Phenotypic differentiation in a heterogeneous environment: morphological and life-history responses to ecological gradients in a livebearing fish
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Abstract
Predicting how environmental variation drives phenotypic diversification is one of the main aims of evolutionary ecology. Yet, we still only have a limited understanding of how it drives diversity, especially when multiple factors interact. To address this issue, the superfetating livebearing fish Phalloptychus januarius (Poeciliidae) was repeatedly sampled (over a two-year period) in four coastal lagoons in Brazil to investigate the relative contribution of different environmental factors on phenotypic patterns. We further compare our results to those reported for another poeciliid (Poecilia vivipara), which inhabits some of the same lagoons but has a drastically different reproductive strategy (no superfetation). We used a model averaging approach to estimate the relative importance of differences in predation pressure, salinity, dissolved oxygen, pH, temperature and food availability in driving variation in body shape, life histories, and life-history proxies. We found consistent population differences in several traits, but also seasonal variation within each lagoon. Specifically, predation, oxygen availability, and pH affected several different traits, and played important roles in driving phenotypic differences between and among populations. Moreover, our study reveals differential responses in phenotypic traits to the same environmental gradients between P. januarius (this study) and P. vivipara (previous studies), and we suggest that future work should further investigate differential phenotypic responses to single vs. multiple concomitant selective forces, and how this affects different species.
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Introduction
Predicting how organisms respond to changes in their environment is one of the key aims of evolutionary biology (Stearns, 1977; Langerhans, 2018) but faces challenges when multiple (partly interacting) environmental parameters affect trait divergence (MacColl, 2011; Langerhans, 2018; Riesch, Plath & Bierbach, 2018). Nevertheless, we will be able to properly describe the whole extent of phenotypic responses to environmental variation only by simultaneously considering multiple environmental factors and traits (DeWitt & Langerhans, 2003; Heinen et al., 2013; Langerhans, 2018).
Traditionally, the study of predictable phenotypic evolution has concentrated on the effect of a single environmental factor, such as predation (Losos et al., 2006; Heinen et al., 2013), salinity (Palkovacs et al., 2007), or other habitat characteristics (Kaeuffer et al., 2012). A particularly well-researched system is the Trinidadian guppy (Poecilia reticulata), and the effects that differences in predation pressure have on life histories (Reznick & Endler, 1982; Reznick, Bryga & Endler, 1990), morphology (Alexander et al., 2006), body colouration (Endler, 1983) and behaviour (Seghers, 1974). More recently, however, it has become apparent that multiple environmental parameters act in unison to shape phenotypic divergence; e.g., in addition to predation, also food availability (Grether et al., 2001; Hendry et al., 2006) and competition (Bassar et al., 2016) affect guppy life histories. Congruently, more than 50% of the total life-history variation of Bahamas mosquitofish (Gambusia hubbsi) is also not driven by predation regimes (Langerhans, 2018). 
Here, we investigated phenotypic differentiation of the livebearing fish Phalloptychus januarius (Hensel 1868) from coastal lagoons in southeastern Brazil with starkly different ecological conditions (Araújo et al., 2014) and diverse fish communities (Di Dario et al., 2013). Previous studies in this system focused on life-history and morphological variation in another poeciliid (Poecilia vivipara), in relation to salinity/predation gradients (Neves & Monteiro, 2003; Gomes-Jr & Monteiro, 2007; Gomes & Monteiro, 2008; Araújo et al., 2014, Rius et al., 2019). The main piscine predator of poeciliids, Hoplias malabaricus, cannot tolerate high-salinity conditions (Gomes-Jr & Monteiro, 2007), while other predators, such as fish-eating bats Noctilio leporinus (Luz et al., 2011), birds (e.g., White-backed stilt, Himantopus melanurus, Great kiskadee, Pitangus sulphuratus, Black-crowned night heron, Nycticorax nycticorax, or various kingfishers) and insects (e.g., Belostomatidae) are present, yet not abundant (A. Petry, M. Plath and R. Riesch, personal observations). Predation pressure for all P. januarius age classes, therefore, is bound to increase from highly saline to freshwater lagoons (Gomes-Jr & Monteiro, 2007). Still, other environmental factors—including oxygen availability, habitat productivity, and pH—also vary between lagoons, and could account for a substantial amount of the observed variation (Langerhans & DeWitt, 2004). 
We tested for phenotypic differences between fish from different lagoons as well as temporal differences within lagoons, and evaluated the relative importance of multiple environmental factors in driving these patterns. We focused on a species that has not been studied so far in this system, and compared our results to previous studies on P. vivipara from some of the same lagoons (sampled at the same time as the P. januarius our study focuses on) to identify shared and unique patterns of divergence to the same environmental gradients (Araújo et al., 2014; Rius et al., 2019). This is of particular interest as both species have radically different reproductive strategies: P. vivipara develop a single clutch per reproductive bout and are lecithotrophic (i.e., resources required for embryo development are stored in the eggs prior to fertilization; Arcanjo et al., 2014), while P. januarius are characterised by superfetation (i.e., females simultaneously bear two or more broods at different developmental stages) and matrotrophy (i.e., substantial maternal provisioning after fertilization; Pollux & Reznick, 2011; Olivera-Tlahuel et al., 2015). Superfetation allows females to reduce body cavity space devoted to offspring production without reducing overall fecundity (Qualls & Shine, 1995; Zúñiga-Vega, Reznick & Johnson, 2007). This could result in different evolutionary trajectories when both species are exposed to the same environmental gradient(s). 
Correctly predicting how multiple environmental factors interact to drive phenotypic differentiation is difficult due to the inherent complexity. Thus, we formulated the following set of a priori predictions, based on what would be expected if each environmental factor was acting alone. Our statistical analyses test if these effects were still uncovered when multiple environmental factors vary simultaneously.
Prediction 1 (predation-effect): In low-predation lagoons, fish should be larger, have more body fat and larger offspring size at birth, but lower lean weight, fecundity, and reproductive investment compared to high-predation (low-salinity) sites (Stearns, 1989; Reznick et al., 1990; Reznick, Bryant & Bashley, 2002b; Alexander et al., 2006; Riesch et al., 2015). Individuals from high-predation lagoons should have smaller heads but larger caudal peduncles compared to those from low-predation habitats (e.g., Langerhans, 2009; Langerhans & Makowicz, 2009). 
Prediction 2 (salinity-effect): High salinity causes osmotic stress and should select for decreased body surface-to-volume ratios, i.e., increased body and offspring size (Alcaraz & García-Berthou, 2007; Gomes-Jr & Monteiro, 2007; Riesch et al., 2015; Moore, Riesch & Martin, 2016). We further predicted higher salinity to be associated with higher fat content, increased fecundity and reproductive investment (e.g., Gambusia holbrooki: Alcaraz & García-Berthou, 2007; Poecilia latipinna, Gambusia affinis and Heterandria formosa: Martin et al., 2009; but see Moore et al., 2016).
Prediction 3 (temperature-effect): Water temperature varies only to a minor extent between lagoons, but greatly between seasons, with warmer temperatures during the wet than during the dry season. We predicted that higher water temperatures will be associated with increased adult body size, fecundity and reproductive investment (Vondracek, Wurtsbaugh & Chech, 1988; Abney & Rakocinski, 2004). 
Prediction 4 (oxygen-effect): We predict low-oxygen conditions to be associated with larger head and gill regions to facilitate oxygen acquisition (Chapman, 2015), and potentially also with reduced fecundity (Riesch et al., 2015).
Prediction 5 (food availability-effect): In habitats with greater productivity (estimated as chlorophyll a concentrations), and during the wet season, when habitat productivity and allochthonous carbon input are greatest (e.g., Stepanauskas et al., 2000; Caliman et al., 2010), P. januarius should have greater adult and embryo fat content, lean weight, reproductive investment, fecundity (coupled with smaller offspring), and body size (Reznick & Yang, 1993; Riesch et al., 2016a), as well as deeper bodies (Spoljaric & Reimchen, 2007). 
Prediction 6 (pH-effect): Differences in pH cause physiological stress in various aquatic organisms, especially during early life-stages (Crespel et al., 2017). While its effects on poeciliid phenotypes have seldom been studied, higher pH levels appear to be linked to reduced body size and fecundity (Riesch et al., 2015; Jourdan et al., 2016).

