal mean  s.e.m.: 30.23  0.32 mm) than wild-caught individuals (25.25  0.26 mm), while wild-caught fish had slightly deeper bodies, shorter caudal peduncles, smaller eyes, and their anal fin was positioned more posteriorly compared to laboratory-reared individuals. In the laboratory, males were characterised by higher fat content and lower lean weight and GSI (Table S10), while females had higher fat content, lower fecundity, and produced offspring with greater lean weight and fat content (Table S13).
Among the population differences detected in wild-caught individuals, the only ones that showed moderate (albeit non-significant) repeatability/broad-sense heritability were male SL (ICC = 0.628, P = 0.219; Fig. 4a), male lean weight (ICC = 0.556, P = 0.261; Fig. 4b), and embryo fat content (ICC = 0.734, P = 0.153; Fig. 4c). All other traits exhibited poor repeatability (fecundity: ICC = 0.407, P = 0.338; ICC < 0.200 in all other cases).

4 Discussion
Population genetic analyses confirmed a single origin of European mosquitofish populations (question 1) suggesting that the pronounced phenotypic variation shown by mosquitofish across their invasive distribution range (question 2) is not a consequence of repeated introductions of individuals from across the species’ native distribution range. Phenotypic variation was driven by both climate-dependent and -independent environmental parameters (question 3), and several phenotypic responses differed between sampling years, suggesting that phenotypic plasticity plays a role in driving these patterns. This interpretation was largely confirmed by our common garden experiment, where only few traits (male body size and embryo fat content) received moderate heritability estimates (question 4).

4.1 Population genetic structure 
Historical records identify Spain as the first point of introduction of G. holbrooki from North Carolina in 1920; from there, mosquitofish were further introduced to Italy and France in 1921, and to southern Russia in 1924 (Grapputo et al., 2006; Vidal et al., 2010). While it is impossible to exclude additional introductions, as the use of mosquitofish as mosquito-control agents remained common practice throughout the 20th century and still occurs today (Ghosh and Dash, 2007; Sarwar, 2015; but see Azevedo-Santos et al., 2017), our population genetic analyses support the hypothesis of a single introduction from one source population (see also Vidal et al., 2010). Specifically, populations from the central US East Coast appear to be the closest sister populations to all invasive mosquitofish populations in Europe (matching the reported North Carolina origin). The common ancestry amongst invasive populations suggests that phenotypic variation might be driven by selective pressures across the European invasive range, and does not simply reflect multiple introductions of populations with independent evolutionary histories from within the species’ native distribution range. Therefore, European mosquitofish are another example of an invasive species that showed a remarkable range expansion even though they went through a bottleneck that reduced genetic variation, a phenomenon often referred to as the ‘genetic paradox of invasions’ (Allendorf and Lundquist, 2003). However, European populations originate from the species’ northern range, which reduces some of the adaptive challenge encountered in the invasive range, as they are adapted to fluctuating, heterogeneous environments and may have evolved mechanisms of adaptive plasticity. Such mechanisms enable populations to move toward a new adaptive optimum in an introduced area despite lower genetic variation (Davidson et al., 2011; see below). 

