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Abstract

:

Divergent selection between ecologically dissimilar habitats promotes local adaptation, which can lead to reproductive isolation (RI). Populations in the Poecilia mexicana species complex have independently adapted to toxic hydrogen sulfide and show varying degrees of RI. Here, we examined the variation in the mate choice component of prezygotic RI. Mate choice tests across drainages (with stimulus males from another drainage) suggest that specific features of the males coupled with a general female preference for yellow color patterns explain the observed variation. Analyses of male body coloration identified the intensity of yellow fin coloration as a strong candidate to explain this pattern, and common-garden rearing suggested heritable population differences. Male sexual ornamentation apparently evolved differently across sulfide-adapted populations, for example because of differences in natural counterselection via predation. The ubiquitous preference for yellow color ornaments in poeciliid females likely undermines the emergence of strong RI, as female discrimination in favor of own males becomes weaker when yellow fin coloration in the respective sulfide ecotype increases. Our study illustrates the complexity of the (partly non-parallel) pathways to divergence among replicated ecological gradients. We suggest that future work should identify the genomic loci involved in the pattern reported here, making use of the increasing genomic and transcriptomic datasets available for our study system.
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1. Introduction


1.1. Adaptive Divergence along Ecological Gradients and Reproductive Isolation


A central question in evolutionary biology is how divergent ecological selection—e.g., along ecological gradients [1,2,3]—promotes reproductive isolation (RI) [4,5,6], defining the process of ecological speciation [7,8]. Theory distinguishes between pre- and postzygotic isolating mechanisms, which can act independently or in concert to create varying degrees of RI [5]. However, the genetic basis of these mechanisms is often poorly understood. As a unifying conceptual framework, barrier loci have been suggested, which are either under direct (divergent) selection, part of a functional group of genes that are under pleiotropic selection, or otherwise involved in the development of complex traits that are the target of divergent selection [9]. Considering speciation along ecological gradients, RI can arise when natural selection acts against maladapted individuals migrating between habitat types [10], e.g., because migrants show increased mortality [11,12,13], have lower reproductive fitness [6,8,14], or because hybrid offspring have higher mortality and/or lower reproductive fitness compared to the average offspring of the resident (locally adapted) population [15,16,17,18,19,20].



Another important mechanism of (prezygotic) RI is assortative mating. Here, females (e.g., [21,22]) and/or males (e.g., [23,24,25]) either use specific phenotypic traits characteristic of their own ecotype [26,27,28] or environmentally dependent performance traits [5,29] to choose mating partners from the pool of available mates (for other forms of assortative mating, see [30,31]). While discrimination between species/ecotypes received most attention in the literature on ecological speciation [7,8,31,32], female mate choice actually consists of at least three stages: species identification through species-specific traits and subsequent discrimination in favor of individuals from their own species [21,33,34,35], sex identification and discrimination in favor of males [36,37,38], and quality assessment, once the choosing individual has assessed the former two criteria and identified its counterpart as a potential mate (e.g., [39,40,41,42]). This quality assessment is usually based on variations of quality traits among potential mating partners, including their physical condition [43,44] or secondary sexual characters [45,46]. In some systems, strong preferences for these quality-related traits can override species discrimination, resulting in secondary sexual characters attracting females across species boundaries. For example, females in Xiphophorus fishes prefer males of species that show an ornamental caudal “sword” even if their own males lack such a sword [47,48,49,50]. Ancestral female preferences for vertical bar ornamentation [51] and large male body size [33,52,53,54] override species discrimination in other members of the same genus. This can promote hybridization and genomic introgression [55,56]. Therefore, if closely related species or ecotypes live in parapatry, and RI between them is built up to a substantial degree by the aforementioned mechanisms of species/ecotype discrimination, then these systems can be vulnerable to migration of individuals that show such secondary sexual characters.



Male secondary sexual characters—such as male color ornaments used to attract females—are under various forms of ecological selection [57,58,59]. While sexual selection through female mate choice will select for stronger expression of the preferred traits, other selection forces, predominantly natural selection, will shape the traits in other directions. Local adaptation and ecological speciation along certain ecological gradients may shape the expression of male secondary sexual characters, e.g., through differences in nutrient availability rendering these characters important for females to assess male quality in the respective environment. For example, in guppies (Poecilia reticulata) and other fishes, male nuptial ornamentation is a reliable signal of male quality, but high predation pressures typically select for reduced male ornamentation [21,57,59,60]. A comparative approach, using replicate population pairs adapted to similar ecological gradients, offers a unique opportunity to investigate whether and how variation in female preferences and male secondary sexual characters affect the emergence of RI [61].



Our present study focuses on just such a system. We examine how habitat-specific evolution of male secondary sexual characters through both natural and sexual selection might either hamper or strengthen the emergence of RI during the early stages of ecological speciation. Specifically, females of the Poecilia mexicana species complex exhibit a preference for males from their own ecotypes (based on body shape) over males showing different body shapes [60] across repeated transitions along (and adaptation to) an evolutionarily replicated ecological gradient [62,63]. We demonstrate that a commonly preferred male color ornament appears to bring about a conflict between sexual selection for this particular secondary sexual character and species/ecotype discrimination (see [48,52]).




1.2. Ecological Speciation and Reproductive Isolation of H2S-Adapted Poecilia spp.


In the southern Mexican states of Tabasco and Chiapas, the neotropical livebearing fish P. mexicana has repeatedly colonized toxic, hydrogen sulfide (H2S)-containing spring complexes [64]. These sulfidic springs occur in at least four parallel rivers of the Río Grijalva drainage system, and three of these drainages were included in this study (Figure 1a). In the eastern two drainages (Ríos Tacotalpa and Puyacatengo, henceforth Tac and Puy), the H2S-rich habitats were colonized relatively recently (<100,000 years ago [65]), and H2S-adapted populations (Tac-S and Puy-S) are closely related to—and taxonomically considered the same species as—P. mexicana from adjacent non-sulfidic habitats [66]. Sulfide springs in the westernmost drainage (Río Pichucalco, henceforth Pich) have been colonized earlier (>200,000 years ago [65]), and H2S-adapted fish (Pich-S) in this drainage were described as a distinct species, the hydrogen sulfide-endemic Poecilia sulphuraria, and are more closely related to Poecilia limantouri, which is now restricted to northeastern Mexico [66,67,68].



Physical barriers to migration are absent, and sulfidic springs in all three rivers directly drain into adjacent freshwater rivers, where H2S is immediately diluted [61]. However, migration between different habitat types is strongly impeded. Only sulfide-adapted populations show a tolerance to high concentrations of H2S, so that fish from non-sulfidic habitats exhibit high mortality when translocated to sulfidic habitats. Likewise, fish from sulfidic habitats often succumb when transferred to non-sulfidic water [12,62]. All three population pairs in this study show pronounced genetic differentiation, with low levels of gene flow between the ecotypes adapted to sulfidic and non-sulfidic habitats, and RI emerges through both natural (i.e., selection against migrants) and sexual selection, the latter especially driven by females from non-sulfidic habitats discriminating in favor of males from their own ecotype [12,69,70] and by resident males being superior over migrant males in aggressive male contests [71].



H2S is acutely toxic because of its interference with aerobic respiration [72,73], and populations adapted to high H2S concentrations exhibit several shared adaptations to cope with H2S and the associated hypoxia [63]. For example, adaptations to H2S include morphological changes such as enlarged heads and increased gill surface areas [62,74,75], behavioral adaptations such as increased aquatic surface respiration [76,77,78], and life-history adaptations such as increased offspring size [75,79,80,81]. A comparison of transcriptomic patterns between sulfide-adapted and non-adapted populations revealed differentially expressed genes mainly in the gills, where they affect sulfur and glutathione metabolism, as well as oxidative stress responses [82]. However, a recent focus on the genetic basis of adaptations to H2S also revealed genomic [65,68,83,84] and transcriptomic population differences [82,85,86]. For instance, shared evolution of two of the sulfide-adapted populations (Pich-S and Puy-S) was reported for two subunits of the mitochondrially encoded cytochrome-c oxidase complex (COX), which likely offsets the inhibitory function of H2S on the mitochondrial respiratory chain [65]. The third H2S-adapted population (Tac-S) seems to follow a largely unique evolutionary trajectory, with no sulfide-resistant COX. Moreover, pool-Seq analysis found multiple genome-wide de novo mutations to have been rapidly driven to fixation in Pich-S and Puy-S, but surprisingly little overlap in these mutations was found when comparing both sulfide-adapted populations [84].



As one aspect of sexual selection, mate discrimination has been investigated in the Pich, Puy, and Tac drainages using binary association preference tests [12,69,70]. Mating preferences are likely based, at least to some degree, on the shared morphological changes of sulfide-adapted populations [60,62,74,75]. Still, the results from a previous study [12] investigating mate choice within drainages suggested that (a) females, but not males, show strong preferences for mates from their own population over mates from the other ecotype, (b) among females, discrimination in favor of males from their own resident population was only seen in populations from non-sulfidic habitats (see also [70]), and (c) females’ strength of preference (SOP) showed considerable variation across drainages. The observations (b) and (c) could partially be explained as an indirect consequence of variation in the strength of natural selection against migrants within and among drainages (estimated using survivorship in 24 h translocation experiments [12,70]). Specifically, assortative mating preferences appear to be stronger when natural selection against migrating males is relatively weak, i.e., when the likelihood of encountering different phenotypes—and, thus, the likelihood of mismatched mating—is high (suggesting reinforcement mechanisms [12,60]). However, some of the variation in the mate choice behavior of females from non-sulfidic waters (effect (c) could also arise from the variation in the expression of sexually selected male traits in the different H2S-adapted populations. Most strikingly, Tac females did not show a preference for Tac over Tac-S males in the aforementioned study [12]. Tobler et al. [69] used a similar experimental approach, and Tac females again showed no preference for their own ecotype but spent even slightly more time in association with Tac-S males, suggesting that discrimination against the sulfide-adapted ecotype is indeed weak in the Tacotalpa drainage.



To investigate this further, we asked here if features other than morphological traits render Tac-S males more attractive to P. mexicana females from non-sulfidic habitats, thus weakening their preference for their own males. More specifically, the first question we examined in our present study was whether the observed variation in female mate choice for own over sulfide-adapted male phenotypes is caused by differences in females’ intrinsic preferences across river drainages, or whether it can be explained by specific features characteristic of males in the three sulfide-adapted populations (question 1). If the latter was true, then strength of preference (SOP) values in cross-drainage mate choice tests should be a function of the origin of the stimulus males (i.e., which drainage they stem from) rather than a function of the origin of the choosing females. We reanalyzed data on the mate choice behavior of females from non-sulfidic waters [12] and additionally conducted cross-drainage mate choice tests by giving focal females from non-sulfidic habitats of a given drainage a choice between males of both ecotypes from another drainage. A careful interpretation of the summary results (Figure 1b) suggests the following scenario: it is indeed certain features of the Tac-S males that increase their relative attractiveness compared to the Tac males, and it can be inferred that these features likely act in unison with a universal female preference that is shared among populations.



We then compared patterns of male body coloration, because color patterns play a vital role in mate attraction in poeciliid fishes [51,59,87,88,89,90,91,92]. This allowed us to identify the level of shared and unique divergence in male color ornamentation during the repeated transition from non-sulfidic to sulfidic habitats (question 2) [93,94,95]. Using a comparison of color patterns between wild-caught and common-garden reared Tac and Tac-S males, we further asked if the divergence in color patterns between these two populations is caused by phenotypically plastic responses to the H2S-toxic habitat or by heritable, evolved, differences (question 3). Finally, we asked which component(s) of this color divergence could explain why males from sulfide-adapted populations are strongly rejected by females from non-sulfidic waters in some, but not all, drainages (question 4).





2. Materials and Methods


2.1. Study System and Details on the Study Populations


All populations of P. mexicana and P. sulphuraria were collected in the vicinity of the city of Teapa in southern Mexico (Figure 1a). Here, the mountains of the Sierra Madre de Chiapas meet the floodplains of northern Tabasco. All three tributaries under investigation eventually drain into the Río Grijalva and are thus interconnected in downstream direction. In the foothills of the Sierra Madre, several sulfide spring complexes are inhabited by Poecilia spp. (from west to east: Río Pichucalco (Pich), Río Puyacatengo (Puy), and Río Tacotalpa (Tac)). Hydrogen sulfide in the sulfidic springs in our study area stems from bacterial sulfate reduction in aquifers fed by meteoric water [96]. The sulfur and carbon sources to fuel bacterial metabolism are associated with hydrocarbon deposits [96] and potentially volcanic activity [97].



For this study, we captured females only from non-sulfidic sites and males from both habitat types in all three drainages (Figure 1a; Table 1) using a seine (4 m long, 2 mm mesh width) and transported them immediately to our field station in Teapa (i.e., within 60 min upon capture). We kept the fish separated by sex and population in closed and aerated Sterilite containers for up to 3 days prior to the mate choice tests. As we used non-sulfidic water during the mate choice tests, we gradually acclimatized the H2S-adapted fish to freshwater conditions by continuously adding small amounts of sulfide-free river water to the containers. Especially in the Tac drainage, high mortality rates of Tac-S fish were observed upon rapid translocation into sulfide-free stream sections in previous studies [12,70], but no mortality was observed in our experiment, probably owing to the gradual change of the water conditions.



Pictures for the analysis of body coloration were taken from wild-caught males at the site of capture (see below). For the estimation of broad-sense heritability of color differences, we additionally used randomly outbred, mixed-sex laboratory stocks (Tac, Tac-S). These were kept at the animal maintenance facility of Frankfurt University for at least eight generations. Here, the fish lived in large (620 L) population tanks under a 12:12 light/dark cycle and were fed with spinach and chironomid larvae twice a week in addition to daily rations of commercial flake food. This ensured a high availability of dietary carotenoids.