Materials and Methods 
Study system 
Using seines, we collected P. januarius between July 2011 and July 2012 in four lagoons in the Parque Nacional da Restinga do Jurubatiba, Brazil, a protected area that features several coastal lagoons separated from the sea by narrow (50–100 m) strips of sand (Fig. 1). We sampled two lagoons twice and two lagoons three times during this period (Suppl. Table S1, S2), both during the wet (January) and dry season (July). Some smaller lagoons dry up during prolonged drought years, and connections between lagoons during exceptionally wet years are rare (A. Petry, personal observation). However, the four lagoons studied here are temporally stable and thus, can be treated as evolutionarily independent replicates (Araújo et al., 2014). 
Sampled fish were immediately euthanized using clove oil, fixed in 10% formalin and preserved in 70% ethanol. During each sampling event, we measured the following environmental parameters (Suppl. Table S3): dissolved oxygen, salinity, temperature (using a YSI-85-hydrometer). We quantified the pH of water samples in the laboratory using a Digimed DM-20 pH-meter, and chlorophyll a by filtering water samples through fiber-glass filters (GF/C Whatman), extracting chlorophyll a with 90% ethanol, and quantifying absorption at 665 nm using a spectrophotometer. Finally, we noted the presence of piscivorous fishes such as Hoplias malabaricus and Hoplerythrinus unitaeniatus (Araújo et al., 2014) as well as potential competitors (mainly P. vivipara and the anablepid Jenynsia darwini).