4.2 Climate-dependent and -independent phenotypic variation 
Mosquitofish responded to the climatic (mainly latitudinal) gradient across Europe by growing to a larger body size in colder environments (i.e., both in northern Italy and northern France), and this response was stronger in males than females. Additionally, males from colder environments had deeper, rounder bodies with relatively smaller heads, while the opposite response was observed in females. The increase in body size in colder climates matches patterns previously described for both native G. holbrooki in the USA (Riesch et al., 2018), and invasive G. affinis from China (Ouyang et al., 2018). Increased body size in colder populations is common among endotherms, where it is linked to decreased heat loss (Bergmann’s Rule; Bergmann, 1847; Gaston et al. 2008), but has also been described for several ectotherms (Otalla-Tarraga and Rodrigues, 2007; Vinarski, 2014; Osorio-Canadas et al., 2016), including fish (Belk and Houston, 2002; Knouft, 2004). In mosquitofish, winter mortality can reach 85–99% in northern populations (Sloterdijk et al., 2015; Cheng et al., 2018), and bigger body size likely leads to increased overwinter survival (Riesch et al., 2018)—an effect that was also reported for other fishes (e.g., bluegill sunfish, Lepomis macrochirus, Cargnelli and Gross, 1996; sailfin mollies, Poecilia latipinna, Trexler et al., 1992). While a previous study did not find evidence for sex-biased overwinter mortality (Cheng et al., 2018), males are likely to be more vulnerable than females (Geiser, 1924; Krumholz, 1948), which might explain the greater increase in body size in males than females towards the north.
The climatic responses in fat content and body shape did not align with what has been reported for the species’ native range (Riesch et al., 2018). One would expect higher fat content to be favoured at low temperatures, since a previous study has identified body fat reserves as a key component of overwinter survival (Reznick and Braun, 1987). Mosquitofish usually have higher fat reserves in populations subject to harsher winters (Meffe and Snelson, 1993; Ouyang et al., 2018; Riesch et al., 2018), and similar patterns were reported for other fishes (e.g. silverside, Menidia menidia; Schultz and Conover, 1997). However, climate had no effect on male fat reserves, and big females actually increased their fat content in southern populations. One possible explanation is that these climatic responses were overshadowed by the negative effects of conductivity on both male and female fat content (see below), and conductivity did not follow a latitudinal gradient (Table S1). Alternatively, seasonal effects might be invoked as a confounding factor for the lack of responses in fat content in northern populations, as mosquitofish increase their fat reserves towards the end of the reproductive season (Meffe and Snelson, 1993; Reznick et al., 2006) and use those energy reserves during winter (Reznick and Braun, 1987), while some of our fish (Italian samples from 2013) were sampled at the beginning of the reproductive season (see also Online Supplement 5).
Body-shape responses in females aligned with what has been described for native G. holbrooki (Riesch et al., 2018), but were opposite to those observed in invasive G. affinis (Ouyang et al., 2018), whereas in males these patterns were reversed. While it could be expected that rounder and deeper bodies are favoured in colder climates—and males’ responses aligned with this prediction—both native and invasive female G. holbrooki from northern populations actually had shallower bodies (Riesch et al., 2018; this study). At present, we lack a convincing explanation for those conflicting patterns. However, body-shape variation is tightly linked to differences in life-history traits (Wesner et al., 2011), such as body fat reserves. In invasive G. affinis, for example, individuals from northern populations were characterised by increased body fat content and rounder, deeper bodies, while females of invasive G. holbrooki did not share these responses. Also, body-shape variation in livebearing fishes is not only influenced by temperature, but also by other environmental parameters such as predation (Langerhans, 2009) and flow regime (Langerhans and Reznick, 2009), which we could not assess in our current study. Future studies will need to explore potential (co-)variation of those selection factors along climate gradients.
Among climate-independent environmental variables, dissolved oxygen, distance to the sea (both EPC2), and conductivity (EPC3) affected mosquitofish phenotypes. Along EPC2, sampling sites were characterised by either being high-oxygen, close-to-the-sea, or low-oxygen, inland environments. Even though all but two sites had O2-concentrations greater than what is usually considered hypoxic (i.e., < 2 mg L-1; Chapman, 2015; Table S1), EPC2-variation affected male and female life histories. In high-oxygen, close-to-the-sea environments, mosquitofish exhibited reduced body size and produced bigger offspring. Moreover, females had reduced fecundity in high-oxygen environments in 2013, while this pattern was reversed in 2017. The few existing studies on the phenotypic effects of relatively small differences in DO suggest that indirect effects might drive these responses. For instance, the negative correlation between oxygen levels and fecundity in G. holbrooki from rice fields in Portugal (Cabral and Marques, 1999) may be linked to high-oxygen levels translating into greater prey availability and population densities (Cabral et al., 1998), both of which favour the production of bigger offspring and indirectly result in a lower fecundity. Lower fecundity under elevated DO was also found in Brazilian Phalloptychus januarius (Santi et al., 2019), where piscivorous predators are highly tolerant to hypoxia, and so selection from predation may drive the observed pattern in that system.
Differences in conductivity—which we used as a proxy for salinity (Poisson, 1980)—affected both body shape and life-history traits. Fish were characterised by deeper bodies and reduced fat content, and females reduced their reproductive allocation in high-conductivity environments; yet again, most of these responses varied between fish sampled in 2013 and 2017. A previous study on invasive G. holbrooki also showed a negative effect of salinity on both body condition and reproduction (Alcaraz and García-Berthou, 2007). Even though G. holbrooki is known to tolerate salinities higher than sea water (Chervinski, 1983), and all sampling sites included here had fresh to brackish water (the sole exception being a site close to Montpellier, Mon; Table S1), our results confirm conductivity (and salinity), as a potential limiting factor regarding the range expansion of mosquitofish (Alcaraz and García-Berthou, 2007; Alcaraz et al., 2008). Similar negative effects of salinity on reproduction have also been found in other livebearing fish species (e.g., Poecilia velifera; Neves et al., 2019).
Lastly, several phenotypic responses to both climate-dependent and -independent environmental factors varied between fish sampled in 2013 and 2017. We provide a detailed discussion of these effects in Online Supplement 5.