2.2. Female Mate Choice within and across Drainages


We reanalyzed the data on the mating preferences of females from non-sulfidic habitats in all three drainages for males from their own ecotype over males from the sulfide-adapted ecotype from Plath et al. [12]. Additionally, we conducted four sets of mate choice tests using stimulus males of both ecotypes (sulfide-adapted and not sulfide-adapted) from a given drainage but used (not sulfide-adapted) focal females from another drainage to find out whether differences in the preferences uncovered during the previously published tests could be explained by intrinsic female traits or could be ascribed to site-specific environmental adaptations of the males (question 1). Binary association preference tests were conducted as described in Plath et al. [12], providing only visual information to the choosing females. This prevented males from approaching females and coercing copulations. In short, focal females were given a choice between two stimulus males (sulfide- and not sulfide-adapted ecotype), and the times spent in association with both males were scored. The test tank (42.6 × 30 × 16.5 cm) was built from UV-transparent Plexiglas and was visually divided into three equally sized zones: the two lateral zones were designated as preference zones, and the central zone as neutral zone. Two smaller auxiliary tanks (19.5 × 30 × 14.5 cm) were placed on either side of the test tank to hold the stimulus fish. The test setup was covered on three sides with light grey cardboard. The observer was sitting quietly in front of the test setup (on the side not covered with cardboard) at a distance of approximately 1.5–2 m.



To initiate a trial, one stimulus male was placed in each auxiliary tank, and the focal female was introduced into the center of the test tank as soon as the stimulus fish started to swim freely. We granted up to 2 min of acclimatization time, and the measurements started when all fish resumed swimming freely in the water column (they typically froze on the bottom of the test tank for a short period when initially introduced). We measured the time the focal female spent in each preference zone during a 5 min observation period. After the first observation period, the stimuli were switched between sides, and the measurement was repeated to avoid side biases. We altered the side assignments (own or sulfide-adapted ecotype left or right during the first part of the test) for each trial. For each focal female, the association times spent near either stimulus male were summed from both 5 min observation periods, and we measured the standard length (SL) of each fish upon termination of the two test parts. Focal females were tested only once, but a pair of stimulus males was sometimes used in a maximum of two tests, as we encountered problems collecting sufficient numbers of males.



We established strength of preference (SOP) values for each test situation as:



SOP = (time near male from own ecotype − time near sulfide-adapted male)/(time near own male + time near sulfide-adapted male)



SOP values could range from +1 (complete preference for own ecotype) to −1 (complete preference for sulfide-adapted ecotype) and were tested against the ‘no preference’ expectation of SOP = 0 using one-sample t-tests. Unless stated otherwise, all statistical tests were run in IBM SPSS Statistics (Version 23.0, IBM Corp., Armonk, NY, USA).




2.3. Body Color Divergence in Sulfide-Adapted Populations


Our second question related to population differences in male body coloration. To address this question, we collected adult males between August and September 2011, using seines or dip nets at all six study sites (Table 1; Figure 1a; Appendix A).



Unlike in guppies, where males possess distinct, highly variable color spot patterns to attract females [57,59,87,98], coloration in P. mexicana is more uniform and based on a beige ground color (Figure 2 and [99]). Large-bodied, dominant males are more conspicuous in body coloration, showing black vertical bars on the body sides along with yellowish to orange color patterns on the margins of the dorsal and caudal fins. Subordinate (mostly smaller-bodied) males are more cryptically colored, with only faint color patterns [99,100]. Although Culumber et al. [101] described occasional black spots in sulfide-adapted fish, we specifically did not include such phenotypes in this study, but attempted to obtain an otherwise representative sample, including both colorful and drab males. We measured body coloration at 10 body regions using Adobe Photoshop (CS5, Adobe Systems Inc., San Jose, CA, USA), following the method described in Bierbach et al. [100]; details can be found in Appendix A, Figure A1. In total, we thus processed 128 images of males (including laboratory-reared males from Tac and Tac-S for the subsequent assessment of broad-sense heritability). We assessed three color metrics (L*a*b* values in CIELAB color space) from all 10 spots, whereby the L* values describe relative lightness ranging from black to white, the a* values describe variations from green to red, and the b* values describe variations from blue to yellow.



To test for differences in body coloration among populations, we condensed the data obtained from wild-caught males by subjecting them to principle component analysis (PCA [100]). Seven PC axes with eigenvalues > 1 (explaining 79.15% of the variance; Appendix A, Table A1 and Table A2) were retained and their PC scores used as dependent variables in a MANCOVA that included drainage and presence of H2S as fixed factors and SL as a covariate. We initially included all interaction terms but removed non-significant interactions starting with the highest interaction level in a stepwise backward elimination procedure until a final model was obtained. Post hoc ANCOVAs for each PC score were subsequently conducted (with an otherwise identical structure as the final MANCOVA model) to identify PC scores that contributed to a significant effect in the multivariate model.



We were specifically interested in shared and unique patterns of body color divergence between male Poecilia spp. from sulfidic and non-sulfidic habitats among drainages (question 2). Therefore, we conducted further post hoc analyses for the interaction term of drainage × presence of H2S (reflecting drainage-specific divergence in sulfidic habitats). We used residual PC scores from a preparatory MANCOVA (see Appendix A) and conducted multiple comparisons between males from non-sulfidic and sulfidic habitats with independent samples t-tests for each drainage and PC score, separately. We corrected the α levels for multiple comparisons using Bonferroni correction.




2.4. Estimating Broad-Sense Heritability of Color Divergence


We sought to disentangle the environmentally induced (i.e., phenotypically plastic) components of color divergence (e.g., as a result of different carotenoid availability in the different sulfide springs, see [102,103,104]), from evolved (i.e., heritable) differences (question 3). To this end, we additionally assessed the body coloration of laboratory-reared P. mexicana males from both Tac and Tac-S. We were able to compile a dataset including N = 19 laboratory-reared Tac and N = 20 laboratory-reared Tac-S males and we included N = 12 wild-caught Tac and N = 9 wild-caught Tac-S males from our previous analysis (see Section 2.3). A PCA with this data set resulted in six PC axes with eigenvalues > 1 (explaining 80.27% of the variance; Appendix B, Table A4 and Table A5). Axis loadings did not exactly match those of the previous PCA that was based only on wild-caught males (Table A4), but were qualitatively similar. For example, the PC axis containing information about the lightness of the dorsal region was PC 3 in the previous PCA (see above, Section 2.3) but PC 1 in our second PCA; still, both received the highest axis loadings from L* 2, L* 5, and L* 7 (see Appendix A and Appendix B).



First, we provided an estimate for the degree of (dis)similarity between both populations when comparing wild-caught and laboratory-reared fish by means of cross-validation discriminant function analysis (DFA). We computed prior probabilities while accounting for unequal sample sizes in the dataset. The discriminant functions were calculated using only the data from wild-caught fish (training data set), and the data from the laboratory-reared fish were then inserted into the discriminant functions and assigned to the most parsimonious population of origin (i.e., either Tac or Tac-S). A high classification success would indicate consistent, heritable differences between populations. Additionally, we used intraclass correlation coefficients (ICC, [105]) to pinpoint components of body coloration (in this case PC scores) that show consistent differences across rearing environments, suggesting a broad-sense heritability of those traits (e.g., [106,107]). ICC is based on variance components extracted from an ANOVA and is a measure of repeatability that describes the proportion of variance of a given trait between, rather than within, individuals [108]. ICC values > 0.8 [109] would indicate a high repeatability (i.e., broad-sense heritability) in a trait when comparing lab-reared and wild-caught fish. In other words, both analyses (cross-validation DFA and ICC) have the power to reveal if wild-caught and lab-reared fish within populations exhibited coloration patterns more similar to one another than to fish from the other population.




2.5. Does Divergence in Male Coloration Predict Variation in Females’ SOP?


Finally, we asked which component(s) of male body coloration might explain the observed variation in females’ strength of preference (SOP; question 4). We calculated the population differences of the seven PCs derived from the analysis of body coloration in wild-caught males (Section 2.3), i.e., the absolute differences between mean PC scores of the sulfide-adapted ecotype and mean scores of the respective not sulfide-adapted ecotype in a given drainage. We then tested for potential effects of the resulting difference scores on the mean SOP values obtained from the within- and cross-drainage mate choice tests in a multiple linear regression with a stepwise backward elimination procedure. We coded the SOP values as the dependent variables and the difference scores as the predictor variables.





3. Results


3.1. Female Mate Choice within and among Drainages


We presented focal females from non-sulfidic habitats with males of both ecotypes and used the relative association times as a measure of mate discrimination. Pich females showed a strong, statistically significant preference for males from their own ecotype (Figure 3). Likewise, Puy females preferred males from their own ecotype, and very similar (statistically significant) SOP values were found when Pich and Tac females could choose between Puy and Puy-S stimulus males in cross-drainage tests. Presented with males from the Tac drainage, however, the females from all three drainages showed either no preference (in the case of Pich and Tac females) or a statistically significant preference for the sulfide-adapted Tac-S males (Puy females). This resulted in a considerable variation in the SOP values among the seven preference tests, ranging from +0.31 to −0.15. We tentatively argue that the divergence of male characteristics rather than the divergent evolution of female preferences is likely to be the cause of this variation (see Introduction). This rationale formed the basis for our subsequent analyses (Figure 1b).




3.2. Divergence in Male Body Coloration


MANCOVA, using the seven PC scores from the PCA on male body coloration of wild-caught males from all populations (Appendix A) as the dependent variables, detected significant effects of the covariate SL, the factors drainage and presence of H2S, as well as the interaction terms drainage × presence of H2S and drainage × SL (Table 2). The strongest effect (based on Wilks’ partial η2) was seen in the case of the interaction term drainage × presence of H2S (reflecting unique, drainage-specific responses to H2S-exposure), followed by presence of H2S (reflecting shared evolutionary responses to H2S-exposure) and the effect of body size (SL; Table 2). Other (weaker) effects are displayed in Appendix A.



Post hoc ANCOVAs (Appendix A; Table A3) suggested that the significant interaction effect of drainage × presence of H2S was mainly driven by a drainage-specific variation in the lightness of the males’ dorsal region and fin areas (PCs 3 and 5), a variation along the blue-yellow axis on the body (PC 2), and the intensity of red in their dorsal region (PC 4) between sulfide-adapted and non-adapted males. Tac-S males were exceptionally light on their back compared to their counterparts from non-sulfidic waters, while Puy-S males had darker dorsal regions than Puy males (PC 3; Figure 4a). Concerning the lightness of the fins, Pich-S males had lighter fins than males from the corresponding non-sulfidic habitat Pich (PC 5; Figure 4f). Puy-S males showed increased yellow coloration in both dorsal and ventral regions (PC 2; Figure 4c). Moreover, while Tac-S and Puy-S males showed significantly decreased red coloration in their dorsal regions, Pich-S males only showed a trend in this direction, and differences were not statistically significant in this drainage after Bonferroni correction (PC 4; Figure 4b).



Factors contributing to the significant main effect of ‘presence of H2S’ were the differences in the intensity of red coloration in the males’ dorsal regions between H2S-adapted and non-adapted fish and the lightness of the males’ ventral regions. Fish from sulfidic habitats uniformly showed less red coloration in their dorsal regions (PC 4; Figure 4b) and—mainly driven by differences in the Puy drainage—a darker ventral coloration (PC 6; Figure 4d) than the males from non-sulfidic habitats.



Body size (SL) significantly affected fin coloration (PCs 5 and 7). The fins of larger males were darker and more yellowish compared to those of smaller males (Figure 5a). However, post hoc Pearson correlations using residuals corrected for presence of H2S, drainage, and their interaction term found a significant correlation only in the case of fin lightness (PC 5: r = −0.44, p < 0.001; Figure 5a; PC 7: r = 0.17, p = 0.11; Figure 5b).




3.3. Broad-Sense Heritability of Population Differences


We conducted cross-validation DFA using the six body color-related PC scores of our second PCA (Section 2.4). This test only included wild-caught and laboratory-reared Tac males (Appendix B; Table A4 and Table A5) and was conducted to provide a coarse estimate of the broad-sense heritability of ecotype-specific differences in body coloration between Tac and Tac-S males. When attempting to classify laboratory-reared males into their environment of origin (i.e., based on wild-caught Tac and Tac-S males), only 20% of Tac males were classified correctly, but 63.2% of Tac-S males were assigned correctly to their wild-caught counterparts.



The same six PC scores were used to calculate the broad-sense heritability via ICCs. We identified only one PC score with an ICC > 0.8 (Appendix B; Table A6): PC 4, which captures variations in the coloration of the fin tips (a* and b* values of measurement points 6 and 10), showed high consistency between wild-caught and laboratory-reared fish (ICC = 0.991). While laboratory-reared fish of both populations generally had a decreased amount of yellow and red in their fin tips, the difference between H2S-adapted and non-adapted fish remained virtually the same (Appendix B; Figure A4d).




3.4. Does Divergence in Male Body Coloration Predict Variation in SOPs?


In our stepwise backward regression analysis, six PCs had no significant effects and were excluded during the stepwise elimination procedure (PCs 1 and 5: t = 1.03, p = 0.36; PCs 2‒4: t = −1.03, p = 0.36). The final model (Nagelkerke R2 = 0.81) thus only retained PC 7 (B = −0.39 ± 0.08, Beta = −0.9, t = −4.69, p = 0.005; Figure 6), which characterizes the intensity of yellow fin coloration. Qualitatively, we obtained the same result when conducting separate linear regression models with only one, or a subset, of predictor variables per model (not shown). A post hoc Spearman rank correlation confirmed a negative relationship between the difference scores for PC 7 and SOP values (r = −0.93, p = 0.014). Hence, female discrimination against males from the sulfide-adapted ecotype weakened as the intensity of the yellow color ornamentation increased in these males (Figure 6).