Body-shape analysis
We employed geometric morphometric analyses on 200 females and 56 males (Rohlf & Marcus, 1993; Adams, Rohlf & Slice, 2004). Using well-established protocols (Riesch et al., 2016a) and 15 landmarks (see Supplement, Fig. S1 for details) we performed a relative warp analysis (Zelditch, Swiderski & Sheets, 2012). The first two relative warps that accounted for more than 90% of the cumulative variance (Suppl. Table S4) were used as shape variables in all subsequent analyses. 

Life-history traits and proxies
We dissected 200 pregnant females and 44 mature males following well-established protocols to assess life-history traits and life-history proxies (Reznick & Endler, 1982; Riesch et al., 2016a). We assessed female fecundity (number of developing offspring), offspring lean weight [mg], offspring fat content [%], female reproductive allocation (RA [%], i.e., total offspring dry weight divided by the sum of offspring plus somatic tissue dry weight), and male gonadosomatic index (GSI [%], i.e., testis dry weight divided by the sum of somatic plus reproductive tissue dry weight). Moreover, as proxies for investment into growth and maintenance, we measured male and female standard length (SL [mm]), lean weight [mg] and fat content [%]. 
Embryonic traits need to be considered relative to the embryo’s developmental stage. We therefore assessed the developmental stage of each embryo following Riesch et al. (2011), with stages ranging from 2 (fertilized oocytes) to 50 (ready-to-be-born embryos). To account for superfetation and high levels of matrotrophy in P. janurarius (Pollux & Reznick, 2011), we estimated offspring size at birth for each individual female by regressing embryo weight against embryonic stage of development. Based on R2, cubic regressions were the best-fitting model. Furthermore, we calculated the Matrotrophy Index (MI; Reznick, Mateos & Springer, 2002a) for each individual female as the ratio between two extrapolated values: offspring weight at birth and weight of the unfertilized egg (stage 0). However, cubic regressions cannot provide accurate results for females with fewer than 5 different embryo stages. To avoid missing data values, we calculated mean offspring weight at birth and mean MI for each population and used these values for this particular subset of females (N=15).
To meet statistical assumptions of normality of residuals, we log10-transformed (SL, adult lean weight, offspring weight at birth and MI), square root-transformed (fecundity), or arcsine (square root)-transformed (GSI, RA, adult and embryo fat contents) all variables. We subsequently z-transformed all variables to obtain unit-free variables of similar scale.

