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Invasive fish retain plasticity of naturally selected, but diverge in sexually selected traits
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Highlights

· Mosquitofish (Gambusia affinis) were introduced to China ca. 100 years ago
· We raised F1 and F2 from five invasive populations in a common garden 

· Thermal tolerance, morphological and life-history traits exhibited high plasticity 

· The shape of the male copulatory organ (sexually selected) showed high heritability
· Rapid evolution appears to be fostered in traits responding to sexual selection 

Abstract
Invasive alien species (IAS) have become a major threat to ecosystems worldwide. From an evolutionary ecological perspective, they allow teasing apart the relative contributions of plasticity and evolutionary divergence in driving rapid phenotypic diversification. When IAS spread across extensive geographic ranges, climatic variation may represent a source of strong natural selection through overwinter mortality and summer heat stress. This could favour local adaptation, i.e., evolutionary divergence of certain traits. IAS, however, are likely to show plasticity in survival-related traits, and environmental fluctuation in their new distribution range could favour the maintenance of this pre-existing phenotypic plasticity. By contrast, sexually selected traits are more likely to undergo evolutionary divergence when components of sexual selection differ geographically. Here, using data from a common-garden rearing experiment of Western mosquitofish (Gambusia affinis Baird and Girard, 1853) from five populations across the species’ invasive range in China, we show that invasive mosquitofish have retained plasticity in key physiological (thermal tolerances), morphological and life-history traits even 100 years after their introduction to China, but exhibit heritable population differences in several sexually selected traits, including the shape of the male copulatory organ. Adaptive plasticity of traits linked to immediate survival in different thermal environments—while likely responsible for the species’ extraordinary invasion success—could slow down genetic evolution. Several sexually selected traits could diverge geographically and show rapid evolutionary change, e.g., because climate alters selective landscapes arising from mate competition as an indirect consequence of variation in overwinter mortality.
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1. Introduction

Phenotypic plasticity—defined as the ability of organisms to alter their phenotype in response to environmental variation in absence of genetic (i.e., evolutionary) changes (Bradshaw, 1965; Schlichting, 1986)—has been proposed as a key feature of invasive alien species (IAS; Rosecchi et al., 2001; Chown et al., 2007; Davidson et al., 2011). Especially during early stages of biological invasions (Smith, 2009; Hahn et al. 2012), plasticity may be facilitating the colonization of new environments and increase survival in the face of novel environmental stressors (e.g., altered thermal regimes). Plasticity, therefore, may facilitate local population establishment and subsequently, further range expansions (Baldwin, 1896; Price et al., 2003). This is supported by the results of a meta-analysis showing that IAS have higher levels of phenotypic plasticity than non-invasive species (Davidson et al., 2011). 