4. Discussion


Our present study examined the mate choice component of RI in the P. mexicana species complex [12,61,110,111]. Mate choice reduces interbreeding between females from non-sulfidic stream sections and males of the H2S-adapted ecotype, which may occur at the interface between sulfidic and non-sulfidic waters [60,64,112]. We focused on mate choice of females from non-sulfidic habitats on the basis that sulfide-adapted males are more likely to briefly venture into adjoining non-sulfidic stream sections, while the opposite migration direction is prevented by migrants not tolerating exposure to high H2S concentrations [12,62,70,112]. Furthermore, female mate choice was previously reported as the primary mechanism promoting assortative mating in this system [12,69]. Our cross-drainage preference tests reported here confirmed that females from non-sulfidic habitats generally prefer males from their own ecotype, but that this preference is weakened or reversed in one drainage, namely, the Tacotalpa drainage (question 1). Furthermore, we identified shared and unique differences in coloration between the ecotypes of all three drainages (question 2) and found population differences in one trait, namely, yellow coloration of the fins, to be heritable in Tacotalpa males (question 3). Differences in the same trait could also explain the variation in female preference (question 4). Our present study represents a starting point for future studies that might want to focus on the genetic basis of ecotype differences in male coloration in our study system.



Mate choice in our study species is mainly based on visual cues [113], but chemical and mechano-sensory cues can also play a role [44], even though chemical communication appears to be more important in certain subterranean (cave-dwelling) populations [114]. Nevertheless, our current experimental design to investigate mate choice preferences offered only visual information to the focal females, and so we may have underestimated the strength of female discrimination in favor of males from their own ecotype. Previous tests demonstrated that the results obtained with experimental setups that allowed full contact between a choosing female and two males (thereby also allowing the assessment of non-visual information) did not differ in the direction of female preferences from those obtained using visual-only setups; at the same time, male behavior had a greater impact on the outcome of the experiment in full-contact scenarios [115]. While mate assessment in our study species is barely ever restricted to visual information in nature, visual courtship displays do not play a major role, and the rate of physical contact between mating partner is very high and, thus, it is classified as sexual harassment [116,117,118]. Females face direct [119] and indirect costs resulting from male harassment [120,121] and tend to avoid direct contact with harassing males [115]. The experimental approach we used here allowed females to choose between two males while avoiding male harassment as well as aggressive interactions between males.



Considering the results from the within- and cross-drainage mate choice tests, we inferred that the variation in female SOP is based on a visual trait that renders sulfide-adapted males from the Tac-S population relatively more attractive and so we investigated male body coloration (question 2), as color patterns play a central role in the mate choice of poeciliid fishes [59,88,100,122,123,124]. We found both shared and unique (drainage-specific) differences between ecotypes. Besides the morphological traits that H2S-adapted males evolved in parallel in different sulfidic spring complexes [60,62,125], any of the shared components of color divergence could be used by the females to discriminate against males of the sulfide-adapted ecotype. Examples include darker ventral regions and the decrease of red coloration on the back of H2S-adapted males. In the case of unique patterns of color divergence, the extent of phenotypic divergence between ecotypes differed among drainages, or even opposing trends were uncovered. This high degree of population/drainage-specific divergence mirrors previous studies on other phenotypic traits in this system (e.g., [75]), but has also been reported for various other study systems [126,127]. In our case, any of these uniquely diverging traits could potentially play a role in determining the variation in females’ predilection for own males (e.g., when certain sexually selected traits render sulfide-adapted males relatively more attractive). Future studies could specifically address which components of male body coloration (or combinations thereof) the females actually assess, so as to confirm the interpretations we provide here (e.g., by digital manipulation of color ornaments and subsequent mate choice experiments using computer-animated stimuli [128,129,130,131], but see [132,133,134] for considerations on the applicability of video animations in animal behavior research). An in-depth discussion of all aspects of color divergence and the selective forces driving their divergence lies outside the scope of our present study.



Combining the results from our female mate choice tests and the quantitative results on male body coloration, we made an attempt to identify those male coloration traits that may explain the variation in females’ preference for own males (question 4). Our results suggest that one particular male trait, namely, yellow fin ornamentation, may play a decisive role in determining to what extent the females identify and associate with males from their own ecotype or whether they find the males of the other ecotype relatively more attractive, as those males sometimes display stronger phenotypic trait values (i.e., stronger yellow ornamentation). However, a word of caution is warranted, as the small number of evolutionarily independent replicates (i.e., independently colonized sulfidic spring complexes) in our study system may have led to erroneous interpretations. Future studies could compare the evolution of male color patterns and female mate choice in other poeciliid fishes that have colonized a greater number of sulfidic habitats, such as mosquito fishes of the genus Gambusia [75,135]. Moreover, it needs to be considered that we did not detect significant drainage-specific differences between ecotypes in male fin coloration (i.e., the interaction term drainage × presence of H2S in post hoc ANCOVA), as would have been expected if drainage-specific differences in sexual selection for this trait drive the observed variation in female preferences. This suggests that additional traits not assessed in this study may also affect the observed variation in female preferences [12,62,70].



Poeciliids, while generally drab and inconspicuous in the female sex [99], have developed various forms of male ornamentation to attract mates and as a signal of dominance [122,136,137]. The females typically prefer brightly colored males, and yellow to orange color ornaments play a central role in determining the outcome of females’ mate assessment [59,88,98,123,138,139]. It has been suggested that male orange color ornaments exploit a pre-existing foraging preference for fruits in guppies [140]. Poeciliids are particularly sensitive to yellow-to-orange colors [130,141]. In fact, the absorption spectra of cones and rods from the retinas of different ecotypes of P. mexicana [142] and numerous other poeciliids [143,144,145,146] revealed that they express two visual pigments absorbing at this range of wavelengths. Male orange ornamentation may be influenced by nutrient availability (i.e., algae containing carotenoids [147]) and feeding efficiency [102,124,148] and, thus, can be considered as a condition-dependent trait. In our study, however, we found that of all traits analyzed, differences between ecotypes in male orange fin coloration showed broad-sense heritability (question 3). Specifically, while analyses of body condition [75,81] and general trophic ecology [149,150] suggest that nutrient (and carotenoid) availability is low in H2S-rich habitats, population differences in fin coloration persisted after several generations of common-garden rearing with a carotenoid-rich diet (for a similar result in another poeciliid, Gambusia hubbsi, see reference [93]). This implies evolutionary divergence, alluding to the existence of (drainage-specific) differences in selective regimes between sulfidic and non-sulfidic waters. Orange displays are not only preferred by females and, thus, under positive sexual selection [59,89,151,152,153], but conspicuous ornamentation also increases predation risk, leading to (natural) counter-selection [57,154]. Sulfidic habitats harbor fewer or no piscine predators [155], but fish in sulfidic habitats face increased areal predation as they engage in aquatic surface respiration [156]. We can only speculate at this point that as yet unknown differences in predator communities and strength of predation among the different sulfidic streams considered here reduce the counter-selection that predation imposes on yellow fin ornamentation especially in the Río Tacotalpa drainage or may affect female preferences for the ornament [157,158,159]. Moreover, drainage-specific effects of the background water color could play an additional role here, which has been reported to affect fin coloration in G. hubbsi [93]. Waters rich in oxidized sulfur are generally milky and opaque, and objects in the distance appear blurred, while outlines cannot be discerned easily (similar to fog). Colors seen through this medium loose saturation, and any traits that serve as signals need to be conspicuous [160]. Both dark body coloration and increased intensity of yellow color ornaments could help improve signal transmission/perception in milky water, and the water in the Tacotalpa drainage is indeed particularly milky (see Figure 1 in Plath et al. [161]). We conducted this part of our analysis to shed light on the general evolutionary mechanism (i.e., sexual selection) underlying the observed pattern of variation in male fin ornamentation. We conclude that evolved population differences affect female mate choice for own male phenotypes, but we argue that the heritability of divergence in male color patterns is no prerequisite for a similar pattern to emerge. Habitat-specific differences in carotenoid availability and phenotypic plasticity in the development of male ornaments could lead to a similar pattern in other systems.



The heritability of population differences in male orange fin ornamentation leads to the question of what the genomic basis of this divergence might be. Future studies into the developmental processes underlying yellow color ornamentation will need to account for the fact that large males in our present study showed darker fins and tended to increase their yellow fin coloration. P. mexicana males show a pronounced polymorphism in body size [81,135], and large-bodied males are more likely to establish social dominance [99,162,163]. We propose that both male body size and dominance affect the expression patterns of genes involved in fin coloration, and studies investigating the molecular mechanisms underlying divergence in orange fin ornamentation (e.g., through RNA sequencing) will need to compare males of similar body size. While we forgo speculating about the molecular mechanisms underlying the observed population divergence, future studies looking into the developmental mechanisms involved in this process will certainly benefit from the increasing genomic and transcriptomic toolboxes available for our study system [65,68,82,83,84,85,86].



Altogether, we provide evidence that population-specific evolution of male secondary sexual characters can weaken females’ tendency to discriminate in favor of males from their own ecotype, which may hamper the emergence of strong(er) RI. Nevertheless, previous studies found the rates of gene flow to be low, particularly in the Tac drainage [12], indicating that additional mechanisms prevent extensive introgression and hybridization. Indeed, not only direct selection against maladapted individuals affects migrant fitness [12,70], but also predation, for instance, by giant water bugs [164,165,166]. Likewise, sexual selection is made up not only by female choice but also by migrant males being inferior in achieving social dominance during aggressive encounters with resident males [71]. Our study is of general interest, as variable degrees of RI are regularly reported even during repeated transitions and adaptations along similar ecological gradients [167,168,169]. Parts of this variability can be explained by, for example, mutation-order effects or fluctuation in selective regimes (reviewed by [169]), or by gradual variation in the strength of divergent selection [12,75]. However, the possibility remains that sexual selection processes weakening female preferences for own (locally adapted) male phenotypes also contribute to the observed variability in the strength of RI [170,171,172,173], and we argue that mechanisms as exemplified in our present study could actually be widespread and could also apply to other model systems of ecological speciation (see also [173]).
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Appendix A


Appendix A.1. Photographs and Color Adjustment of Pictures


Immediately after capture, fish were anesthetized using MS222 to ensure that melanophores would be relaxed, i.e., maximally opened, and full coloration was measured. Fish were laid on a laminated piece of white paper, which was placed on a laminated color calibration plate (IT8.7/2 LaserSoft Imaging, ID No. R051025; Figure A1a), and photographed from centrally above at approximately 30 cm distance using a Fujifilm Finepix AX250 14MP digital camera. All photographs were taken while avoiding direct sunlight to minimize reflections. We processed the images in random order within and across sites. Prior to the color measurements, we used the gradation curve modulation in Adobe Photoshop CS5 and calibrated each image according to the manufacturer’s instructions (LaserSoft Imaging, Kiel, Germany). The photographs were initially saved as .jpeg files (with RGB color space) but converted to L*a*b* (CIELAB) color space and saved as .psd files using Adobe Photoshop (CS5, Adobe Systems Inc., San Jose, CA, USA). We adjusted the black-and-white squares as well as squares L13 to L19 of the calibration plate to the provided (standardized) L*a*b* values. This procedure ensured that each photograph had the same standard coloration and thus allowed for a quantitative comparison of individual color differences.
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Figure A1. (a) Example of a male from a non-sulfidic habitat in the Tacotalpa drainage photographed on the calibration plate; (b) illustration of the 10 regions on the body at which color (L*a*b*) measurements were taken. 
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Each square in which body coloration was quantified measured 1/35 of the fish’s standard length (SL), and measurements represent the average values for each square of the three coordinates in the L*a*b* (CIELAB) color space, i.e., the lightness of the image (where L* = 0 represents black and L* = 100 represents white), its position between green (a* = −150) and red/magenta (a* = +100), and its position between blue (b* = −100) and yellow (b* = +150). The ten squares were chosen to cover different body regions, with three squares being situated dorsally, three on the ventral side, three on the fins, and one laterally beneath the pectoral fin (Figure A1b). For each photographed fish, SL and body height (maximum distance from dorsal to ventral sides) were also taken using the ruler function of Adobe Photoshop, while taking a reference measurement from millimeter paper visible on the image (Figure A1a).




Appendix A.2. Principal Component Analysis to Analyze the Divergence of Male Body Coloration


All analyses were conducted using IBM© SPSS© 23. Prior to the analyses, the data were checked to meet the requirements of normal distribution and homoscedasticity using Shapiro-Wilks’ and Levene’s tests, respectively.



The PCA to investigate divergence of male body coloration using wild-caught males from all populations considered in this study resulted in seven PC axes with eigenvalues > 1 (Table A1); axis loadings were Varimax-rotated (see Table A2 for loadings). For better interpretation, axis loadings > 0.75 of the different measurement points were used in ‘identifiers’ to indicate the body regions [‘dorsal’ (2, 5, 7), ‘ventral’ (1, 4), and ‘fins’ (6, 9, 10); points 3 and 8 had no strong correlation to either region] as well as the color components contained in each PC score (Table A1).
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Table A1. PC scores with eigenvalues > 1 retained from a PCA on L*a*b* values of ten spots on the body surface of male Poecilia spp. collected in sulfidic and non-sulfidic waters. For better interpretation of PC scores, the body regions (dorsal, ventral, fins) and their corresponding L*a*b* values contained in a given PC are summarized (‘identifier’) on the basis of axis loadings > 0.75 of the respective PC (the numbers refer to the ten areas on the body for which coloration was quantified).






Table A1. PC scores with eigenvalues > 1 retained from a PCA on L*a*b* values of ten spots on the body surface of male Poecilia spp. collected in sulfidic and non-sulfidic waters. For better interpretation of PC scores, the body regions (dorsal, ventral, fins) and their corresponding L*a*b* values contained in a given PC are summarized (‘identifier’) on the basis of axis loadings > 0.75 of the respective PC (the numbers refer to the ten areas on the body for which coloration was quantified).