Statistical analyses
Population differences and seasonal variation
We compared body size (SL) between lagoons using ANOVA with ‘sex’, ‘lagoon’, and ‘sampling-date-nested-within-lagoon’ [henceforth ‘date(lagoon)’—to account for multiple sampling in each lagoon] as factors. We ran MANCOVA on body shape with ‘centroid size’ as a covariate and including the aforementioned factors. We analysed male and female life-history traits and proxies in two separate MANCOVAs while including ‘SL’ as a covariate, and ‘lagoon’ as well as ‘date(lagoon)’ as factors. We initially included all interaction terms, and subsequently removed terms with P>0.1. We approximated F-values using Wilks’ Lambda and estimated relative effect strengths using partial eta squared (η2). We corrected alpha-levels for multiple comparisons as α’=α/number of comparisons (Suppl. Table S5).

Relative effects of different environmental parameters
To evaluate the relative importance of each environmental variable in driving phenotypic divergence, we employed a model averaging approach (Burnham & Anderson, 2002). We corrected traits for which significant sex- and body size-effects were uncovered (post-hoc ANCOVAs, Suppl. Table S5) by regressing RW1 and RW2 against ‘centroid size’ and ‘sex’, female lean weight, fecundity and superfetation against ‘SL’, and male lean weight against ‘SL’. We used residuals as dependent variables in identical, trait-wise global linear models with ‘presence of predators’ coded as a factor and salinity, temperature, dissolved oxygen, chlorophyll a as well as pH as covariates. We included ‘lagoon’ as a random factor to account for the repeated sampling in each lagoon. Using the dredge function in the MuMIn package in R (Barton, 2011), we performed model selection by fitting all possible model permutations and ranking them using Akaike Information Criteria corrected for small sample size (AICc). As there was no one-best-model in all cases, we selected a subset of most informative models with ∆AICc ≤ 7 from the model pool (Burnham, Anderson & Huyvaert, 2011). Using this subset, we performed model averaging using the model.avg function. Model averaging uses information criteria such as AICc to assess the predictive power of explanatory variables (relative importance values, hereafter RIV; i.e., the cumulative Akaike weights across all subset models that contain the variable), and to obtain averaged parameter estimates (model-averaged coefficients; hereafter bMA) from a set of models (Burnham & Anderson, 2002; Grueber et al., 2011). Statistical analyses were conducted using IBM® SPSS® Statistics v.21 (IBM Corp. 2012; ANOVAs and MANCOVAs) and R (R Development Core Team, 2018; model averaging).