Following the initial steps of biological invasions (Sakai et al., 2001; Dlugosch and Parker, 2007), evolutionary change (i.e., local adaptation) can allow invasive populations to reach new fitness peaks (Leimar, 2002), whereby pre-existing plasticity can either accelerate or slow down rates of genetic evolution (Ghalambor et al., 2007). Parts of this variation can be explained by the direction of environmentally-induced phenotypic alterations, i.e., whether the induced phenotype is closer to (adaptive plasticity) or further away from (non-adaptive plasticity) the favoured optimum (Ghalambor et al., 2007; López-Maury et al., 2008; van Gestel and Weissing, 2018). Adaptive plasticity may constrain rates of genetic evolution (Price et al., 2003; Paenke et al., 2007), while non-adaptive plasticity can even potentiate genetic evolution by amplifying directional selection (Ghalambor et al., 2007, 2015). 
An open question in this context is which traits of IAS are more likely to undergo genetic evolution, and which ones are likely to retain plasticity. The latter category likely includes traits related to survival in geographic areas with high seasonality and/or high unpredictability. Conversely, we would expect genetic evolution to occur if the selective landscape is more temporally stable and predictable (for certain traits), or potentially, if traits respond to a greater extend to sexual than natural selection (Fusco and Minelli, 2010; Head et al., 2017). Our present study was designed to address this question by teasing apart the relative contributions of plasticity and genetic evolution in creating variation in 44 phenotypic traits of invasive mosquitofish over extensive geographic scales. Western mosquitofish (Gambusia affinis Baird and Girard, 1853) have been introduced to China in campaigns to decrease mosquito-borne diseases approximately 100 years ago (equalling 300 to 400 generations; Pyke, 2005), and rapidly spread throughout the southern and central parts of the country (Yan et al., 2001; Chang et al., 2019). Building on previous reports of climate-driven geographic variation of multiple phenotypic traits, linked to a combination of natural and sexual selection (Ouyang et al., 2018), we employed common-garden rearing to estimate the contribution of evolutionary (genetic) divergence by providing broad-sense heritability estimates (intra-class correlation coefficients, ICC; Bartko, 1966; Koo and Li, 2016). We assessed parameters related to male and female body size and shape, male and female life histories, the shape of the male copulatory organ (called gonopodium; Rosen and Gordon, 1953) and physiological traits linked to survival and fitness under altered thermal conditions, namely upper and lower thermal tolerance limits (Lutterschmidt and Hutchinson, 1997; Eme and Bennett, 2009). Our study tests the prediction that traits related to survival (i.e., naturally selected traits) are more likely to retain adaptive plasticity—particularly if they are related to somewhat unpredictable environmental fluctuations—than traits known to be primarily sexually selected (e.g., gonopodium shape; Langerhans, 2011). Specifically, we predicted that survival-related traits (such as thermal tolerances and body size; Rypel, 2014) should yield considerably lower ICC-values than sexually selected traits.

2. Materials and methods

2.1 Sample collection and laboratory breeding

We collected G. affinis during the reproductive season (between April and September 2016) from five sampling sites (50-100 individuals per site) using dip nets (2 mm mesh width). Sampling sites were chosen to reflect latitudinal and longitudinal variation within the species’ invasive distribution range in China and are described in more detail in Ouyang et al. (2018; Fig. S1a). We immediately sacrificed fish with an overdose of clove oil and fixed them in 96% ethanol. To assess broad-sense heritability of phenotypic traits (see below), we reared fish for two generations under common-garden conditions (Linhart and Grant, 1996). To that end, we transferred between 50 and 98 additional live individuals per population to our laboratory at Northwest A&F University and maintained them at 25°C in several 200-L aquaria (approximately 50 individuals of both sexes per tank). Tanks were aerated and filtered and received light for 12 h per day from overhead 18-W LED lamps. All tanks were equipped with gravel, stones and aquatic plants for shelter. We fed the fish twice daily ad libitum-amounts of frozen chironomid larvae and Artemia salina nauplii and exchanged half of the water every two weeks to maintain water quality.

Filial cannibalism is a common feature of mosquitofish (Meffe and Crump, 1987; Fitzgerald, 1992). To avoid cannibalism, we identified gravid females based on a distended abdomen and transferred them for few days (until they had given birth) into individual 2-L plastic bottles with a plastic net (2.5 mm mesh width) spanned over the bottom. Bottles were fixed in the upper portion of individual 25-L tanks. We thus obtained F1 and, subsequently from these, F2 laboratory-reared offspring from a minimum of 10 different females per population and generation. Offspring were transferred into 200-L aquaria and raised under conditions as described before. Upon reaching maturity [based on the observation of sexual interactions and females exhibiting gravid spots (Stearns, 1983; Norazmi-Lokman et al., 2016) and distended abdomina], those individuals not used for breeding or for the thermal tolerance tests (see below) were sacrificed and preserved as described before.