	PC
	Eigenvalue
	Percent Variance Explained
	Loadings > 0.75
	Identifier





	1
	6.573
	21.911
	a* 3, 4, 8, 9
	a* ventral and fins



	2
	5.420
	18.066
	b* 2, 3, 5, 7
	b* dorsal and ventral



	3
	3.640
	12.134
	L* 2, 5, 7
	L* dorsal



	4
	2.948
	9.826
	a* 2, 5, 7
	a* dorsal



	5
	2.174
	7.248
	L* 10
	L* fins



	6
	1.703
	5.675
	L* 1,4
	L* ventral



	7
	1.285
	4.285
	b* 6, 10
	b* fins
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Table A2. Axis loadings of the principle component analysis (PCA) analyzing male body coloration (wild-caught males from all populations considered in this study) after Varimax rotation. Axis loadings > 0.75 are highlighted in boldface.






Table A2. Axis loadings of the principle component analysis (PCA) analyzing male body coloration (wild-caught males from all populations considered in this study) after Varimax rotation. Axis loadings > 0.75 are highlighted in boldface.





	Variable
	PC 1
	PC 2
	PC 3
	PC 4
	PC 5
	PC 6
	PC 7





	L* 1
	−0.04
	−0.20
	0.01
	−0.14
	<0.01
	0.87
	0.07



	a* 1
	0.66
	−0.01
	0.16
	0.26
	0.06
	−0.43
	0.23



	b* 1
	0.10
	0.57
	−0.02
	0.05
	0.31
	−0.44
	0.30



	L* 2
	0.08
	0.11
	0.90
	−0.25
	0.08
	0.04
	−0.05



	a* 2
	0.35
	<0.01
	−0.30
	0.80
	−0.13
	−0.05
	−0.06



	b* 2
	0.04
	0.81
	0.27
	−0.17
	−0.07
	−0.20
	0.11



	L* 3
	−0.27
	−0.06
	0.47
	0.55
	0.09
	0.10
	−0.10



	a* 3
	0.86
	0.08
	0.02
	0.14
	−0.09
	−0.01
	0.02



	b* 3
	0.12
	0.85
	0.03
	0.06
	−0.14
	−0.03
	0.02



	L* 4
	−0.15
	−0.18
	0.28
	0.22
	0.16
	0.80
	0.02



	a* 4
	0.82
	0.07
	−0.05
	0.21
	−0.11
	−0.22
	0.21



	b* 4
	0.09
	0.58
	−0.32
	0.03
	0.17
	−0.02
	0.50



	L* 5
	0.02
	0.11
	0.93
	−0.08
	0.09
	0.08
	−0.05



	a* 5
	0.47
	<0.01
	−0.21
	0.82
	0.02
	−0.04
	−0.05



	b* 5
	0.01
	0.87
	0.23
	0.03
	0.03
	−0.24
	−0.11



	L* 6
	−0.06
	−0.10
	0.33
	−0.07
	0.64
	<0.01
	0.10



	a* 6
	0.59
	−0.36
	<0.01
	0.31
	−0.30
	0.09
	0.32



	b* 6
	−0.05
	0.05
	−0.03
	−0.14
	0.09
	0.05
	0.89



	L* 7
	−0.04
	0.17
	0.88
	−0.09
	0.27
	<0.01
	−0.04



	a* 7
	0.52
	<0.01
	−0.19
	0.76
	0.06
	0.07
	−0.08



	b* 7
	−0.06
	0.86
	0.20
	0.06
	0.13
	−0.12
	−0.13



	L* 8
	−0.28
	−0.17
	−0.01
	0.34
	0.47
	0.54
	−0.01



	a* 8
	0.83
	0.21
	−0.02
	0.01
	<0.01
	<0.01
	−0.05



	b* 8
	0.13
	0.45
	−0.32
	−0.16
	0.41
	0.38
	−0.16



	L* 9
	−0.03
	0.14
	0.40
	0.34
	0.66
	0.19
	−0.24



	a* 9
	0.89
	0.05
	−0.04
	0.07
	−0.13
	−0.02
	−0.10



	b* 9
	0.25
	0.59
	−0.25
	−0.19
	0.27
	0.19
	0.03



	L* 10
	−0.16
	0.13
	0.07
	−0.02
	0.77
	0.05
	−0.05



	a* 10
	0.43
	−0.35
	0.01
	0.31
	−0.51
	−0.02
	0.41



	b* 10
	0.14
	−0.03
	−0.06
	−0.04
	−0.28
	−0.04
	0.89









Appendix A.3. Additional Results on Population Differences in Male Body Coloration (Wild-Caught Males)


Following the MANCOVA analysis (Table 2), we conducted separate post hoc ANCOVAs to explore the contribution of each PC score to the significant effects in the main model (Table A3). Similar to the MANCOVA, the initial models included all interaction terms that were removed step-wise if non-significant, starting with the highest-level interactions.
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Table A3. Post hoc ANCOVAs for each PC separately. F-ratios and effect strengths (partial η2) were approximated using Wilk’s λ. The statistically significant effects are highlighted in bold.






Table A3. Post hoc ANCOVAs for each PC separately. F-ratios and effect strengths (partial η2) were approximated using Wilk’s λ. The statistically significant effects are highlighted in bold.












	Effect
	F
	Hypothesis df, Error df
	p
	Wilks’ Partial η2





	PC 1 (a* ventral, a* fins)
	
	
	
	



	drainage
	3.992
	2, 85
	0.022
	0.086



	presence of H2S
	2.051
	1, 85
	0.156
	0.024



	PC 2 (b* body)
	
	
	
	



	drainage
	3.578
	2, 83
	0.032
	0.079



	presence of H2S
	2.566
	1, 83
	0.113
	0.030



	drainage × presence of H2S
	3.991
	2, 83
	0.022
	0.088



	PC 3 (L* dorsal)
	
	
	
	



	drainage
	3.307
	2, 80
	0.042
	0.076



	presence of H2S
	0.232
	1, 80
	0.632
	0.003



	SL
	1.363
	1, 80
	0.246
	0.017



	drainage × presence of H2S
	24.432
	2, 80
	<0.0001
	0.379



	drainage × SL
	3.645
	2, 80
	0.031
	0.084



	PC 4 (a* dorsal)
	
	
	
	



	drainage
	5.666
	2, 83
	0.005
	0.120



	presence of H2S
	47.342
	1, 83
	<0.0001
	0.363



	drainage × presence of H2S
	4.486
	2, 83
	0.014
	0.098



	PC 5 (L* fins)
	
	
	
	



	drainage
	3.663
	2, 80
	0.030
	0.084



	presence of H2S
	0.182
	1, 80
	0.671
	0.002



	SL
	20.969
	1, 80
	<0.0001
	0.208



	drainage × presence of H2S
	9.441
	2, 80
	<0.0001
	0.191



	drainage × SL
	3.864
	2, 80
	0.025
	0.088



	PC 6 (L* ventral)
	
	
	
	



	drainage
	9.380
	2, 85
	<0.0001
	0.181



	presence of H2S
	6.826
	1, 85
	0.011
	0.074



	PC 7 (b* fins)
	
	
	
	



	drainage
	4.630
	2, 82
	0.012
	0.101



	presence of H2S
	3.367
	1, 82
	0.070
	0.039



	SL
	10.811
	1, 82
	0.001
	0.116



	drainage × SL
	7.575
	2, 82
	0.001
	0.156








We also found significant effects of drainage and drainage × SL in our main model (i.e., MANCOVA; Table 2a). We calculated estimated marginal means (EMMs) from post hoc ANCOVAs on single PCs on the basis of the model structure of the main MANCOVA for a hypothetical average-sized male with a standard length of 34.6 mm and performed pairwise comparisons for each PC score to investigate the effects of drainage. Even though ANCOVAs showed significant differences between drainages for all PC scores (Table A3), pairwise comparisons with EMMs did not find significant differences in the lightness of the fins (PC 5; Figure A2f) or the red coloration of the fins and the abdomen (PC 1; Figure A2e). By contrast, all coloration aspects of the dorsal region (PC 2, PC 3, and PC 4), the lightness of the ventral region (PC 6), and the yellow coloration of the fins showed differences among drainages. Compared to Pich males, Tac males showed less yellow body coloration (PC 2; Figure A2c) and lighter abdominal regions; the latter was also true in comparison to Puy males (PC 6; Figure A2d). All three drainages differed in dorsal lightness, with Tac males having the lightest, and Pich males the darkest dorsal regions (PC 3; Figure A2a). Puy males showed significantly more red in their dorsal coloration (PC 4; Figure A2b) and less yellow in their fins (PC 7; Figure A2g) than males from the other two drainages.
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Figure A2. Illustration of the significant effect of ‘drainage’ detected in the main MANCOVA model using PC scores as dependent variables (see Table 2). Shown are estimated marginal means ± SE obtained from post hoc ANCOVAs. The results are grouped by body region (dorsal area (a–c), ventral area (d,e), and fins (f,g)) and the color (L*, a* and b*) captured by the respective PC. The asterisks indicate significant results of the post hoc pairwise comparisons (Fisher’s LSD; * p < 0.05, ** p < 0.01, *** p < 0.001). 






Figure A2. Illustration of the significant effect of ‘drainage’ detected in the main MANCOVA model using PC scores as dependent variables (see Table 2). Shown are estimated marginal means ± SE obtained from post hoc ANCOVAs. The results are grouped by body region (dorsal area (a–c), ventral area (d,e), and fins (f,g)) and the color (L*, a* and b*) captured by the respective PC. The asterisks indicate significant results of the post hoc pairwise comparisons (Fisher’s LSD; * p < 0.05, ** p < 0.01, *** p < 0.001).



[image: Genes 09 00232 g0a2]





To further examine the interaction effect of ‘drainage × SL’, we used the original PC scores as dependent variables and drainage as a fixed factor in ANCOVA models to extract unstandardized residuals. We calculated Pearson correlations between residual PC scores and SL for each drainage. In Tac males, we detected a significant correlation between SL and dorsal lightness (PC 3; Figure A3a), with larger males having darker dorsal regions (Tac: rp = 0.56, p < 0.0001; Pich and Puy: rp < 0.1, p > 0.06), and between SL and yellow fin coloration (PC 7; Figure A3c), with yellow coloration increasing with body size in Tac (rp = 0.26, p = 0.018) but not in Pich and Puy (rp < 0.01, p > 0.8). Regarding the lightness of the fins (PC 5; Figure A3b), larger Pich males showed darker fins (Pich: rp = 0.59, p < 0.0001; Tac and Puy: rp < 0.07, p > 0.1).
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Figure A3. PC scores that showed a significant drainage × SL effect in ANCOVAs. Shown are values for Tac (black), Pich (dark gray), Puy (light gray) for (a) PC 3; (b) PC 5; and (c) PC 7. 
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Appendix B


Broad-Sense Heritability


To investigate the heritability of the color patterns in the Tac drainage, we conducted another PCA with wild-caught and laboratory-reared males. The PCA resulted in six PC axes with eigenvalues > 1 (Table A4). Again, axis loadings were Varimax-rotated (see Table A5 for details of axis loadings). Similar to the previous PCA that included wild-caught fish from all populations investigated in this study, we combined information from axis loadings into ‘identifiers’ to allow for a more intuitive interpretation of the involved body region(s) and color component(s) [‘dorsal’ (2, 5, 7), ‘ventral’ (1, 4), and fins (6, 9, 10); points 3 and 8 had no strong correlation to either region; Table A4]. PC scores are visualized in Figure A4. We used population means to calculate ICCs in separate models (with identical model structures) for each PC score (Table A6).
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Table A4. PC scores with eigenvalues > 1 that were retained from a preparatory PCA and were used to assess the broad-sense heritability of population differences in male body coloration in the Tacotalpa drainage. For better interpretation of PC scores, the body regions and their corresponding L*a*b* values contained in a given PC are summarized (identifier) based on axis loadings > 0.75 of the respective PC.
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	PC
	Eigenvalue
	Percent Variance Explained
	Loadings > 0.75
	Identifier





	1
	8.966
	29.888
	L* 2, 5, 7
	L* dorsal



	2
	4.892
	16.307
	a* 3, 9
	a* ventral



	3
	3.867
	12.889
	a* 2, 5, 7, L* 8
	a* dorsal



	4
	2.760
	9.201
	a* 10, b* 6, 10
	a* and b* fins



	5
	2.325
	7.751
	b* 8, 9
	b* fin roots



	6
	1.271
	4.238
	b* 1
	b* head
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Table A5. Axis loadings of the preparatory PCA used to assess the broad-sense heritability of male body coloration after Varimax rotation. Loadings > 0.75 are highlighted in boldface.
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	Variable
	PC 1
	PC 2
	PC 3
	PC 4
	PC 5
	PC 6