Results
Sexual dimorphism and phenotypic variation within and between lagoons
Body size varied significantly between sexes (ANOVA, F1,230=658.975, P<0.001), lagoons (F3,230=6.868, P<0.001), and sampling events (F6,230=2.705, P=0.015). While males were smaller than females, sexual size dimorphism varied amongst lagoons (‘sex × lagoon’; F3,230=3.938, P=0.009; Suppl. Tables S1, S2).
Similarly, the strongest effect in the MANCOVA analysing body-shape variation reflected differences between the sexes (Table 1), followed by allometric effects (‘centroid size’), differences among lagoons and across repeated samplings. However, also the interactions of ‘sex × lagoon’, ‘sex × date(lagoon)’ and ‘centroid size × lagoon’ were significant (Table 1). Post-hoc univariate models (with corrected alpha-levels: α’=0.025) found significant allometric effects and sex-differences for both RW1 and RW2 (all P≤0.001), while ‘lagoon’ had a significant effect only on RW1 (P<0.001) and ‘date(lagoon)’ on RW2 (P=0.002; Suppl. Table S5a). The sex-effect can be explained by the presence of the gonopodium in males and a generally more anteriorly-positioned anal fin compared to females (Fig. 2), while differences between lagoons and across seasons within lagoons mainly reflect differences in body depth and roundness. Furthermore, body shape scaled differently with body size across lagoons (‘centroid size × lagoon’-effect), and there were differences among lagoons in the direction and extent of sexual dimorphism (‘sex × lagoon’-effect; Suppl. Fig. S2). Seasonal variation affected both sexes differently [‘sex × date(lagoon)’-effect; Table 1]. 
Both male and female life-history traits and proxies were significantly affected by body size (SL), but we also found significant spatial (‘lagoon’-effect) and temporal [‘date(lagoon)’-effect] differences, as well as a significant effect of ‘SL × lagoon’, indicating that some traits scaled differently between lagoons (Table 3). For female traits, we further uncovered a significant effect of ‘SL × date(lagoon)’, indicating that the extent to which traits scaled with female body size differed in time. Post-hoc univariate models (corrected alpha-levels were α’=0.006, and α’=0.017 for analyses of female and male traits, respectively) revealed that body size had significant positive associations with male and female lean weight, fecundity, and superfetation (Suppl. Table S5b, c). For females, lean weight, fecundity, estimated offspring size at birth, MI, superfetation, embryo fat content and RA all differed between lagoons, while for males only lean weight and GSI did. Temporal variation within lagoons was uncovered for all female traits except embryo fat content, but only for GSI in males (Suppl. Table S5b, c).
The interaction of ‘SL × lagoon’ had a significant effect on male fat content (Suppl. Table S5c): bigger males had higher fat contents in low-salinity (Bezerra and Pitanga) but lower fat contents in high-salinity lagoons (Catingosa and Marina Menina).
Finally, the interaction ‘SL × date(lagoon)’ significantly affected female fecundity, superfetation, and RA (Suppl. Table S5b). These differences appear to be mostly linked to yearly variation, as fecundity and superfetation increased strongly with SL in July 2011 and January 2012, but weakly in July 2012 (Suppl. Fig. S3; S4). Larger females also had greater RA in July 2011 and January 2012, but this relationship was reversed in July 2012 (Suppl. Fig. S5).

Effects of environmental parameters on trait divergence
Model averaging revealed that most environmental parameters were associated with differences in some phenotypic traits, but only effects on life-history traits and proxies were associated with model averaged coefficients that did not bound zero (Table 2). While there were additional trends that conformed (or were sometimes opposite) to our a priori predictions, we will mainly outline significant effects here.

Effects of predation 
The effects of predation had a lower importance than other environmental variables, but trends were generally in the predicted direction (Table 2). Among the significant effects, females from high-predation lagoons were smaller (SL) and had higher levels of superfetation than females in low-predation lagoons (Fig. 3). However, both male and female lean weight was lower in high- than low-predation lagoons (Table 2).

Effects of salinity
Most effects of salinity on life-history traits and proxies were significant (Table 2). Higher salinity was associated with larger female body size (SL), increased lean weight in both sexes, and increased offspring size at birth, but also with lower levels of superfetation and female reproductive investment (RA; Fig. 4). 

Effects of water temperature
Higher temperatures were associated with lower female fecundity and RA, and less superfetation, while males showed a lower GSI and embryos an increased body fat content (Fig. 4).