2.2 Assessment of life-history traits

We included n = 312 males and n = 312 females, i.e., 13 to 29 individuals per population and generation (wild-caught, F1, and F2), in the analysis of life-history traits (see Table S1 for details). Preserved fish were measured for standard length (SL) to the nearest 0.01 mm using a HUGONG electronic digital calliper (JIULIANG, Shanghai, China). We affirmed maturity by opening the body cavity and inspecting the female ovary or presence of fully developed testes in males. We followed established protocols to quantify female and male life-history traits (Ouyang et al., 2018; Riesch et al., 2018). Staging of embryonic development followed Riesch et al. (2011). In brief, we assessed the standard length [mm], somatic lean weight [mg], and somatic fat content [%] (after petroleum ether extraction; Heulett et al., 1995) in both sexes. In addition, we assessed the gonadosomatic index (GSI [%]; testis dry weight divided by the sum of somatic dry weight and testis dry weight) for males, and fecundity (number of embryos), embryo lean weight [mg], embryo fat content [%], as well as reproductive allocation (RA [%]; offspring dry weight divided by the sum of somatic dry weight and offspring dry weight) for females. For subsequent statistical analyses, we log10-transformed SL, somatic lean weight and embryo lean weight, arcsine (square root)-transformed somatic fat content, embryo fat content, RA and GSI, and square root-transformed fecundity, after which we z-transformed all variables to obtain unit-free variables of equal variance.

2.3 Assessment of body shape

We included n = 320 males and n = 318 females (i.e., 12 to 32 individuals per population and generation) in the analysis of body-shape variation, whereby n = 312 fish per sex were the same individuals that were analysed for life histories (please see above). We took digital photographs from the left body side using a Canon EOS 760D single lens reflex camera (CANON INC., Ota-Ku, Japan) and converted photos into tps format via tpsUtil v 1.70 (Rohlf, 2016a) after which we digitized 13 landmarks (Ouyang et al., 2018; Fig. S1b) and assessed the length of the gonopodium using tpsDig2 v 2.26 (Rohlf, 2016b). We applied Procrustes analyses to obtain relative warps (RWs)—i.e., principal components reflecting shape divergence—and centroid size using MorphoJ (Klingenberg, 2011). We retained 10 out of 22 RWs for both sexes, accounting for 89.85% (males) and 91.02% (females) of the total variance, respectively (see Table S2 for details).

2.4 Assessment of gonopodium tip morphology

We assessed shape divergence of the male intromittent organ—the transformed anal fin, called gonopodium (Rosen and Gordon, 1953)—of n = 292 males (13 to 33 individuals per population and generation). We cut the whole gonopodium at the base and subsequently photographed the left side of the distal tip at 100 × magnification using an Optec B 302 stereomicroscope (Optec Instruments, Chongqing, China). We digitized the positions of 51 homologous landmarks (Heinen-Kay and Langerhans, 2013), applied Procrustes procedures as described above, and retained 10 out of 98 RWs, cumulatively accounting for 90.10% of the total variance (see Table S2 for details).

2.5 Thermal tolerances tests

We assessed variation in functional physiology among populations and laboratory generations using critical thermal tolerance tests (Lutterschmidt and Hutchinson, 1997; Beitinger and Bennett, 2000). We tested n = 115 individuals for their upper (CTmax.) and n = 109 for their lower thermal tolerance (CTmin.), using 5–8 individuals per population and generation. To avoid sex-effects (Otto, 1973; Johnson, 1976), only females were tested. The experimental set-up consisted of a 3-L glass jar filled with 2 L of water from the respective maintenance tank (initial temperature: 25°C). A temperature control unit comprising a PY-SM5 temperature logger (Pinyi, Zhejiang, China) and a KQ-300DE heater (Kunshan Ultrasonic Instruments, Jiangsu, China) allowed us to gradually increase water temperatures (mean ± SD: 0.29 ± 0.15°C min-1). Adding crushed ice to a Styrofoam box around the experimental apparatus allowed us to gradually decrease water temperatures (0.28 ± 0.10°C min-1). During the tests, we recorded water temperatures once a minute. An air pump provided continuously high oxygen supply throughout the tests. We tested individual fish in only one of the two test situations and terminated a trial once the test subject lost equilibrium and/or turned its abdomen to the water surface and noted the water temperature. We immediately transferred fish into individual 25-L aquaria to recover. After measuring body size (SL), test subjects were re-transferred to their maintenance tanks and played no further role in data collection.