	L* 1
	−0.63
	−0.40
	−0.37
	−0.06
	0.19
	−0.02



	a* 1
	0.37
	0.72
	0.30
	0.18
	−0.15
	−0.03



	b* 1
	0.29
	0.08
	0.12
	0.19
	0.10
	0.81



	L* 2
	0.90
	0.09
	−0.28
	−0.07
	0.08
	0.06



	a* 2
	−0.22
	0.23
	0.77
	0.09
	−0.11
	0.33



	b* 2
	0.57
	0.22
	−0.07
	0.18
	0.57
	0.36



	L* 3
	0.51
	0.20
	0.72
	0.11
	−0.06
	−0.02



	a* 3
	0.10
	0.85
	0.10
	0.17
	0.16
	−0.04



	b* 3
	0.23
	−0.36
	0.34
	−0.10
	0.11
	0.61



	L* 4
	−0.18
	−0.71
	0.19
	−0.28
	−0.26
	0.06



	a* 4
	−0.21
	0.72
	0.06
	0.09
	0.12
	−0.04



	b* 4
	−0.06
	0.12
	0.17
	0.32
	0.36
	0.69



	L* 5
	0.94
	0.07
	−0.06
	−0.06
	0.02
	0.13



	a* 5
	−0.11
	0.35
	0.78
	0.20
	−0.08
	0.36



	b* 5
	0.64
	0.22
	0.15
	0.17
	0.48
	0.42



	L* 6
	0.60
	−0.33
	−0.05
	0.44
	0.15
	−0.03



	a* 6
	0.04
	0.55
	0.30
	0.61
	−0.15
	0.06



	b* 6
	0.10
	0.19
	−0.01
	0.87
	0.30
	−0.01



	L* 7
	0.95
	0.08
	0.09
	−0.06
	<0.01
	<0.01



	a* 7
	−0.07
	0.43
	0.76
	0.15
	−0.05
	0.32



	b* 7
	0.62
	0.23
	0.31
	0.12
	0.49
	0.34



	L* 8
	−0.01
	−0.27
	0.83
	0.04
	0.20
	−0.15



	a* 8
	0.07
	0.71
	−0.03
	−0.16
	0.12
	0.36



	b* 8
	−0.13
	0.14
	−0.10
	−0.21
	0.88
	0.14



	L* 9
	0.57
	−0.09
	0.56
	−0.27
	0.11
	0.07



	a* 9
	0.25
	0.77
	0.17
	0.25
	0.26
	0.10



	b* 9
	0.15
	0.18
	<0.01
	0.09
	0.89
	0.09



	L* 10
	0.36
	−0.25
	0.42
	−0.16
	−0.20
	0.15



	a* 10
	−0.13
	0.32
	0.23
	0.78
	−0.22
	0.11



	b* 10
	−0.06
	0.07
	−0.02
	0.86
	−0.05
	0.25
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Figure A4. PC scores ± SE used to assess the broad-sense heritability of population differences in male body coloration by comparing wild-caught and laboratory-reared fish from the Tacotalpa drainage. The results are grouped by body region (dorsal area (a,c), ventral area (b), fins (d,e), and head (f)) and the color (L*, a* and b*) captured by the respective PC. The white background signifies fish from non-sulfidic habitats (Tac), while the gray background indicates H2S-adapted fish (Tac-S). 
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Table A6. Intraclass correlation coefficients (ICC) calculated to provide estimates of the broad-sense heritability of population differences in male body coloration in the Tacotalpa drainage. We calculated population means for each PC score and ran a 2-way mixed effects model, testing for consistency [105]. The values indicating high consistency (ICC > 0.8 [109]) are highlighted in boldface.
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	PC
	ICC
	F (df = 1)
	p





	1
	−0.225
	0.816
	0.532



	2
	0.575
	2.352
	0.368



	3
	−6.089
	0.141
	0.771



	4
	0.991
	105.307
	0.062



	5
	0.305
	1.440
	0.442



	6
	−2.331
	0.300
	0.681











References


	



Deacon, A.E.; Jones, F.A.; Magurran, A.E. Gradients in predation risk in a tropical river system. Curr. Zool. 2018, 64, 213–221. [Google Scholar] [CrossRef]

	



Diamond, S.E.; Chick, L.D. The Janus of macrophysiology: Stronger effects of evolutionary history, but weaker effects of climate on upper thermal limits are reversed for lower thermal limits in ants. Curr. Zool. 2018. [Google Scholar] [CrossRef]

	



Riesch, R.; Plath, M.; Bierbach, D. Ecology and Evolution along environmental gradients. Curr. Zool. 2018, 64, 193–196. [Google Scholar] [CrossRef]

	



Schluter, D. Ecology and the origin of species. Trends Ecol. Evol. 2001, 16, 372–380. [Google Scholar] [CrossRef]

	



Coyne, J.A.; Orr, H.A. Speciation; Sinauer Associates: Sunderland, MA, USA, 2004. [Google Scholar]

	



Lowry, D.B.; Rockwood, R.C.; Willis, J.H. Ecological reproductive isolation of coast and inland races of Mimulus guttatus. Evolution 2008, 62, 2196–2214. [Google Scholar] [CrossRef] [PubMed]

	



Rundle, H.D.; Nosil, P. Ecological speciation. Ecol. Lett. 2005, 8, 336–352. [Google Scholar] [CrossRef]

	



Nosil, P. Ecological Speciation; Oxford University Press: Oxford, UK, 2012. [Google Scholar]

	



Ravinet, M.; Faria, R.; Butlin, R.K.; Galindo, J.; Bierne, N.; Rafajlović, M.; Noor, M.A.F.; Mehlig, B.; Westram, A.M. Interpreting the genomic landscape of speciation: A road map for finding barriers to gene flow. J. Evol. Biol. 2017, 30, 1450–1477. [Google Scholar] [CrossRef] [PubMed]

	



Nosil, P.; Vines, T.H.; Funk, D.J. Perspective: Reproductive isolation caused by natural selection against immigrants from divergent habitats. Evolution 2005, 59, 705–719. [Google Scholar] [CrossRef] [PubMed]

	



Nosil, P. Reproductive isolation caused by visual predation on migrants between divergent environments. Proc. R. Soc. B 2004, 271, 1521–1528. [Google Scholar] [CrossRef] [PubMed]

	



Plath, M.; Pfenninger, M.; Lerp, H.; Riesch, R.; Eschenbrenner, C.; Slattery, P.A.; Bierbach, D.; Herrmann, N.; Schulte, M.; Arias-Rodriguez, L.; et al. Genetic differentiation and selection against migrants in evolutionarily replicated extreme environments. Evolution 2013, 67, 2647–2661. [Google Scholar] [CrossRef] [PubMed]

	



Räsänen, K.; Hendry, A.P. Asymmetric reproductive barriers and mosaic reproductive isolation: Insights from misty lake-stream stickleback. Ecol. Evol. 2014, 4, 1166–1175. [Google Scholar] [CrossRef] [PubMed]

	



Smith, J.W.; Benkman, C.W. A coevolutionary arms race causes ecological speciation in crossbills. Am. Nat. 2007, 169, 455–465. [Google Scholar] [CrossRef] [PubMed]

	



Hatfield, T.; Schluter, D. Ecological speciation in sticklebacks: Environment-dependent hybrid fitness. Evolution 1999, 53, 866–873. [Google Scholar] [CrossRef] [PubMed]

	



Rundle, H.D.; Nagel, L.; Wenrick Boughman, J.; Schluter, D. Natural selection and parallel speciation in sympatric sticklebacks. Science 2000, 287, 306–308. [Google Scholar] [CrossRef] [PubMed]

	



Schluter, D. The Ecology of Adaptive Radiation; Oxford University Press: Oxford, UK, 2000. [Google Scholar]

	



Rundle, H.D.; Whitlock, M.C. A Genetic interpretation of ecologically dependent isolation. Evolution 2001, 55, 198–201. [Google Scholar] [CrossRef] [PubMed]

	



Rundle, H.D. A test of ecologically dependent postmating isolation between sympatric sticklebacks. Evolution 2002, 56, 322–329. [Google Scholar] [CrossRef] [PubMed]

	



Jacquemyn, H.; Kort, H.D.; Broeck, A.V.; Brys, R. Immigrant and extrinsic hybrid seed inviability contribute to reproductive isolation between forest and dune ecotypes of Epipactis helleborine (Orchidaceae). Oikos 2018, 127, 73–84. [Google Scholar] [CrossRef]

	



Seehausen, O.; van Alphen, J.J.M. The effect of male coloration on female mate choice in closely related Lake Victoria cichlids (Haplochromis nyererei complex). Behav. Ecol. Sociobiol. 1998, 42, 1–8. [Google Scholar] [CrossRef]

	



Bay, R.A.; Arnegard, M.E.; Conte, G.L.; Best, J.; Bedford, N.L.; McCann, S.R.; Dubin, M.E.; Chan, Y.F.; Jones, F.C.; Kingsley, D.M.; et al. Genetic coupling of female mate choice with polygenic ecological divergence facilitates stickleback speciation. Curr. Biol. 2017, 27, 3344–3349. [Google Scholar] [CrossRef] [PubMed]

	



Aspbury, A.S.; Gabor, C.R. Discriminating males alter sperm production between species. Proc. Natl. Acad. Sci. USA 2004, 101, 15970–15973. [Google Scholar] [CrossRef] [PubMed]

	



Espinedo, C.M.; Gabor, C.R.; Aspbury, A.S. Males, but not females, contribute to sexual isolation between two sympatric species of Gambusia. Evol. Ecol. 2010, 24, 865–878. [Google Scholar] [CrossRef]

	



Bierbach, D.; Girndt, A.; Hamfler, S.; Klein, M.; Mücksch, F.; Penshorn, M.; Schwinn, M.; Zimmer, C.; Schlupp, I.; Streit, B.; et al. Male fish use prior knowledge about rivals to adjust their mate choice. Biol. Lett. 2011, 7, 349–351. [Google Scholar] [CrossRef] [PubMed]

	



Seehausen, O. Cichlid fish diversity threatened by eutrophication that curbs sexual selection. Science 1997, 277, 1808–1811. [Google Scholar] [CrossRef]

	



Egger, B.; Mattersdorfer, K.; Sefc, K.M. Variable discrimination and asymmetric preferences in laboratory tests of reproductive isolation between cichlid colour morphs. J. Evol. Biol. 2009, 23, 433–439. [Google Scholar] [CrossRef] [PubMed]

	



Maan, M.E.; Seehausen, O. Ecology, sexual selection and speciation. Ecol. Lett. 2011, 14, 591–602. [Google Scholar] [CrossRef] [PubMed]

	



Van Doorn, G.S.; Weissing, F.J. The evolution of female preferences for multiple indicators of quality. Am. Nat. 2004, 164, 173–186. [Google Scholar] [CrossRef] [PubMed]

	



Servedio, M.R. Geography, assortative mating, and the effects of sexual selection on speciation with gene flow. Evol. Appl. 2015, 9, 91–102. [Google Scholar] [CrossRef] [PubMed]

	



Servedio, M.R.; Boughman, J.W. The role of sexual selection in local adaptation and speciation. Annu. Rev. Ecol. Evol. Syst. 2017, 48, 85–109. [Google Scholar] [CrossRef]

	



Shafer, A.B.A.; Wolf, J.B.W. Widespread evidence for incipient ecological speciation: A meta-analysis of isolation-by-ecology. Ecol. Lett. 2013, 16, 940–950. [Google Scholar] [CrossRef] [PubMed]

	



Crapon de Caprona, M.-D.; Ryan, M.J. Conspecific mate recognition in swordtails, Xiphophorus nigrensis and X. pygmaeus (Poeciliidae): Olfactory and visual cues. Anim. Behav. 1990, 39, 290–296. [Google Scholar] [CrossRef]

	



Phelps, S.M.; Rand, A.S.; Ryan, M.J. A cognitive framework for mate choice and species recognition. Am. Nat. 2006, 167, 28–42. [Google Scholar] [CrossRef] [PubMed]

	



Schumer, M.; Powell, D.L.; Delclós, P.J.; Squire, M.; Cui, R.; Andolfatto, P.; Rosenthal, G.G. Assortative mating and persistent reproductive isolation in hybrids. Proc. Natl. Acad. Sci. USA 2017, 114, 10936–10941. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, M.J. Sexual selection on p-alleles and the evolution of mating asymetries in swordtails (Xiphophorus nigrensis and X. pygmeaus). In Trends in Ichthyology, an International Perspective; Schröder, J.H., Bauer, J., Schartl, M., Eds.; Blackwell Scientific Publications: Oxford, UK, 1993; pp. 269–277. [Google Scholar]

	



Bagemihl, B. Biological Exuberance. Animal Homosexuality and Natural Diversity; Profile: London, UK, 1999. [Google Scholar]

	



Bailey, N.W.; Zuk, M. Same-sex sexual behavior and evolution. Trends Ecol. Evol. 2009, 24, 439–446. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, M.J.; Rand, A.S. Species recognition and sexual selection as a unitary problem in animal communication. Evolution 1993, 47, 647–657. [Google Scholar] [CrossRef] [PubMed]

	



Sherman, P.W.; Reeve, H.K.; Pfennig, D.W. Recognition systems. In Behavioural Ecology: An Evolutionary Approach, 4th ed.; Krebs, J.R., Davies, N.B., Eds.; Blackwell Scientific Publications: London, UK, 1997; pp. 69–96. [Google Scholar]

	



Endler, J.A.; Basolo, A.L. Sensory ecology, receiver biases and sexual selection. Trends Ecol. Evol. 1998, 13, 415–420. [Google Scholar] [CrossRef]

	



Panhuis, T.M.; Butlin, R.K.; Zuk, M.; Tregenza, T. Sexual selection and speciation. Trends Ecol. Evol. 2001, 16, 364–371. [Google Scholar] [CrossRef]

	



Plath, M.; Heubel, K.U.; García de León, F.J.; Schlupp, I. Cave molly females (Poecilia mexicana, Poeciliidae, Teleostei) like well-fed males. Behav. Ecol. Sociobiol. 2005, 58, 144–151. [Google Scholar] [CrossRef]

	



Plath, M.; Schlupp, I.; Parzefall, J.; Riesch, R. Female choice for large body size in the cave molly, Poecilia mexicana (Poeciliidae, Teleostei): Influence of species- and sex-specific cues. Behaviour 2007, 144, 1147–1160. [Google Scholar] [CrossRef]

	



Møller, A.P. Fluctuating asymmetry in male sexual ornaments may reliably reveal male quality. Anim. Behav. 1990, 40, 1185–1187. [Google Scholar] [CrossRef]

	



Petrie, M. Improved growth and survival of offspring of peacocks with more elaborate trains. Nature 1994, 371, 598–599. [Google Scholar] [CrossRef]