Effects of dissolved oxygen, chlorophyll a and pH
Dissolved oxygen (DO) and pH were overall the strongest predictors of phenotypic differentiation. Increases in DO were associated with decreased fecundity, MI, and superfetation, as well as decreased investment into reproduction in both sexes (i.e., RA and GSI). Embryo fat increased with increasing DO (Table 2).
While chlorophyll a had relatively high RIV for several traits, all model-averaged coefficients bounded zero (Table 2). Nonetheless, several responses were in the predicted direction, with female and embryo fat contents, fecundity, superfetation and male GSI all showing positive associations with chlorophyll a.
pH had strong positive associations with female SL, male and female lean weight, female fat content as well as RA and GSI (Table 2).

Discussion
We uncovered strong differentiation in body shape, life histories and life-history proxies between male and female P. januarius, but also amongst lagoons and across repeated samples from the same lagoon, suggesting temporal fluctuations in all traits. Model averaging suggested that all environmental factors assessed herein had effects on at least some traits, but that some parameters (i.e., DO, pH and predation) were more important than others (i.e., chlorophyll a). 

Sexual dimorphism and phenotypic variation within and between lagoons
Patterns of sexual dimorphism in phenotypic traits are congruent with those described for other poeciliids (Bisazza, 1993). Seasonal variation of those traits is also well documented in numerous taxa, including poeciliid fishes (Reznick, 1989; Abney & Rakocinski, 2004; Almeida-Silva & Mazzoni, 2014). The direction of seasonal changes in individual life-history traits and proxies, however, was not the same across lagoons. Nonetheless, significant differences among lagoons persisted even when controlling for temporal variation, and the relative importance of the lagoon-effect (estimated using partial η2) was consistently greater than temporal differences. We cannot currently exclude the possibility that most of the observed variation reflects phenotypic plasticity rather than evolved (heritable) differences among populations (however, see Pfennig et al., 2010 for the importance of plasticity in diversification). Nevertheless, the magnitude of lagoon-specific differences reported here are similar to what was previously reported for P. vivipara from the same region (Gomes-Jr & Monteiro, 2007; Araújo et al., 2014; Rius et al., 2019), and further supports the notion that environmental heterogeneity in these lagoons facilitates strong phenotypic differentiation. In the following, we will explore which environmental variables might be underlying these phenotypic differences both among and within lagoons.

Effects of predation
Predation had a significant effect on several life-history traits and proxies, but unexpectedly, was of minor importance in explaining patterns of body-shape divergence. Nonetheless, the trends were largely in the predicted direction, with larger caudal peduncles and smaller heads in high-predation lagoons. In support of our prediction 1, females from high-predation lagoons were smaller. Contrary to prediction 1, however, male body size was larger and male and female lean weight lower in high-predation lagoons. Additionally, we found (weaker) trends of increased fecundity and decreased offspring size at birth coupled with increased RA in high-predation lagoons (congruent with prediction 1), while GSI was lower in high- than low-predation lagoons. Where patterns followed the predicted direction, this matched patterns of divergence reported for P. vivipara from the same and additional lagoons (Neves & Monteiro, 2003; Gomes-Jr & Monteiro, 2007; Araújo et al., 2014; Rius et al., 2019) and for other poeciliids inhabiting environments with different predation intensity (life history, e.g., Brachyrhaphis episcopi: Jennions & Telford, 2002; Gambusia spp.: Riesch et al., 2015; P. reticulata: Reznick & Endler, 1982; body shape, e.g., Gambusia spp.: Langerhans, 2009; Langerhans & Makowicz, 2009).
One pattern we did not specifically predict was that females increased the level of superfetation as predation intensity increased. Nonetheless, this is in line with previous work and matches the hypothesis that environments with high adult mortality should select for increased rates of superfetation (Zúñiga-Vega et al., 2010; see also Travis et al., 1987). Increased superfetation in response to high predation levels has also been reported in another superfetating poeciliid (Phalloceros harpagos; Gorini-Pacheco, Zandonà & Mazzoni, 2017).
Predation did not have strong associations with body shape, contrary to most previous studies (Neves & Monteiro, 2003; Araújo et al., 2014). One potential explanation is that selection from predation could be weaker in P. januarius than in the two other species of livebearing fishes present in these lagoons (P. vivipara, J. darwini), which have larger body sizes (Araújo et al., 2014). Predators of livebearing fishes tend to preferentially target large individuals as prey (e.g., Trexler, Temper & Travis, 1994; Johansson, Turesson & Persson, 2004; Tobler, Schlupp & Plath, 2007) and could selectively prey on P. vivipara and J. darwini rather than on P. januarius. While we currently lack empirical data, this could result in stronger body-shape divergence in the former species (Araújo et al. 2014). 