2.6 Statistical analyses

Unless stated otherwise, all statistical analyses were conducted in IBM SPSS v. 22.0 (IBM Inc., Chicago, IL, USA). In a first step, we conducted several sex-specific multivariate analyses of covariance (MANCOVA) to confirm geographic variation of the traits considered here, which would be reflected by significant effects of the fixed factor ‘population’. Differences between wild-caught and laboratory-reared fish would lead to significant effects of the factor ‘generation’ (wild, F1, F2), while potential population-specific responses to common-garden rearing would result in a significant interaction effect. The MANCOVA on male life-history variables additionally included ‘z (log10)-transformed SL’ as a covariate. In the case of female life histories, we further included ‘embryonic stage of development’. To analyse body and gonopodium shape, we conducted similar MANCOVAs using RWs as dependent variables and log10-transformed centroid size as a covariate (as well as log10-transformed gonopodium length in the analysis of gonopodium shape). We used ANCOVA to analyse gonopodium size, CTmax., and CTmin., while including SL as a covariate. Finally, we used ANOVA to compare SL among populations and generations. We initially included all two-way interaction terms between fixed factors and covariates but eliminated terms from the final model if P > 0.10. We assessed the relative importance of each term in the final model by calculating Wilk’s partial eta squared (ηp2).
To provide broad-sense heritability estimates for the examined trait suites (e.g., separate life-history traits or single RWs), we calculated intraclass correlation coefficients (ICC) as ‘repeatability’ measures (Riesch et al., 2013, 2018). From the aforementioned (M)ANCOVAs, we extracted estimated marginal means (EMMs), correcting all variables for the covariates mentioned above. Afterwards, we ran two-way mixed effects models by using mean values for each population and generation to extract variance parameters (i.e., within- and between-group variances; Table 1). We interpret ICC-values > 0.75 as indications of strong trait heritability (Koo and Li, 2016).

3. Results

3.1 Geographic variation of phenotypic traits 

We phenotyped a total of n = 320 males and 542 females from five geographically distant populations (Fig. S1a), including wild-caught, as well as F1 and F2 laboratory-reared individuals, to quantify 44 traits related to their body size, body shape, life histories, the size and shape of the male gonopodium (used to inseminate females), as well as lower (CTmin.) and upper (CTmax) thermal tolerances (for details see Table S3). Sex-specific analyses of (co)variance confirmed pronounced geographic variation of all quantified variables (factor ‘population’ in Table 1). In all cases, the origin of the examined specimens (wild-caught, F1, F2; factor ‘generation’ in Table 1) and the interaction effect (‘population × generation’) were also significant, even though effect strengths (partial η2) differed between trait suites (Table 1). This suggests varying degrees of plasticity for the 44 examined traits, which we addressed in detail in our subsequent analyses by providing heritability estimates (see below). 

3.2 Heritability of divergent phenotypic traits

3.2.1 Phenotypic plasticity of naturally selected traits 
Based on the observed population differences, we commenced analyses of broad-sense heritability (ICC-values) to disseminate the extent to which trait divergence reflects phenotypic plasticity or evolutionary divergence. The majority of traits showed low and non-significant heritability estimates (19/25 traits in males, 17/19 traits in females; Table 2). Uniformly low ICC-values were found for physiological traits (CTmin., CTmax.), body size, and gonopodium length, suggesting that the observed population differentiation largely reflects phenotypic plasticity (Table 2; Fig. S2-S7).
3.2.2 Heritable basis of population differences in sexually selected traits 
Considering male gonopodium shape, we found three relative warps (RW3, RW5, RW6) to yield high and significant heritability estimates, with ICC-values of up to 0.965 in the case of RW5 (Table 2; Fig. 1a-c). Visualization of those effects using thin-plate spline transformation grids suggests that RW3 captured variation in the size of gonopodium hooks (fin rays 4p and 5a; Fig. S1c), the dimension of the cavity between fin rays 4a and 4p as well as the distance between the spines (Fig. 1a). RW5 captured variation in the length-width ratio of the gonopodium tip, the length of the distal element of fin ray 5a proximal to the curve of the hook, and the length of the ‘elbow’ on fin ray 4a (Fig. 1b). RW6 also captured variation in the length of the ‘elbow’ on ray 4a and the dimension of the cavity between fin rays 4a and 4p (Fig. 1c). While some degree of idiosyncratic variation was observed when comparing wild-caught and laboratory-reared males in the case of RW3 and RW6 (Fig. 1a, c), only minimal variation among generations—but pronounced variation among populations—was observed in the case of RW5 (Fig. 1b). 