	



Basolo, A.L. Female preference for male sword length in the green swordtail, Xiphophorus helleri (Pisces: Poeciliidae). Anim. Behav. 1990, 40, 332–338. [Google Scholar] [CrossRef]

	



Basolo, A.L. Female preference predates the evolution of the sword in swordtail fish. Science 1990, 250, 808–810. [Google Scholar] [CrossRef] [PubMed]

	



Basolo, A.L. Phylogenetic evidence for the role of a pre-existing bias in sexual selection. Proc. R. Soc. B 1995, 259, 307–311. [Google Scholar] [CrossRef] [PubMed]

	



Rosenthal, G.G.; Evans, C.S. Female preference for swords in Xiphophorus helleri reflects a bias for large apparent size. Proc. Natl. Acad. Sci. USA 1998, 95, 4431–4436. [Google Scholar] [CrossRef] [PubMed]

	



Morris, M.R.; Mussel, M.; Ryan, M.J. Vertical bars on male Xiphophorus multilineatus: A signal that deters rival males and attracts females. Behav. Ecol. 1995, 6, 274–279. [Google Scholar] [CrossRef]

	



Ryan, M.J.; Wagner, W.E. Asymetries in mating preferences between species: Female swordtails prefer heterospecific males. Science 1987, 236, 595–597. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, M.J.; Hews, D.K.; Wagner, W.E. Sexual selection on alleles that determine body size in the swordtail Xiphophorus nigrensis. Behav. Ecol. Sociobiol. 1990, 26, 231–237. [Google Scholar] [CrossRef]

	



Morris, M.R.; Wagner, W.E.; Ryan, M.J. A negative correlation between trait and mate preference in Xiphophorus pygmaeus. Anim. Behav. 1996, 52, 1193–1203. [Google Scholar] [CrossRef]

	



Meyer, A.; Salzburger, W.; Schartl, M. Hybrid origin of a swordtail species (Teleostei: Xiphophorus clemenciae) driven by sexual selection. Mol. Ecol. 2006, 15, 721–730. [Google Scholar] [CrossRef] [PubMed]

	



Kang, J.H.; Schartl, M.; Walter, R.B.; Meyer, A. Comprehensive phylogenetic analysis of all species of swordtails and platies (Pisces: Genus Xiphophorus) uncovers a hybrid origin of a swordtail fish, Xiphophorus monticolus, and demonstrates that the sexually selected sword originated in the ancestral lineage of the genus, but was lost again secondarily. BMC Evol. Biol. 2013, 13, 25. [Google Scholar] [CrossRef]

	



Endler, J.A. A predator’s view of animal color patterns. In Evolutionary Biology; Hecht, M.K., Steere, W.C., Wallace, B., Eds.; Springer: Boston, MA, USA, 1978; pp. 319–364. [Google Scholar]

	



Endler, J.A. Natural Selection in the Wild; Princeton University Press: Princeton, NJ, USA, 1986. [Google Scholar]

	



Houde, A.E. Sex, Color, and Mate Choice in Guppies; Princeton University Press: Princeton, NJ, USA, 1997. [Google Scholar]

	



Greenway, R.; Drexler, S.; Arias-Rodriguez, L.; Tobler, M. Adaptive, but not condition-dependent, body shape differences contribute to assortative mating preferences during ecological speciation. Evolution 2016, 70, 2809–2822. [Google Scholar] [CrossRef] [PubMed]

	



Tobler, M.; Kelley, J.L.; Plath, M.; Riesch, R. Extreme environments and the origins of biodiversity: Adaptation and speciation in sulfide spring fishes. Mol. Ecol. 2018, 27, 843–859. [Google Scholar] [CrossRef] [PubMed]

	



Tobler, M.; Palacios, M.; Chapman, L.J.; Mitrofanov, I.; Bierbach, D.; Plath, M.; Arias-Rodriguez, L.; García de León, F.J.; Mateos, M. Evolution in extreme environments: Replicated phenotypic differentiation in livebearing fish inhabiting sulfidic springs. Evolution 2011, 65, 2213–2228. [Google Scholar] [CrossRef] [PubMed]

	



Riesch, R.; Tobler, M.; Plath, M. Hydrogen sulfide-toxic habitats. In Extremophile Fishes: Ecology, Evolution, and Physiology of Teleosts in Extreme Environments; Riesch, R., Tobler, M., Plath, M., Eds.; Springer: Cham, Switzerland, 2015; pp. 137–159. [Google Scholar]

	



Riesch, R.; Tobler, M.; Plath, M. (Eds.) Extremophile Fishes. Ecology, Evolution, and Physiology of Teleosts in Extreme Environments; Springer: Cham, Switzerland, 2015. [Google Scholar]

	



Pfenninger, M.; Lerp, H.; Tobler, M.; Passow, C.N.; Kelley, J.L.; Funke, E.; Greshake, B.; Erkoc, U.K.; Berberich, T.; Plath, M. Parallel evolution of cox genes in H2S-tolerant fish as key adaptation to a toxic environment. Nat. Commun. 2014, 5, 3873. [Google Scholar] [CrossRef] [PubMed]

	



Palacios, M.; Arias-Rodriguez, L.; Plath, M.; Eifert, C.; Lerp, H.; Lamboj, A.; Voelker, G.; Tobler, M. The rediscovery of a long described species reveals additional complexity in speciation patterns of poeciliid fishes in sulfide springs. PLoS ONE 2013, 8, e71069. [Google Scholar] [CrossRef] [PubMed]

	



Palacios, M.; Voelker, G.; Arias-Rodriguez, L.; Mateos, M.; Tobler, M. Phylogenetic analyses of the subgenus Mollienesia (Poecilia, Poeciliidae, Teleostei) reveal taxonomic inconsistencies, cryptic biodiversity, and spatio-temporal aspects of diversification in Middle America. Mol. Phylogenet. Evol. 2016, 103, 230–244. [Google Scholar] [CrossRef] [PubMed]

	



Brown, A.P.; Greenway, R.; Morgan, S.; Quackenbush, C.R.; Giordani, L.; Arias-Rodriguez, L.; Tobler, M.; Kelley, J.L. Genome-scale data reveal that endemic Poecilia populations from small sulphidic springs display no evidence of inbreeding. Mol. Ecol. 2017, 26, 4920–4934. [Google Scholar] [CrossRef] [PubMed]

	



Tobler, M.; Riesch, R.; Tobler, C.M.; Schulz-Mirbach, T.; Plath, M. Natural and sexual selection against immigrants maintains differentiation among micro-allopatric populations. J. Evol. Biol. 2009, 22, 2298–2304. [Google Scholar] [CrossRef] [PubMed]

	



Plath, M.; Riesch, R.; Oranth, A.; Dzienko, J.; Karau, N.; Schießl, A.; Stadler, S.; Wigh, A.; Zimmer, C.; Arias-Rodriguez, L.; et al. Complementary effect of natural and sexual selection against immigrants maintains differentiation between locally adapted fish. Naturwissenschaften 2010, 97, 769–774. [Google Scholar] [CrossRef] [PubMed]

	



Bierbach, D.; Arias-Rodriguez, L.; Plath, M. Intrasexual competition enhances reproductive isolation between locally adapted populations. Curr. Zool. 2018, 64, 125–133. [Google Scholar] [CrossRef] [PubMed]

	



Bagarinao, T. Sulfide as an environmental factor and toxicant: Tolerance and adaptations in aquatic organisms. Aquat. Toxicol. 1992, 24, 21–62. [Google Scholar] [CrossRef]

	



Grieshaber, M.K.; Völkel, S. Animal adaptations for tolerance and exploitation of poisonous sulfide. Annu. Rev. Physiol. 1998, 60, 33–53. [Google Scholar] [CrossRef] [PubMed]

	



Tobler, M.; Hastings, L. Convergent patterns of body shape differentiation in four different clades of poeciliid fishes inhabiting sulfide springs. Evol. Biol. 2011, 38, 412–421. [Google Scholar] [CrossRef]

	



Riesch, R.; Tobler, M.; Lerp, H.; Jourdan, J.; Doumas, T.; Nosil, P.; Langerhans, R.B.; Plath, M. Extremophile Poeciliidae: Multivariate insights into the complexity of speciation along replicated ecological gradients. BMC Evol. Biol. 2016, 16, 136. [Google Scholar] [CrossRef] [PubMed]

	



Kramer, D.L.; McClure, M. Aquatic surface respiration, a widespread adaptation to hypoxia in tropical freshwater fishes. Environ. Biol. Fishes 1982, 7, 47–55. [Google Scholar] [CrossRef]

	



Plath, M.; Tobler, M.; Riesch, R.; García de León, F.J.; Giere, O.; Schlupp, I. Survival in an extreme habitat: The roles of behaviour and energy limitation. Naturwissenschaften 2007, 94, 991–996. [Google Scholar] [CrossRef] [PubMed]

	



Tobler, M.; Riesch, R.; Tobler, C.M.; Plath, M. Compensatory behaviour in response to sulphide-induced hypoxia affects time budgets, feeding efficiency, and predation risk. Evol. Ecol. Res. 2009, 11, 935–948. [Google Scholar]

	



Riesch, R.; Plath, M.; García de León, F.J.; Schlupp, I. Convergent life-history shifts: Toxic environments result in big babies in two clades of poeciliids. Naturwissenschaften 2010, 97, 133–141. [Google Scholar] [CrossRef] [PubMed]

	



Riesch, R.; Plath, M.; Schlupp, I. Toxic hydrogen sulfide and dark caves: Life-history adaptations in a livebearing fish (Poecilia mexicana, Poeciliidae). Ecology 2010, 91, 1494–1505. [Google Scholar] [CrossRef] [PubMed]

	



Riesch, R.; Plath, M.; Schlupp, I. Toxic hydrogen sulphide and dark caves: Pronounced male life-history divergence among locally adapted Poecilia mexicana (Poeciliidae). J. Evol. Biol. 2011, 24, 596–606. [Google Scholar] [CrossRef] [PubMed]

	



Passow, C.N.; Brown, A.P.; Arias-Rodriguez, L.; Yee, M.-C.; Sockell, A.; Schartl, M.; Warren, W.C.; Bustamante, C.; Kelley, J.L.; Tobler, M. Complexities of gene expression patterns in natural populations of an extremophile fish (Poecilia mexicana, Poeciliidae). Mol. Ecol. 2017, 26, 4211–4225. [Google Scholar] [CrossRef] [PubMed]

	



Tobler, M.; Henpita, C.; Bassett, B.; Kelley, J.L.; Shaw, J.H. H2S exposure elicits differential expression of candidate genes in fish adapted to sulfidic and non-sulfidic environments. Comp. Biochem. Phys. A 2014, 175, 7–14. [Google Scholar] [CrossRef] [PubMed]

	



Pfenninger, M.; Patel, S.; Arias-Rodriguez, L.; Feldmeyer, B.; Riesch, R.; Plath, M. Unique evolutionary trajectories in repeated adaptation to hydrogen sulphide-toxic habitats of a neotropical fish (Poecilia mexicana). Mol. Ecol. 2015, 24, 5446–5459. [Google Scholar] [CrossRef] [PubMed]

	



Barts, N.; Greenway, R.; Passow, C.N.; Arias-Rodriguez, L.; Kelley, J.L.; Tobler, M. Molecular evolution and expression of oxygen transport genes in livebearing fishes (Poeciliidae) from hydrogen sulfide rich springs. Genome 2018, 61, 273–286. [Google Scholar] [CrossRef] [PubMed]

	



Passow, C.N.; Henpita, C.; Shaw, J.H.; Quackenbush, C.R.; Warren, W.C.; Schartl, M.; Arias-Rodriguez, L.; Kelley, J.L.; Tobler, M. The roles of plasticity and evolutionary change in shaping gene expression variation in natural populations of extremophile fish. Mol. Ecol. 2017, 26, 6384–6399. [Google Scholar] [CrossRef] [PubMed]

	



Endler, J.A. Natural selection on color patterns in Poecilia reticulata. Evolution 1980, 34, 76–91. [Google Scholar] [CrossRef] [PubMed]

	



Endler, J.A.; Houde, A.E. Geographic variation in female preferences for male traits in Poecilia reticulata. Evolution 1995, 49, 456–468. [Google Scholar] [CrossRef] [PubMed]

	



Godin, J.-G.J.; Dugatkin, L.A. Female mating preference for bold males in the guppy, Poecilia reticulata. Proc. Natl. Acad. Sci. USA 1996, 93, 10262–10267. [Google Scholar] [CrossRef] [PubMed]

	



Kodric-Brown, A. Sexual dichromatism and temporary color changes in the reproduction of fishes. Am. Zool. 1998, 38, 70–81. [Google Scholar] [CrossRef]

	



Magurran, A.E. Evolutionary Ecology. The Trinidadian Guppy; Oxford University Press: Oxford, UK, 2007. [Google Scholar]

	



Price, A.C.; Weadick, C.J.; Shim, J.; Rodd, F.H. Pigments, patterns, and fish behavior. Zebrafish 2008, 5, 297–307. [Google Scholar] [CrossRef] [PubMed]

	



Martin, R.A.; Riesch, R.; Heinen-Kay, J.L.; Langerhans, R.B. Evolution of male coloration during a post-Pleistocene radiation of Bahamas mosquitofish (Gambusia hubbsi). Evolution 2014, 68, 397–411. [Google Scholar] [CrossRef] [PubMed]

	



Elmer, K.R.; Meyer, A. Adaptation in the age of ecological genomics: Insights from parallelism and convergence. Trends Ecol. Evol. 2011, 26, 298–306. [Google Scholar] [CrossRef] [PubMed]

	



Langerhans, R.B.; Dewitt, T.J. Shared and unique features of evolutionary diversification. Am. Nat. 2004, 164, 335–349. [Google Scholar] [CrossRef] [PubMed]