4.3 Heritability of phenotypic variation
Male body size (both SL and lean weight) and embryo fat content were the only traits that exhibited moderate degrees of broad-sense heritability (low heritability of traits was further corroborated by cross-validated discriminant function analyses; see Online Supplement 6). This is somewhat surprising, as a previous study highlighted high levels of plasticity in body size of male mosquitofish (Zulian et al., 1993; but see Stearns, 1983; Stockwell and Weeks, 1999), which varied depending on the social environment. Social control of male body size was confirmed by manipulating the number of males in experimental populations of mosquitofish (Hughes, 1985) and other livebearing fishes (e.g., green swordtail, Xiphophorus hellerii: Campton, 1992). Poeciliid males exhibit very little growth after reaching sexual maturity (Busack and Gall, 1983), and size at maturity is subject to contrasting forms of sexual selection, thus favouring phenotypic plasticity (Bisazza and Marin, 1995; Pilastro et al., 1997). However, in harsh environments male mosquitofish are also subject to strong selection towards increased body size (Ouyang et al., 2018; Riesch et al. 2018; this study). Under strong directional selection and in the presence of a genetic basis for the level of phenotypic plasticity, plasticity can actually promote the evolution of genetic differences between populations (“plasticity first hypothesis”, Levis and Pfennig, 2016), as it exposes otherwise cryptic genetic variation to selection (Hendry, 2015). Selection can thus promote phenotypic differences beyond the level created by plasticity through genetic changes (“genetic accommodation”, West-Eberhard, 2003; Levis and Pfennig, 2016) as evidenced by field-based studies (Losos et al., 1997; Scoville and Pfender, 2010; Robinson, 2013; Levis et al., 2018). 
Similar considerations apply to embryo fat content. Mosquitofish are lecithotrophic, i.e., the majority of nutrients required during embryo development are stored in the egg as yolk before fertilization (Pyke, 2005). Therefore, during the early stages of development, embryo fat content is largely influenced by maternal provisioning (i.e., the fat that is extracted is most likely fat stored within the yolk). During later stages, on the other hand, it should be a measure of embryonic adaptations (i.e., offspring should invest in converting maternal resources into body fat if higher body fat contents at birth increase survival). In our analyses, offspring fat content was estimated at the average embryonic stage of development of 15.38 (as indicated in Tables S12, S13 and S14). Thus, embryo fat content in our data can be considered a proxy for the amount of fat stored in the yolk by females prior to fertilization. Levels of nutrients (and fat) in the egg are determinants of offspring viability in fish (Brooks et al., 1997), and could be expected to increase in unfavourable environments to allow producing offspring better suited to the harsh conditions they will encounter later in life (e.g., Brockelman, 1975; but see Thorn et al., 2018). For example, Bahamas mosquitofish (Gambusia hubbsi) showed strong population differentiation in embryo fat content, which increased in more competitive habitats (Riesch et al., 2015). Here, selective pressures on embryo fat content appear to be strong enough to promote genetic adaptation (i.e. rapid evolution) in invasive mosquitofish.
By contrast, all other life-history and body-shape traits showed highly plastic responses. Plasticity is usually the first organismal response to changes in selection regimes (Ghalambor et al., 2007), allowing otherwise suboptimal genotypes to shift their phenotypes in an adaptive direction (Hendry, 2015). As a result of this, phenotypic plasticity can “shield” genotypes from selection and reduce the speed of genetic differentiation (Hendry, 2015). This is true especially in the case of adaptive phenotypic plasticity, or plasticity that produces phenotypes that are favoured by selection in a given environment (Ghalambor et al., 2007). Indeed, when plastic phenotypes are sufficiently close to the fitness optimum in different environments, populations might not undergo genetic evolution at all (Ghalambor et al., 2007). In mosquitofish populations, body-shape and life-history differences are not only driven by (somewhat predictable) climatic differences, but also by other (possibly unpredictable) environmental factors, like population density or food availability (Riesch et al., 2018). We argue that unpredictable environmental variation favours fast-acting adaptive plasticity, which in turn reduces the opportunity for local adaptation in most traits (Reed et al., 2010).
It has been suggested that high levels of phenotypic plasticity—especially in traits important to fitness and in the presence of environmental variation similar to that experienced in the native range—would promote invasiveness and facilitate the colonization of new environments (Hendry, 2015). Support for this idea comes from an array of invasive species (Trussell and Smith, 2000; Rosecchi et al., 2001; Duncan et al., 2003; Dzialowski et al., 2003; Chown et al., 2007; Ghalambor et al., 2007), and our current study provides further support for this argument. Higher levels of plasticity have been reported for invasive species compared to their non-invasive counterparts in both plants (Davison et al., 2011) and animals (Dingemanse et al., 2010; but see Bossdorf et al., 2005; Richards et al., 2006).