Moreover, analysing body-shape divergence identified two shape components—namely male RW9 and female RW5—that yielded high heritability estimates (Table 2). Thin-plate spline transformation grids suggest that male RW9 mainly captures variation in head size and the width of the dorsal fin and gonopodium base, and to a minor extent also some differences in body depth (Fig. 2a), while female RW5 primarily captures variation in body depth and the position of the eyes and pectoral fins (Fig. 2b). In both cases, laboratory-reared individuals did not show a directional shift in the considered traits when compared to wild-caught fish (but showed some degree of idiosyncratic variation), and population differences observed amongst laboratory-reared individuals generally mirrored differences observed among wild-caught individuals (Fig. 2a, b).

Finally, also three traits among the examined life-history parameters showed high ICC-values (suggesting strong heritability of the observed population divergence), namely male somatic lean weight and male investment into reproductive tissues (gonadosomatic index), as well as female fat content (Table 2; Fig. 3a-c). Specifically, while male somatic lean weight tended to be higher (by 51.6%) in laboratory-reared than wild-caught males (Fig. 3a) and females had considerably more (551.6%) body fat in the laboratory (Fig. 3c), the patterns of population variation observed among samples collected in the wild were nevertheless largely mirrored by the variation seen among laboratory-reared individuals. Considering males’ gonadosomatic index, laboratory-reared individuals showed more idiosyncratic population variation when compared to wild-caught males. Nevertheless, the general pattern of population differentiation observed among wild-caught individuals was again reflected by the pattern seen in laboratory-reared ones (Fig. 3b).
4. Discussion

Biological invasions represent unplanned evolutionary experiments that can help us establish the principals governing phenotypic diversification in response to environmental variation, namely the contributions of phenotypic plasticity and (rapid) evolutionary change (Agrawal, 2001; Reznick et al., 2019). We found that even 100 years after their introduction to China, most of the investigated phenotypic traits of invasive mosquitofish showed a high degree of plasticity. Previous studies on another poeciliid fish, the Trinidadian guppy (Poecilia reticulata)—often using comparisons between natural populations with contrasting selection regimes and introduced populations that encounter comparable environmental variation—reported evolutionary divergence of several phenotypic traits over much shorter periods of time (Reznick et al., 1997; Karim et al., 2007). For example, directional selection from predation resulted in life-history evolution (e.g., age of maturity, reproductive effort, offspring size) within eleven years after translocation (i.e., 30 to 60 generations; Reznick et al., 1990), and of male nuptial colour patterns within eight years (approximately 26 generations; Karim et al., 2007). Selection from predation as well as climatic conditions on Trinidad are, however, rather stable over time (Reznick and Endler, 1982; Torres-Dowdall et al., 2012), while for invasive mosquitofish, temporal fluctuations of selective regimes are likely to play a major role.