	



Rosales Lagarde, L. Investigation of Karst Brackish-Sulfidic Springs and Their Role in the Hydrogeology, Subsurface Water-Rock Interactions, and Speleogenesis at Northern Sierra de Chiapas, Mexico. Ph.D. Dissertation, New Mexico Institute of Mining and Technology, Socorro, NM, USA, 2012. [Google Scholar]

	



Rosales Lagarde, L.; Boston, P.J.; Campbell, A.; Stafford, K.W. Possible structural connection between Chichón Volcano and the sulfur-rich springs of Villa Luz Cave (a. k. a. Cueva de las Sardinas), Southern Mexico. Assoc. Mex. Cave Stud. Bull. 2006, 19, 177–184. [Google Scholar]

	



Long, K.D.; Houde, A.E. Orange spots as a visual cue for female mate choice in the guppy (Poecilia reticulata). Ethology 1989, 82, 316–324. [Google Scholar] [CrossRef]

	



Parzefall, J. Zur vergleichenden Ethologie verschiedener Mollienesia-Arten einschliesslich einer Höhlenform von M. sphenops. Behaviour 1969, 33, 1–37. [Google Scholar] [CrossRef] [PubMed]

	



Bierbach, D.; Penshorn, M.; Hamfler, S.; Herbert, D.B.; Appel, J.; Meyer, P.; Slattery, P.A.; Charaf, S.; Wolf, R.; Völker, J.; et al. Gradient evolution of body colouration in surface- and cave-dwelling Poecilia mexicana and the role of phenotype-assortative female mate choice. Biomed. Res. Int. 2013, 2013, 148348. [Google Scholar] [CrossRef] [PubMed]

	



Culumber, Z.W.; Bautista-Hernández, C.E.; Monks, S.; Arias-Rodriguez, L.; Tobler, M.; Koenig, W. Variation in melanism and female preference in proximate but ecologically distinct environments. Ethology 2014, 120, 1090–1100. [Google Scholar] [CrossRef]

	



Kodric-Brown, A. Dietary carotenoids and male mating success in the guppy: An environmental component to female choice. Behav. Ecol. Sociobiol. 1989, 25, 393–401. [Google Scholar] [CrossRef]

	



Grether, G.F.; Hudon, J.; Millie, D.F. Carotenoid limitation of sexual coloration along an environmental gradient in guppies. Proc. R. Soc. B 1999, 266, 1317–1322. [Google Scholar] [CrossRef]

	



Nicoletto, P.F.; Kodric-Brown, A. The relationship among swimming performance, courtship behavior, and carotenoid pigmentation of guppies in four rivers of Trinidad. Environ. Biol. Fishes 1999, 55, 227–235. [Google Scholar] [CrossRef]

	



Bartko, J.J. The intraclass correlation coefficient as a measure of reliability. Psychol. Rep. 1966, 19, 3–11. [Google Scholar] [CrossRef] [PubMed]

	



Riesch, R.; Martin, R.A.; Langerhans, R.B. Predation’s role in life-history evolution of a livebearing fish and a test of the Trexler-DeAngelis model of maternal provisioning. Am. Nat. 2013, 181, 78–93. [Google Scholar] [CrossRef] [PubMed]

	



Eifert, C.; Farnworth, M.; Schulz-Mirbach, T.; Riesch, R.; Bierbach, D.; Klaus, S.; Wurster, A.; Tobler, M.; Streit, B.; Indy, J.R.; et al. Brain size variation in extremophile fish: Local adaptation versus phenotypic plasticity. J. Zool. 2015, 295, 143–153. [Google Scholar] [CrossRef]

	



Lessells, C.M.; Boag, P.T. Unrepeatable repeatabilities: A common mistake. Auk 1987, 104, 116–121. [Google Scholar] [CrossRef]

	



Koo, T.K.; Li, M.Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr. Med. 2016, 15, 155–163. [Google Scholar] [CrossRef] [PubMed]

	



Plath, M.; Tobler, M. Subterranean fishes of Mexico (Poecilia mexicana, Poeciliidae). In Biology of Subterranean Fishes, 1st ed.; Trajano, E., Bichuette, M.E., Kapoor, B.G., Eds.; CRC Press: Boca Raton, FL, USA, 2010; pp. 283–332. [Google Scholar]

	



Plath, M.; Tobler, M.; Riesch, R. Extremophile fishes: An introduction. In Extremophile Fishes: Ecology, Evolution, and Physiology of Teleosts in Extreme Environments; Riesch, R., Tobler, M., Plath, M., Eds.; Springer: Cham, Switzerland, 2015; pp. 1–7. [Google Scholar]

	



Sommer-Trembo, C.; Bierbach, D.; Arias-Rodriguez, L.; Verel, Y.; Jourdan, J.; Zimmer, C.; Riesch, R.; Streit, B.; Plath, M. Does personality affect premating isolation between locally-adapted populations? BMC Evol. Biol. 2016, 16, 138. [Google Scholar] [CrossRef] [PubMed]

	



Plath, M.; Parzefall, J.; Körner, K.E.; Schlupp, I. Sexual selection in darkness? Female mating preferences in surface- and cave-dwelling Atlantic mollies, Poecilia mexicana (Poeciliidae, Teleostei). Behav. Ecol. Sociobiol. 2004, 55, 596–601. [Google Scholar] [CrossRef]

	



Jourdan, J.; Jordan, M.; Zimmer, C.; Eifert, C.; Arias-Rodriguez, L.; Plath, M. Response to conspecific chemical cues in surface- and cave-dwelling populations of Atlantic mollies, Poecilia mexicana. Environ. Biol. Fishes 2016, 99, 697–703. [Google Scholar] [CrossRef]

	



Ziege, M.; Hennige-Schulz, C.; Mücksch, F.; Bierbach, D.; Tiedemann, R.; Streit, B.; Plath, M. A comparison of two methods to assess audience-induced changes in male mate choice. Curr. Zool. 2012, 58, 84–94. [Google Scholar] [CrossRef]

	



Magurran, A.E.; Seghers, B.H. A cost of sexual harassment in the guppy, Poecilia reticulata. Proc. R. Soc. B 1994, 258, 89–92. [Google Scholar] [CrossRef]

	



Bisazza, A.; Pilastro, A.; Palazzi, R.; Marin, G. Sexual behaviour of immature male eastern mosquitofish: A way to measure intensity of intra-sexual selection? J. Fish Biol. 1996, 48, 726–737. [Google Scholar] [CrossRef]

	



Köhler, A.; Hildenbrand, P.; Schleucher, E.; Riesch, R.; Arias-Rodriguez, L.; Streit, B.; Plath, M. Effects of male sexual harassment on female time budgets, feeding behavior, and metabolic rates in a tropical livebearing fish (Poecilia mexicana). Behav. Ecol. Sociobiol. 2011, 65, 1513–1523. [Google Scholar] [CrossRef]

	



Constanz, G.D. Sperm competition in poeciliid fishes. In Sperm Competition and the Evolution of Animal Mating Systems; Smith, R.L., Ed.; Academic Press: London, UK, 1984; pp. 465–485. [Google Scholar]

	



Plath, M.; Parzefall, J.; Schlupp, I. The role of sexual harassment in cave and surface dwelling populations of the Atlantic molly, Poecilia mexicana (Poeciliidae, Teleostei). Behav. Ecol. Sociobiol. 2003, 54, 303–309. [Google Scholar] [CrossRef]

	



Plath, M. Male mating behavior and costs of sexual harassment for females in cavernicolous and extremophile populations of Atlantic mollies (Poecilia mexicana). Behaviour 2008, 145, 73–98. [Google Scholar] [CrossRef]

	



Endler, J.A. Natural and sexual selection on color patterns in poeciliid fishes. Environ. Biol. Fishes 1983, 9, 173–190. [Google Scholar] [CrossRef]

	



Kodric-Brown, A. Female choice of multiple male criteria in guppies: Interacting effects of dominance, coloration and courtship. Behav. Ecol. Sociobiol. 1993, 32, 415–420. [Google Scholar] [CrossRef]

	



Kodric-Brown, A.; Nicoletto, P.F. Female choice in the guppy (Poecilia reticulata): The interaction between male color and display. Behav. Ecol. Sociobiol. 2001, 50, 346–351. [Google Scholar] [CrossRef]

	



Tobler, M.; Dewitt, T.J.; Schlupp, I.; García de León, F.J.; Herrmann, R.; Feulner, P.G.D.; Tiedemann, R.; Plath, M. Toxic hydrogen sulfide and dark caves: Phenotypic and genetic divergence across two abiotic environmental gradients in Poecilia mexicana. Evolution 2008, 62, 2643–2659. [Google Scholar] [CrossRef] [PubMed]

	



Kaeuffer, R.; Peichel, C.L.; Bolnick, D.I.; Hendry, A.P. Parallel and nonparallel aspects of ecological, phenotypic, and genetic divergence across replicate population pairs of lake and stream stickleback. Evolution 2012, 66, 402–418. [Google Scholar] [CrossRef] [PubMed]

	



Oke, K.B.; Rolshausen, G.; LeBlond, C.; Hendry, A.P. How parallel is parallel evolution? A comparative analysis in fishes. Am. Nat. 2017, 190, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Rosenthal, G.G.; Ryan, M.J. Assortative preferences for stripes in danios. Anim. Behav. 2005, 70, 1063–1066. [Google Scholar] [CrossRef]

	



Chouinard-Thuly, L.; Gierszewski, S.; Rosenthal, G.G.; Reader, S.M.; Rieucau, G.; Woo, K.L.; Gerlai, R.; Tedore, C.; Ingley, S.J.; Stowers, J.R.; et al. Technical and conceptual considerations for using animated stimuli in studies of animal behavior. Curr. Zool. 2017, 63, 5–19. [Google Scholar] [CrossRef] [PubMed]

	



Polverino, G.; Liao, J.C.; Porfiri, M. Mosquitofish (Gambusia affinis) preference and behavioral response to animated images of conspecifics altered in their color, aspect ratio, and swimming depth. PLoS ONE 2013, 8, e54315. [Google Scholar] [CrossRef] [PubMed]

	



Gierszewski, S.; Müller, K.; Smielik, I.; Hütwohl, J.-M.; Kuhnert, K.-D.; Witte, K. The virtual lover: Variable and easily guided 3D fish animations as an innovative tool in mate-choice experiments with sailfin mollies-II. Validation. Curr. Zool. 2017, 63, 65–74. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira, R.F.; Rosenthal, G.G.; Schlupp, I.; McGregor, P.K.; Cuthill, I.C.; Endler, J.A.; Fleishman, L.J.; Zeil, J.; Barata, E.; Burford, F.; et al. Considerations on the use of video playbacks as visual stimuli: The Lisbon workshop consensus. Acta Ethol. 2000, 3, 61–65. [Google Scholar] [CrossRef]

	



Rosenthal, G.G. Design considerations and techniques for constructing video stimuli. Acta Ethol. 2000, 3, 49–54. [Google Scholar] [CrossRef]

	



Powell, D.L.; Rosenthal, G.G. What artifice can and cannot tell us about animal behavior. Curr. Zool. 2017, 63, 21–26. [Google Scholar] [CrossRef] [PubMed]

	



Riesch, R.; Plath, M.; Schlupp, I.; Tobler, M.; Langerhans, R.B. Colonisation of toxic environments drives predictable life-history evolution in livebearing fishes (Poeciliidae). Ecol. Lett. 2014, 17, 65–71. [Google Scholar] [CrossRef] [PubMed]

	



Farr, J.A. Sexual selection and secondary sexual differentiation in poeciliids: Determinants of male mating success and the evolution of female choice. In Ecology and Evolution of Livebearing Fishes (Poeciliidae); Meffe, G.K., Snelson, F.F., Eds.; Prentice Hall: Englewood Cliffs, NJ, USA, 1989; pp. 91–123. [Google Scholar]

	



Rios-Cardenas, O.; Morris, M.R. Precopulatory sexual selection. In Ecology and Evolution of Poeciliid Fishes; Evans, J.P., Pilastro, A., Schlupp, I., Eds.; University of Chicago Press: Chicago, IL, USA, 2011; pp. 187–196. [Google Scholar]

	



McKinnon, J.S. Video mate preferences of female three-spined sticklebacks from populations with divergent male coloration. Anim. Behav. 1995, 50, 1645–1655. [Google Scholar] [CrossRef]

	



Bierbach, D.; Jung, C.T.; Hornung, S.; Streit, B.; Plath, M. Homosexual behaviour increases male attractiveness to females. Biol. Lett. 2013, 9, 20121038. [Google Scholar] [CrossRef] [PubMed]

	



Rodd, F.H.; Hughes, K.A.; Grether, G.F.; Baril, C.T. A possible non-sexual origin of mate preference: Are male guppies mimicking fruit? Proc. R. Soc. B 2002, 269, 475–481. [Google Scholar] [CrossRef] [PubMed]

	



Hurtado-Gonzales, J.L.; Loew, E.R.; Uy, J.A.C. Variation in the visual habitat may mediate the maintenance of color polymorphism in a poeciliid fish. PLoS ONE 2014, 9, e101497. [Google Scholar] [CrossRef] [PubMed]

	



Körner, K.E.; Schlupp, I.; Plath, M.; Loew, E.R. Spectral sensitivity of mollies: Comparing surface- and cave-dwelling Atlantic mollies, Poecilia mexicana. J. Fish Biol. 2006, 69, 54–65. [Google Scholar] [CrossRef]

	



Watson, C.T.; Lubieniecki, K.P.; Loew, E.R.; Davidson, W.S.; Breden, F. Genomic organization of duplicated short wave-sensitive and long wave-sensitive opsin genes in the green swordtail, Xiphophorus helleri. BMC Evol. Biol. 2010, 10, 87. [Google Scholar] [CrossRef] [PubMed]

	