5 Conclusions
Our study demonstrates, for the first time, that phenotypic plasticity drives most of the phenotypic diversity observed in European invasive G. holbrooki, with rapid evolutionary change playing an additional, albeit less important, role. This highlights the complex interplay between phenotypic plasticity and genetic differentiation (i.e. local adaptation) during the colonization of new environments, and how phenotypic plasticity might both facilitate and hinder rapid genetic change. This has important implications for our understanding of species’ invasiveness. We call for future studies to further investigate the consistency of population-level differences but to also potentially use comparative transcriptomics to understand how environmental variation affects the expression of developmental genes and their regulatory elements, as well as comparative genomics to understand what regions of the genome have already undergone evolutionary divergence.
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Tables
Table 1. MANCOVAs investigating the effects of environmental principal components (EPC1–3; Table S2) on phenotypic variation of invasive mosquitofish. (a) Male and female body shape; (b) male life-history traits and (c) female life-history traits. Significant effects are highlighted in bold.
	
	Factor
	F
	Degrees of freedom
	P
	Partial η2

	(a) Male and female body shape
	Sex
	11,097.447
	3, 1318
	< 0.001
	0.962

	
	Centroid size
	13.252
	3, 1318
	< 0.001
	0.029

	
	Year
	21.908
	3, 1318
	< 0.001
	0.047

	
	EPC1
	6.465
	3, 1318
	< 0.001
	0.015

	
	EPC2
	1.616
	3, 1318
	0.184
	0.004

	
	EPC3
	9.957
	3, 1318
	< 0.001
	0.022

	
	Sex × EPC1
	3.437
	3, 1318
	0.016
	0.008

	
	Sex × EPC3
	2.125
	3, 1318
	0.095
	0.005

	
	Year × EPC1
	10.337
	3, 1318
	< 0.001
	0.023

	
	Year × EPC3
	8.324
	3, 1318
	< 0.001
	0.019

	(b) Male life-history traits
	SL
	1,048.004
	3, 610
	< 0.001
	0.838

	
	Year
	70.811
	3, 610
	< 0.001
	0.258

	
	EPC1
	21.536
	3, 610
	< 0.001
	0.096

	
	EPC2
	1.149
	3, 610
	0.329
	0.006

	
	EPC3
	5.057
	3, 610
	0.002
	0.024

	
	SL × EPC3
	2.142
	3, 610
	0.094
	0.010

	
	Year × EPC1
	2.754
	3, 610
	0.042
	0.013

	(c) Female life-history traits
	SL
	1,725.397
	6, 693
	< 0.001
	0.937

	
	Embryo stage
	19.386
	6, 693
	< 0.001
	0.144

	
	Year
	16.597
	6, 693
	< 0.001
	0.126

	
	EPC1
	11.674
	6, 693
	< 0.001
	0.092

	
	EPC2
	6.211
	6, 693
	< 0.001
	0.051

	
	EPC3
	18.416
	6, 693
	< 0.001
	0.138

	
	SL× EPC1
	5.541
	6, 693
	< 0.001
	0.046

	
	SL × EPC2
	9.297
	6, 693
	< 0.001
	0.074

	
	SL × EPC3
	8.725
	6, 693
	< 0.001
	0.070

	
	Year × EPC1
	6.205
	6, 693
	< 0.001
	0.051

	
	Year × EPC2
	7.593
	6, 693
	< 0.001
	0.062

	
	Year × EPC3
	17.469
	6, 693
	< 0.001
	0.131




[bookmark: _GoBack]Table 2. Post-hoc ANCOVAs on body-shape variation. Alpha-levels were corrected for multiple comparisons, such that ’ = 0.017. Significant effects are highlighted in bold.
	Dependent variable
	Factor
	F
	Degrees of freedom
	P
	Partial η2

	RW1
	Sex
	285,444.920
	1, 1320
	< 0.001
	0.956

	
	Centroid size
	10.837
	1, 1320
	0.001
	0.008

	
	Year
	34.036
	1, 1320
	< 0.001
	0.025

	
	EPC1
	10.746
	1, 1320
	0.001
	0.008

	
	EPC2
	1.174
	1, 1320
	0.279
	0.001

	
	EPC3
	10.800
	1, 1320
	0.001
	0.008

	
	Sex × EPC1
	0.046
	1, 1320
	0.831
	< 0.001

	
	Sex × EPC3
	0.432
	1, 1320
	0.511
	< 0.001

	
	Year × EPC1
	18.598
	1, 1320
	< 0.001
	0.014

	
	Year × EPC3
	12.870
	1, 1320
	< 0.001
	0.010

	RW2
	Sex
	14.104
	1, 1320
	< 0.001
	0.011

	
	Centroid size
	23.295
	1, 1320
	< 0.001
	0.017

	
	Year
	0.563
	1, 1320
	0.453
	< 0.001

	
	EPC1
	0.474
	1, 1320
	0.491
	< 0.001

	
	EPC2
	4.713
	1, 1320
	0.030
	0.04

	
	EPC3
	6.523
	1, 1320
	0.011
	0.005

	
	Sex × EPC1
	0.261
	1, 1320
	0.609
	< 0.001

	
	Sex × EPC3
	4.437
	1, 1320
	0.035
	0.003

	
	Year × EPC1
	10.867
	1, 1320
	0.001
	0.008

	
	Year × EPC3
	1.144
	1, 1320
	0.285
	0.001

	RW3
	Sex
	6.463
	1, 1320
	0.011
	0.005

	
	Centroid size
	16.210
	1, 1320
	< 0.001
	0.012

	
	Year
	30.736
	1, 1320
	< 0.001
	0.023

	
	EPC1
	6.975
	1, 1320
	0.008
	0.005

	
	EPC2
	< 0.001
	1, 1320
	0.987
	< 0.001

	
	EPC3
	5.654
	1, 1320
	0.018
	0.004

	
	Sex × EPC1
	10.048
	1, 1320
	0.002
	0.008

	
	Sex × EPC3
	2.103
	1, 1320
	0.147
	0.002

	
	Year × EPC1
	11.949
	1, 1320
	0.001
	0.009

	
	Year × EPC3
	15.268
	1, 1320
	< 0.001
	0.011




Table 3. Post-hoc ANCOVAs on male life-history traits. Alpha-levels were corrected for multiple comparisons, with ’ = 0.017. Significant effects are highlighted in bold.
	Dependent variable
	Factor
	F
	Degrees of freedom
	P
	Partial η2