Our study broadly confirms our initial prediction that traits of invasive mosquitofish that are related to survival in the face of (often unpredictable) environmental fluctuations—whether in novel or established distribution ranges—should show high degrees of plasticity, likely slowing down further genetic evolution (Price et al., 2003; Ghalambor et al., 2007). Our results are also congruent with a previous study reporting that naturally selected traits show much stronger geographic variation in invasive mosquitofish—a likely signature of adaptive plasticity—than sexually selected traits (Ouyang et al., 2018). Besides thermal tolerances, this list includes larger adult body size towards northern latitudes (Ouyang et al., 2018; Riesch et al., 2018; Santi et al. 2020), which likely translates into increased overwinter survival (Trexler et al., 1992). It further includes alterations in the offspring size/fecundity trade-off, with larger, but fewer offspring towards southern latitudes, where competition among offspring increases because population densities are higher (Ouyang et al., 2018; Riesch et al., 2018). Generally, loss of plasticity is likely to occur when the costs of maintaining the ability to produce alternative phenotypes or maintaining mechanisms necessary to respond to environmental triggers of plastic development outweigh their benefits, or when plasticity introduces developmental instability by interfering with other developmental pathways (DeWitt, 1998; DeWitt et al., 1998). Pronounced seasonality at high(er) latitudes, however, should select for maintaining plasticity in survival-related traits of mosquitofish, as the same individual, or different generations during the year, face different environmental (especially thermal) conditions.

Why then have some traits apparently undergone genetic evolution across populations, while the majority of traits have retained phenotypic plasticity? We propose that this might be linked to whether traits are mainly under natural selection, sexual selection, or both. For example, the exact mechanisms of how altered gonopodium tip shape affects male insemination efficiency in poeciliid fishes remains speculative at this point (Langerhans, 2011). Nevertheless, variation in the type(s) and intensity of mate competition (i.e., sexual selection) is at least partially driving their divergence, although the role of natural (counter-)selection, e.g., via predation pressures, cannot be discounted (Langerhans, 2011; Heinen-Kay and Langerhans, 2013). Populations of G. affinis experience lower overwinter mortality in southern and coastal populations, resulting in higher population densities and thus, heightened male competition. This, in turn, has led to divergence in gonopodium shape (Ouyang et al., 2018). It appears as if climatic variation indirectly altered the selective landscape for sexually selected traits in invasive mosquitofish (including the occurrence of multiple paternity; Gao et al., 2019). This interpretation also applies to male investment into reproduction (gonadosomatic index), which is expected to correlate with sperm competition risk and intensity (Long and Montgomerie, 2006; Levitan, 2008). A similar argument can be made for aspects of male body shape (RW9): heritable differences in the width of the basal area of both, the dorsal and anal fin (i.e., the gonopodium base), are likely at least partially related to sexual selection. An enlarged dorsal fin basis should result in a larger fin area, thereby increasing the lateral projection area of males (MacLaren et al., 2004). Given that the mating system of Gambusia spp. largely depends on male coercion (Bisazza et al., 2001), appearing to be larger could be beneficial primarily in agonistic male-male interactions, being a relatively cost-effective way of increasing relative body size without having to invest into costly skeletal and muscle tissue (MacLaren et al., 2004). Similarly, an increased width of the gonopodium base should result in a larger area for the associated suspensorium within the male’s body, which is responsible for the movement of the gonopodium (Greven, 2011). As such, this trait is important during copulation and therefore, should be under strong sexual selection.

Heritability in male lean weight and head size, as well as female body depth, on the other hand, is likely the result of predominantly natural selection. All three traits have been associated with differences in predation pressures and flow regimes, and thus, with locomotion (Franssen et al., 2013; Riesch et al., 2012). Male lean weight could also be related to overwintering survival, which is known to be greater for larger males (Cargnelli and Gross, 1996). However, since we did not find population differences in other aspects of body size (i.e. standard length) to be heritable, we find the latter explanation to be less likely. More problematic to explain are the heritable differences in female fat content. Somewhat surprisingly, studies on other poeciliid fishes had also found that population-specific differences in body fat are characterized by fairly strong heritability (Riesch et al., 2011). One possible explanation for this pattern in G. affinis could again be related to sexual selection: male coercion/harassment has known detrimental effects on female feeding efficiency and body condition (Magurran and Seghers, 1994; Smith and Sargent, 2006), so in populations with greater intensities of male harassment, females might simply not be able to spend enough time feeding to build up fat reserves. This explanation would be congruent with the observation that in the three populations (Baoding, Beihai and Chaozhou) in which females tended to have the lowest fat content, males tended to have the highest GSI. If this were true, then the pattern revealed in this study would not be related to heritable physiological changes on the side of the females, but rather would be an indirect consequence of heritable differences in male behaviour (Miller and Moore, 2007). Future studies on behavioural variation will have to investigate this further.