Watson, C.T.; Gray, S.M.; Hoffmann, M.; Lubieniecki, K.P.; Joy, J.B.; Sandkam, B.A.; Weigel, D.; Loew, E.R.; Dreyer, C.; Davidson, W.S.; et al. Gene duplication and divergence of long wavelength-sensitive opsin genes in the Guppy, Poecilia reticulata. J. Mol. Evol. 2011, 72, 240–252. [Google Scholar] [CrossRef] [PubMed]

	



Sandkam, B.A.; Joy, J.B.; Watson, C.T.; Gonzalez-Bendiksen, P.; Gabor, C.R.; Breden, F. Hybridization leads to sensory repertoire expansion in a gynogenetic fish, the Amazon molly (Poecilia formosa): A test of the hybrid-sensory expansion hypothesis. Evolution 2013, 67, 120–130. [Google Scholar] [CrossRef] [PubMed]

	



Kawamura, S.; Kasagi, S.; Kasai, D.; Tezuka, A.; Shoji, A.; Takahashi, A.; Imai, H.; Kawata, M. Spectral sensitivity of guppy visual pigments reconstituted in vitro to resolve association of opsins with cone cell types. Vis. Res. 2016, 127, 67–73. [Google Scholar] [CrossRef] [PubMed]

	



Olson, V.A.; Owens, I.P.F. Costly sexual signals: Are carotenoids rare, risky or required? Trends Ecol. Evol. 1998, 13, 510–514. [Google Scholar] [CrossRef]

	



Grether, G.F. Carotenoid limitation and mate preference evolution: A test of the indicator hypothesis in guppies (Poecilia reticulata). Evolution 2000, 54, 1712–1724. [Google Scholar] [CrossRef] [PubMed]

	



Tobler, M. Divergence in trophic ecology characterizes colonization of extreme habitats. Biol. J. Linn. Soc. 2008, 95, 517–528. [Google Scholar] [CrossRef]

	



Tobler, M.; Scharnweber, K.; Greenway, R.; Passow, C.N.; Arias-Rodriguez, L.; García de León, F.J. Convergent changes in the trophic ecology of extremophile fish along replicated environmental gradients. Freshw. Biol. 2015, 60, 768–780. [Google Scholar] [CrossRef]

	



Milinski, M.; Bakker, T.C.M. Female sticklebacks use male coloration in mate choice and hence avoid paraditized males. Nature 1990, 344, 330–333. [Google Scholar] [CrossRef]

	



Boughman, J.W. Divergent sexual selection enhances reproductive isolation in sticklebacks. Nature 2001, 411, 944–948. [Google Scholar] [CrossRef] [PubMed]

	



Williams, T.H.; Mendelson, T.C. Female preference for male coloration may explain behavioural isolation in sympatric darters. Anim. Behav. 2011, 82, 683–689. [Google Scholar] [CrossRef]

	



Rosenthal, G.G.; Martinez, T.Y.F.; León, F.J.G.D.; Ryan, M.J. Shared preferences by predators and females for male ornaments in swordtails. Am. Nat. 2001, 158, 146–154. [Google Scholar] [CrossRef] [PubMed]

	



Tobler, M.; Schlupp, I.; Heubel, K.U.; Riesch, R.; García de León, F.J.; Giere, O.; Plath, M. Life on the edge: Hydrogen sulfide and the fish communities of a Mexican cave and surrounding waters. Extremophiles 2006, 10, 577–585. [Google Scholar] [CrossRef] [PubMed]

	



Riesch, R.; Oranth, A.; Dzienko, J.; Karau, N.; Schießl, A.; Stadler, S.; Wigh, A.; Zimmer, C.; Arias-Rodriguez, L.; Schlupp, I.; et al. Extreme habitats are not refuges: Poeciliids suffer from increased aerial predation risk in sulphidic southern Mexican habitats. Biol. J. Linn. Soc. 2010, 101, 417–426. [Google Scholar] [CrossRef]

	



Magnhagen, C. Predation risk as a cost of reproduction. Trends Ecol. Evol. 1991, 6, 183–186. [Google Scholar] [CrossRef]

	



Sih, A. Predation risk and the evolutionary ecology of reproductive behaviour. J. Fish Biol. 1994, 45, 111–130. [Google Scholar] [CrossRef]

	



Bierbach, D.; Schulte, M.; Herrmann, N.; Tobler, M.; Stadler, S.; Jung, C.T.; Kunkel, B.; Riesch, R.; Klaus, S.; Ziege, M.; et al. Predator-induced changes of female mating preferences: Innate and experiential effects. BMC Evol. Biol. 2011, 11, 190. [Google Scholar] [CrossRef] [PubMed]

	



Endler, J.A. Signals, signal conditions, and the direction of evolution. Am. Nat. 1992, 139, S125–S153. [Google Scholar] [CrossRef]

	



Plath, M.; Seggel, U.; Burmeister, H.; Heubel, K.U.; Schlupp, I. Choosy males from the underground: Male mating preferences in surface- and cave-dwelling Atlantic mollies (Poecilia mexicana). Naturwissenschaften 2006, 93, 103–109. [Google Scholar] [CrossRef] [PubMed]

	



Bierbach, D.; Klein, M.; Saßmannshausen, V.; Schlupp, I.; Riesch, R.; Parzefall, J.; Plath, M. Divergent evolution of male aggressive behaviour: Another reproductive isolation barrier in extremophile poeciliid fishes? Int. J. Evol. Biol. 2012, 2012, 148745. [Google Scholar] [CrossRef] [PubMed]

	



Bierbach, D.; Oster, S.; Jourdan, J.; Arias-Rodriguez, L.; Krause, J.; Wilson, A.D.M.; Plath, M. Social network analysis resolves temporal dynamics of male dominance relationships. Behav. Ecol. Sociobiol. 2014, 68, 935–945. [Google Scholar] [CrossRef]

	



Tobler, M.; Franssen, C.M.; Plath, M. Male-biased predation of a cave fish by a giant water bug. Naturwissenschaften 2008, 95, 775–779. [Google Scholar] [CrossRef] [PubMed]

	



Tobler, M. Does a predatory insect contribute to the divergence between cave- and surface-adapted fish populations? Biol. Lett. 2009, 5, 506–509. [Google Scholar] [CrossRef] [PubMed]

	



Plath, M.; Riesch, R.; Culumber, Z.; Streit, B.; Tobler, M. Giant water bug (Belostoma sp.) predation on a cave fish (Poecilia mexicana): Effects of female body size and gestational state. Evol. Ecol. Res. 2011, 13, 133–144. [Google Scholar]

	



Hendry, A.P. Selection against migrants contributes to the rapid evolution of ecologically dependent reproductive isolation. Evol. Ecol. Res. 2004, 6, 1219–1236. [Google Scholar]

	



Berner, D.; Grandchamp, A.-C.; Hendry, A.P. Variable progress toward ecological speciation in parapatry: Stickleback across eight lake-stream transitions. Evolution 2009, 63, 1740–1753. [Google Scholar] [CrossRef] [PubMed]

	



Hendry, A.P.; Bolnick, D.I.; Berner, D.; Peichel, C.L. Along the speciation continuum in sticklebacks. J. Fish Biol. 2009, 75, 2000–2036. [Google Scholar] [CrossRef] [PubMed]

	



Morris, M.R.; Hankison, S. Sexual selection and species recognition in the pygmy swordtail, Xiphophorus pygmaeus: Conflicting preferences. Behav. Ecol. Sociobiol. 2002, 51, 140–145. [Google Scholar] [CrossRef]

	



Wymann, M.N.; Whiting, M.J. Male mate preference for large size overrides species recognition in allopatric flat lizards (Platysaurus broadleyi). Acta Ethol. 2003, 6, 19–22. [Google Scholar] [CrossRef]

	



Comeault, A.A.; Flaxman, S.M.; Riesch, R.; Curran, E.; Soria-Carrasco, V.; Gompert, Z.; Farkas, T.E.; Muschick, M.; Parchman, T.L.; Schwander, T.; et al. Selection on a genetic polymorphism counteracts ecological speciation in a stick insect. Curr. Biol. 2015, 25, 1975–1981. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Lackey, A.C.R.; Boughman, J.W. Evolution of reproductive isolation in stickleback fish. Evolution 2017, 71, 357–372. [Google Scholar] [CrossRef] [PubMed]








[image: Genes 09 00232 g001 550] 





Figure 1. (a) Overview of our study area and sampling localities in three parallel rivers in which Poecilia mexicana and Poecilia sulphuraria were collected (from west to east: Río Pichucalco, Pich = non-sulfidic Río Pichucalco; Pich-S = sulfidic Baños del Azufre; Río Puyacatengo, Puy = non-sulfidic Río Puyacatengo road crossing; Puy-S = sulfidic La Lluvia; Río Tacotalpa, Tac = non-sulfidic Arroyo Bonita, Tac-S = sulfidic El Azufre). All non-sulfidic sites are inhabited by P. mexicana populations, while Puy-S and Tac-S harbor locally adapted (sulfide-resistant) P. mexicana ecotypes, and Pich-S is inhabited by the closely related, sulfide-endemic P. sulphuraria; (b) Summary results of binary, dichotomous association preference tests to assess female mating preferences. Focal females from non-sulfidic habitats in all three rivers were given a choice between stimulus males from their own ecotype and the sulfide-adapted ecotype. Results from tests within drainages (vertical arrows) were taken from Plath et al. [12], and we conducted additional cross-drainage tests. The arrows signify a significant deviation of females’ strength of preference (SOP) from zero (two-sided one-sample t-tests), suggesting preference for the male phenotype from non-sulfidic habitats (+), no statistically significant preference (=), or preference for the opposite (sulfide-adapted) male phenotype (−). Note that while Puy males were more attractive than Puy-S males within and across rivers, Tac-S males were not less attractive than Tac males, and Puy females even preferred Tac-S over Tac males. 
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Figure 2. Examples of differences in body coloration of P. mexicana/P. sulphuraria males from non-sulfidic habitats (left) and the corresponding H2S-rich spring in the three focal river drainages in southern Mexico. 
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Figure 3. Mean ± SE strength of preference for own over H2S-adapted males in Poecilia spp. females from non-sulfidic habitats. The tests were conducted within drainages (black symbols; data from Plath et al. [12]) and with stimulus males from another drainage (gray symbols; tests novel to this study). The different backgroud shading groups the tests by the drainage from which the stimulus males were taken. The asterisks indicate significant deviation from the null hypothesis of SOP = 0 (two-sided one-sample t-tests; * p < 0.05, ** p < 0.01). 
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Figure 4. Illustration of the significant effects of drainage × presence of H2S detected in post hoc ANCOVAs using principle component (PC) scores as the dependent variables (see Appendix A; Table A3). Shown are residual PC scores ± SE obtained from a preparatory MANCOVA. The results are grouped by body region (dorsal area (a–c), ventral area (d,e), and fins (f,g)) and the color (L*, a*, and b*) captured by the respective PC. In each drainage, white background signifies fish from non-sulfidic habitats, while gray background indicates H2S-adapted fish. The asterisks indicate significant results of post hoc independent sample t-tests after Bonferroni correction of the α levels (* p < 0.017, ** p < 0.003, *** p < 0.0003). 
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Figure 5. Scatterplots showing the relationships between male body size and (a) residual fin lightness (PC 5) and (b) residual yellow coloration of the fins (PC 7). Linear regressions and R2-values are shown to better illustrate the trends. 
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Figure 6. Correlation between females’ SOP for males from their own (not sulfide-adapted) ecotype and the absolute difference between population means in the amount of yellow coloration in males’ fins (PC 7). Shown are data from mate choice tests within and across drainages; for illustration, a linear regression fit and 95% confidence intervals are presented. 
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Table 1. Study sites, sample sizes (N), and standard lengths (SL) of Poecilia spp. collected for the analyses of male body coloration and cross-drainage mate choice tests.
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	Drainage
	Site (Abbreviation)
	Male Body Coloration (N)
	Mean SL ± SD
	Mate Choice Tests (N, Females/Males)
	Mean SL ± SD (Females/Males)





	Pichucalco
	Baños del Azufre (Pich-S)
	12
	28.3 ± 3.7
	-/30
	-/27.3 ± 3.2



	
	Río Pichucalco (Pich)
	19
	35.8 ± 9.6
	73/30
	41.4 ± 12.5/28.6 ± 3.8



	Puyacatengo
	La Lluvia (Puy-S)
	13
	24.9 ± 1.8
	-/59
	-/29.8 ± 3.9



	
	Río Puyacatengo (Puy)
	24
	40.6 ± 9.8
	52/59
	38.3 ± 10.7/33.1 ± 3.7



	Tacotalpa
	El Azufre (Tac-S)
	9
	27.6 ± 2.2
	-/56
	-/34.3 ± 5.4



	
	Arroyo Bonita (Tac)
	12
	42.8 ± 6.1
	51/56
	38 ± 8.4/33.1 ± 5.4
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Table 2. Results from MANCOVA using principal components (PCs) based on L*a*b* values of 10 spots on the body of male Poecilia spp. as dependent variables. F-ratios and effect strengths (partial η2) were approximated using Wilk’s λ. SL: standard length.






Table 2. Results from MANCOVA using principal components (PCs) based on L*a*b* values of 10 spots on the body of male Poecilia spp. as dependent variables. F-ratios and effect strengths (partial η2) were approximated using Wilk’s λ. SL: standard length.





	Effect
	F
	Hypothesis df, Error df
	p
	Wilks’ Partial η2





	SL
	6.876
	7, 74
	<0.001
	0.394



	drainage
	2.384
	14, 148
	0.005
	0.184



	presence of H2S
	7.663
	7, 74
	<0.001
	0.420



	drainage × SL
	2.359
	14, 148
	0.006
	0.182



	drainage × presence of H2S
	8.632
	14, 148
	<0.001
	0.450











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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