Effects of salinity 
Alongside predation, salinity had previously been characterised as the defining selective agents in this system (Gomes-Jr & Monteiro, 2007; Araújo et al., 2014). Salinity indeed showed a number of statistical associations with several traits. However, other environmental variables (i.e., pH and oxygen content) were of similar importance, and it is important to note that P. januarius inhabits lagoons with a narrower salinity gradient than P. vivipara. Nonetheless, in highly-saline lagoons, females were larger (SL), males and females had an increased lean weight, and offspring size at birth was greater (in agreement with our prediction 2). On the other hand, RA decreased at higher salinity (contrary to prediction 2), and superfetation was reduced. This mixed pattern of results supporting and opposing a priori predictions is congruent with a recent meta-analysis that did not find salinity to result in strong, consistent patterns of divergence in offspring size and fecundity across poeciliid species (Moore et al., 2016). Yet, in our present study, the effects of salinity were strong, and similar patterns were reported from other poeciliids (e.g., Alcaraz & García-Berthou, 2007; Martin et al., 2009). We argue that salinity-effects may be more system-specific than those of other environmental variables (Moore et al., 2016).

Effects of temperature
Contrary to prediction 3, under warmer conditions, fish showed a lower (not higher) fecundity, superfetation, GSI and RA when compared to samples obtained at colder conditions, while body size (SL and lean weight) did not show strong associations with temperature, and the trend for female body fat was even negative. Previous laboratory experiments on Gambusia affinis found high temperatures to result in increased growth (and therefore body size), fecundity and reproductive investment (Vondraceck et al., 1988). Moreover, warmer seasonal temperatures were associated with increased fecundity and greater total brood mass in Gambusia puncticulata (Abney & Rakocinski, 2004). Our results suggest a strong decrease in reproduction during the warmer Brazilian summer months (i.e., the wet season). This is congruent with patterns reported for Trinidadian guppies, which decreased fecundity and reproductive allocation during the warm months of the rainy season, and then increased both during the colder dry season (Reznick, 1989). While it is difficult to disentangle the effects of temperature from other, potentially confounding factors we did not quantify, we suspect that seasonal effects in our present study system might partially reflect antagonistic interactions between the three poeciliid species inhabiting these lagoons: under more favourable conditions (i.e., during the wet season) P. januarius, being the smallest of the three species, might be outcompeted by the larger two species, while they might be better competitors under low-resource conditions (during the dry season). Similar dynamics have been reported by Winemiller (1989) for other tropical fish assemblages. We are currently lacking empirical data to properly address this issue, so we call for more research into the effects of seasonal variation in temperature regimes on competitive interactions between the three species, but also on phenotypic divergence in general.