The propensity of mosquitofish to retain plasticity in key physiological, body-shape and life-history parameters has important implications for their ability to further expand their invasive range, e.g., in the face of Global Climate Change (Charmantier et al., 2008; Jourdan et al. 2021), or other forms of human-induced rapid environmental change (HIREC; Sih et al., 2011). The results of our study thus help explain why mosquitofish rank among the top 100 invasive species worldwide (Lowe et al., 2000).
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Table 1

Results from (multivariate) analyses of (co)variance testing for differentiation in phenotypic traits when comparing wild-caught and laboratory-reared (F1, F2) individuals from five geographically distant G. affinis populations. (a) ANOVAs on male and female standard length. MANCOVAs used (b) male and female life history proxies, (c) morphology-related relative warps (RWs), and (d) gonopodium morphology-related RWs as dependent variables. (e) Upper and lower thermal tolerances of females served as dependent variables in ANCOVAs. We included additional covariates where appropriate (see main text). Bold font highlights statistically significant effects.
	
	Sex/ trait
	Source
	d.f.
	F
	P
	Partial η2

	(a) Standard length
	♂
	Population
	4
	9.186
	< 0.0001
	0.110

	
	
	Generation
	2
	85.321
	< 0.0001
	0.365

	
	
	Population × generation
	8
	7.249
	< 0.0001
	0.163

	
	
	Error
	297
	—
	—
	—

	
	♀
	Population
	4
	8.018
	< 0.0001
	0.097

	
	
	Generation
	2
	16.185
	< 0.0001
	0.098

	
	
	Population × generation
	8
	4.684
	< 0.0001
	0.111

	
	
	Error
	299
	—
	—
	—

	(b) Life-history traits
	♂
	SL
	3
	572.543
	< 0.0001
	0.854

	
	
	Population
	12
	25.446
	< 0.0001
	0.253

	
	
	Generation
	6
	17.673
	< 0.0001
	0.153

	
	
	Population × generation
	24
	9.527
	< 0.0001
	0.205

	
	
	Error
	296
	—
	—
	—

	
	♀
	SL
	6
	7.573
	< 0.0001
	0.135

	
	
	Stage of development
	6
	2.010
	0.064
	0.040

	
	
	Population
	24
	12.200
	< 0.0001
	0.198

	
	
	Generation
	12
	52.681
	< 0.0001
	0.520

	
	
	Population × generation
	48
	7.015
	< 0.0001
	0.158

	
	
	Error
	297
	—
	—
	—

	(c) Morphology related RWs
	♂
	Centroid size
	10
	49.230
	< 0.0001
	0.625

	
	
	Population
	40
	14.023
	< 0.0001
	0.319

	
	
	Generation
	20
	80.761
	< 0.0001
	0.732

	
	
	Population × generation
	80
	9.779
	< 0.0001
	0.241

	
	
	Error
	304
	—
	—
	—

	
	♀
	Centroid size
	10
	18.620
	< 0.0001
	0.389

	
	
	Population
	40
	9.838
	< 0.0001
	0.249

	
	
	Generation
	20
	75.953
	< 0.0001
	0.722

	
	
	Population × generation
	80
	9.142
	< 0.0001
	0.231

	
	
	Error
	302
	—
	—
	—

	(d) Morphology related RWs
	Gonopodium
	Gonopodium length
	10
	6.023
	< 0.0001
	0.185

	
	
	Centroid size
	10
	12.998
	< 0.0001
	0.328

	
	
	Population
	40
	8.404
	< 0.0001
	0.238

	
	
	Generation
	20
	11.687
	< 0.0001
	0.305

	
	
	Population × generation
	80
	2.630
	< 0.0001
	0.089

	
	
	Error
	275
	—
	—
	—

	(e) Thermal tolerance
	CTmin.
	SL
	1
	0.543
	0.463
	0.006

	
	
	Population
	4
	23.896
	< 0.0001
	0.507

	
	