	Lean weight
	SL
	2,969.739
	1, 612
	< 0.001
	0.829

	
	Year
	4.616
	1, 612
	0.032
	0.007

	
	EPC1
	32.096
	1, 612
	< 0.001
	0.050

	
	EPC2
	0.618
	1, 612
	0.432
	0.001

	
	EPC3
	5.680
	1, 612
	0.017
	0.009

	
	SL × EPC3
	0.012
	1, 612
	0.915
	< 0.001

	
	Year × EPC3
	5.549
	1, 612
	0.019
	0.009

	Fat content
	SL
	5.874
	1, 612
	0.016
	0.010

	
	Year
	22.716
	1, 612
	< 0.001
	0.036

	
	EPC1
	0.073
	1, 612
	0.321
	< 0.001

	
	EPC2
	1.334
	1, 612
	0.248
	0.002

	
	EPC3
	8.061
	1, 612
	0.005
	0.013

	
	SL × EPC3
	0.068
	1, 612
	0.794
	< 0.001

	
	Year × EPC3
	0.355
	1, 612
	0.551
	0.001

	GSI
	SL
	13.938
	1, 612
	< 0.001
	0.022

	
	Year
	182.258
	1, 612
	< 0.001
	0.229

	
	EPC1
	41.060
	1, 612
	< 0.001
	0.063

	
	EPC2
	1.454
	1, 612
	0.228
	0.002

	
	EPC3
	4.155
	1, 612
	0.042
	0.007

	
	SL × EPC3
	6.355
	1, 612
	0.012
	0.010

	
	Year × EPC3
	3.812
	1, 612
	0.051
	0.006




Table 4. Post-hoc ANCOVAs on female life-history traits. Alpha-levels were corrected for multiple comparisons, with ’ = 0.008. Significant effects are highlighted in bold.
	Dependent variable
	Factor
	F
	Degrees of freedom
	P
	Partial η2