	Generation
	2
	11.133
	< 0.0001
	0.193

	
	
	Population × generation
	8
	24.814
	< 0.0001
	0.681

	
	
	Error
	93
	—
	—
	—

	
	CTmax.
	SL
	1
	0.074
	0.786
	0.001

	
	
	Population
	4
	41.820
	< 0.0001
	0.628

	
	
	Generation
	2
	76.451
	< 0.0001
	0.607

	
	
	Population × generation
	8
	52.377
	< 0.0001
	0.809

	
	
	Error
	99
	—
	—
	—

	
	
	
	
	
	
	


Table 2 

Broad-sense heritability estimates (intraclass correlation coefficients, ICC) for (a) life-history traits, (b) body shape (relative warps, RW), (c) gonopodium size, (d) gonopodium shape and (e) thermal tolerances. We used common-garden rearing and compared wild-caught and laboratory-reared (F1, F2) individuals from five populations. ICC-values > 0.75 are highlighted in boldface.

	　Trait category
	Dependent variable
	Males
	Females

	(a) Life-history traits 
	Standard length
	0.295
	0.450

	
	Somatic lean weight
	0.806
	0.601

	
	Fat content
	0.321
	0.769

	
	GSI/Reproductive allocation
	0.799
	0.448

	
	Fecundity
	—
	0.267

	
	Embryo lean weight
	—
	0.293

	　
	Embryo fat content
	—
	0.174

	(b) Body shape
	RW1
	0.022
	< 0.001

	
	RW2
	< 0.001
	0.202

	
	RW3
	0.301
	0.285

	
	RW4
	0.662
	< 0.001

	
	RW5
	< 0.001
	0.814

	
	RW6
	< 0.001
	< 0.001

	
	RW7
	0.466
	0.703

	
	RW8
	0.600
	0.712

	
	RW9
	0.833
	< 0.001

	　
	RW10
	0.201
	< 0.001

	(c) Gonopodium size
	Gonopodium length
	0.568
	—

	(d) Gonopodium shape
	RW1
	0.721
	—

	
	RW2
	0.391
	—

	
	RW3
	0.863
	—

	
	RW4
	0.637
	—

	
	RW5
	0.965
	—

	
	RW6
	0.786
	—

	
	RW7
	< 0.001
	—

	
	RW8
	0.689
	—

	
	RW9
	0.152
	—

	　
	RW10
	< 0.001
	—

	(e) Thermal tolerance
	CTmin.
	—
	0.069

	
	CTmax.
	—
	< 0.001
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Fig. 1. Visualization of components of gonopodium shape differentiation (relative warps, RW) for those three RWs that yielded high estimates of broad-sense heritability (ICC-values, shown with associated P-values). We compared wild-caught (black bars), first-generation laboratory-reared (F1, grey bars) and F2 individuals (white bars) from five invasive G. affinis populations. (a) RW3, (b) RW5, and (c) RW6. Shown are EMMs ± SEM, corrected for centroid size. The underlying source of shape differences is visualized via thin-plate splines.
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Fig. 2. Visualization of components of (a) male and (b) female body-shape variation (relative warps, RW) for which our analyses revealed high broad-sense heritability estimates (ICC). Shown are EMMs ± SEM, corrected for centroid size and for a body size (SL) of 20.54 mm (males) and 27.15 mm (females), respectively. Black bars represent wild-caught G. affinis, grey bars F1, and white bars F2 laboratory-reared individuals. The underlying body-shape differences are visualized via thin-plate splines.
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Fig. 3. Visualization of male and female life-history traits for which high intraclass correlation coefficients (ICC) were uncovered when comparing five populations, including wild-caught (black bars), first- (F1, grey bars) and second-generation laboratory-reared individuals (F2, white bars). Shown are EMMs ± SEM, corrected for a body size (SL) of 20.61 mm (males) and 27.12 mm (females), respectively, and for a stage of embryonic development of 12.23 (females). (a) Male somatic lean weight, (b) male gonadosomatic index (GSI), and (c) female fat content.
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