	Lean weight
	SL
	9,964.501
	1, 698
	< 0.001
	0.935

	
	Embryo stage
	1.007
	1, 698
	0.316
	0.001

	
	Year
	25.932
	1, 698
	< 0.001
	0.036

	
	EPC1
	5.130
	1, 698
	0.024
	0.007

	
	EPC2
	4.025
	1, 698
	0.045
	0.006

	
	EPC3
	2.369
	1, 698
	0.124
	0.003

	
	SL × EPC1
	6.964
	1, 698
	0.009
	0.010

	
	SL × EPC2
	0.285
	1, 698
	0.594
	< 0.001

	
	SL × EPC3
	11.663
	1, 698
	0.001
	0.016

	
	Year × EPC1
	1.203
	1, 698
	0.273
	0.002

	
	Year × EPC2
	3.252
	1, 698
	0.072
	0.005

	
	Year × EPC3
	6.328
	1, 698
	0.012
	0.009

	Fat content
	SL
	0.005
	1, 698
	0.942
	< 0.001

	
	Embryo stage
	0.002
	1, 698
	0.967
	< 0.001

	
	Year
	22.793
	1, 698
	< 0.001
	0.032

	
	EPC1
	0.284
	1, 698
	0.594
	< 0.001

	
	EPC2
	1.163
	1, 698
	0.281
	0.002

	
	EPC3
	9.421
	1, 698
	0.002
	0.013

	
	SL × EPC1
	7.550
	1, 698
	0.006
	0.011

	
	SL × EPC2
	6.736
	1, 698
	0.010
	0.010

	
	SL × EPC3
	5.619
	1, 698
	0.018
	0.008

	
	Year × EPC1
	0.036
	1, 698
	0.850
	< 0.001

	
	Year × EPC2
	5.108
	1, 698
	0.024
	0.007

	
	Year × EPC3
	0.629
	1, 698
	0.428
	0.001

	Fecundity
	SL
	497.898
	1, 698
	< 0.001
	0.416

	
	Embryo stage
	7.918
	1, 698
	0.005
	0.011

	
	Year
	4.785
	1, 698
	0.029
	0.007

	
	EPC1
	5.120
	1, 698
	0.024
	0.007

	
	EPC2
	3.647
	1, 698
	0.057
	0.005

	
	EPC3
	3.611
	1, 698
	0.058
	0.005

	
	SL × EPC1
	0.030
	1, 698
	0.864
	< 0.001

	
	SL × EPC2
	0.031
	1, 698
	0.860
	< 0.001

	
	SL × EPC3
	36.905
	1, 698
	< 0.001
	0.050

	
	Year × EPC1
	0.345
	1, 698
	0.557
	< 0.001

	
	Year × EPC2
	12.383
	1, 698
	< 0.001
	0.017

	
	Year × EPC3
	37.582
	1, 698
	< 0.001
	0.051

	Embryo fat content
	SL
	5.021
	1, 698
	0.025
	0.007

	
	Embryo stage
	87.785
	1, 698
	< 0.001
	0.112

	
	Year
	21.293
	1, 698
	< 0.001
	0.030

	
	EPC1
	0.179
	1, 698
	0.672
	< 0.001

	
	EPC2
	0.297
	1, 698
	0.530
	0.001

	
	EPC3
	35.073
	1, 698
	< 0.001
	0.048

	
	SL × EPC1
	0.118
	1, 698
	0.731
	< 0.001

	
	SL × EPC2
	0.436
	1, 698
	0.509
	0.001

	
	SL × EPC3
	0.842
	1, 698
	0.359
	0.001

	
	Year × EPC1
	1.665
	1, 698
	0.197
	0.002

	
	Year × EPC2
	28.538
	1, 698
	< 0.001
	0.039

	
	Year × EPC3
	13.467
	1, 698
	< 0.001
	0.019

	Embryo weight
	SL
	29.268
	1, 698
	< 0.001
	0.040

	
	Embryo stage
	19.377
	1, 698
	< 0.001
	0.027

	
	Year
	1.040
	1, 698
	0.308
	0.001

	
	EPC1
	1.139
	1, 698
	0.286
	0.002

	
	EPC2
	17.184
	1, 698
	< 0.001
	0.024

	
	EPC3
	5.701
	1, 698
	0.017
	0.008

	
	SL × EPC1
	4.145
	1, 698
	0.042
	0.006

	
	SL × EPC2
	0.551
	1, 698
	0.458
	0.001

	
	SL × EPC3
	18.787
	1, 698
	< 0.001
	0.026

	
	Year × EPC1
	1.018
	1, 698
	0.313
	0.001

	
	Year × EPC2
	9.364
	1, 698
	0.002
	0.013

	
	Year × EPC3
	1.620
	1, 698
	0.204
	0.002

	RA
	SL
	7.969
	1, 698
	0.005
	0.011

	
	Embryo stage
	0.753
	1, 698
	0.386
	0.001

	
	Year
	11.194
	1, 698
	0.001
	0.016

	
	EPC1
	14.490
	1, 698
	< 0.001
	0.020

	
	EPC2
	0.108
	1, 698
	0.743
	< 0.001

	
	EPC3
	29.410
	1, 698
	< 0.001
	0.040

	
	SL × EPC1
	0.250
	1, 698
	0.617
	< 0.001

	
	SL × EPC2
	3.099
	1, 698
	0.079
	0.004

	
	SL × EPC3
	11.134
	1, 698
	0.001
	0.016

	
	Year × EPC1
	12.529
	1, 698
	< 0.001
	0.018

	
	Year × EPC2
	0.774
	1, 698
	0.379
	0.001

	
	Year × EPC3
	54.441
	1, 698
	< 0.001
	0.072




Figure legends
Figure 1. Location of sampling sites in Italy, France and Spain. (a) Sites sampled in 2013. Blue points represent sites sampled in May 2013, orange points sites sampled in September 2013. (b) Sites sampled in July/August of 2017 (green).

Figure 2. (a) Neighbour-joining tree, using Nei’s genetic distances, based on fragment length polymorphisms of 15 nuclear microsatellites in native (North American) and invasive (European) populations; the latter from specimens sampled only in 2013. Bootstrap values obtained after 1,000 replicates are indicated for each branch. (b) Results from STRUCTURE v.2.3.4104. K = 2 was the most likely number of genetically distinct clusters according to the method provided by Evanno et al., (2005), followed by K = 4 and K = 15 (Fig. S2). Each individual is represented by a vertical bar, which is partitioned into K-coloured segments representing its estimated likelihood of membership (Q) to each of the identified clusters.

Figure 3. Partial regression plots (residuals, corrected for all other terms in the model) of climate-dependent (EPC1) and -independent (EPC2, EPC3) variation of body shape and life histories in wild-caught G. holbrooki. (a) Body-shape (RW3) variation; (b) body-size (SL) variation; blue triangles: males, red circles: females; (c) variation of male GSI along EPC1, and (d) variation of female reproductive allocation (RA) along EPC1 in fish sampled in 2013 (purple circles) and 2017 (yellow triangles); (e) fecundity variation along EPC2 in females sampled in 2013 and 2017; (f) fat content variation along EPC3; blue triangles: males, red circles: females.

Figure 4. Visualisation of significant population-by-generation interactions for (a) male and female body size (SL), (b) male lean weight, and (c) embryo fat content. Shown are estimated marginal means  s.e.m.
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