Effects of dissolved oxygen, food availability and pH
DO had one of the strongest effects on phenotypic differentiation, but patterns did not match our prediction 4. For example, in low-oxygen environments, females had higher fecundity, and there was even a weak trend for slightly smaller heads. One possible explanation is that variation in DO in these coastal lagoons was not big enough to elicit the predicted hypoxia-related responses. In our samples, DO levels ranged from 5.01 to 9.27 mg O2/L, always far above the level below which aquatic environments are considered hypoxic (2 mg O2/L; Vaquer-Sunyer & Duarte, 2008; Chapman, 2015; although we did not quantify the full diurnal range of DO variation). Nonetheless, even these nuanced changes in DO were associated with several prominent shifts in life-history traits: both males and females drastically reduced their investment into reproduction under elevated oxygen concentrations, with lower GSI in males and lower fecundity, superfetation, MI and RA in females, while embryo fat content was increased. While the evolutionary effects of hypoxic conditions have been studied in several species of fish (Chapman 2015), few studies have directly investigated the effects of smaller, more gradual differences in DO. Similar to our results, DO and fecundity were inversely correlated in G. holbrooki from rice fields in Portugal (Cabral & Marques, 1999), whereas high oxygen levels appear to be linked to an increased fecundity in G. hubbsi (Riesch et al., 2015). We cannot, however, exclude the possibility that some of the strong phenotypic responses we detected in response to relatively subtle differences in DO at the point of sampling reflect responses to greater diurnal fluctuation, which we did not quantify. Clearly, more research on how exactly DO impacts fish life histories, in particular their reproductive traits, is needed. Nonetheless, it is also possible that the effects reported here are indirect effects—mediated by predation—as the two piscivorous fishes in this system are tolerant to low oxygen conditions (Petry et al., 2013). Low DO might increase predation risk (e.g., when prey individuals spend more time in certain oxygen-rich microhabitats), which would align well with the uncovered patterns of divergence in life-history traits (e.g., Reznick et al., 1990, 2002b; Riesch et al., 2015).
The effects of chlorophyll a levels—our proxy for autochthonous habitat productivity—on P. januarius phenotypes were all surprisingly weak but conformed to our prediction 5 with regards to the direction of the trends, with positive associations between productivity and female and embryo fat contents, fecundity, superfetation and GSI. Experimental studies on livebearing fishes showed strong phenotypic responses to varying food availability (e.g., Poecilia mexicana: Riesch et al., 2016b; P. reticulata: Reznick, 1982; Reznick & Yang, 1993), as predicted by life-history theory (e.g., Reznick et al., 2002b). Still, other environmental factors, such as predation (Grether et al., 2001) or seasonal differences (see previous paragraph), can elicit phenotypic responses that might overshadow or partially counteract the direct effects of food availability.
Finally, we found that females increased SL and fat content, and both sexes increased their lean weight and investment into reproduction (RA and GSI) with increasing pH. These results are, if anything, contrary to our prediction 6, but it remains difficult to discuss our findings in a broader conceptual context, as potential effects of variation in pH on variation of life-history traits and proxies in fishes are understudied (Nelson, 2015). Differences in pH are known to cause physiological stress (EIFAC 1969; Crespel et al., 2017) and have been recognised as one of the main factors shaping fish communities in Indian rivers (Sharma et al., 2017). It seems likely that pH-levels play underestimated roles in shaping phenotypic differentiation between populations and warrant increased attention in future experimental studies.

Conclusions
Patterns of phenotypic divergence in P. januarius only partially conformed to our a priori predictions, and several traits even exhibited patterns opposite to the predicted directions. We argue that multifarious selection pressures, experienced by our study species in different lagoons and at different points in time within specific lagoons, explain this pattern. Organisms are usually exposed to a multitude of environmental selective forces that act on the same or different components of the whole phenotype at any given time, and each of these selective forces is likely to have a different relative impact on organismal fitness. This should lead to a mosaic of organismal responses, with some selective forces cancelling each other out, some acting synergistically, while yet other selective forces might be so strong that they overrule potential responses to others (Riesch et al., 2018). This could result in somewhat spurious patterns of phenotypic responses to specific environmental variables (e.g., pH or temperature in our present study), including patterns opposite to those predicted if each environmental variable were to act alone. Thus, more experimental work on responses to several interacting environmental factors is clearly needed. Our study also reveals that our understanding of how exactly some of the environmental variables assessed here might shape organismal responses is still limited, highlighting the need for more experimental work on the effects of as yet understudied environmental factors in driving phenotypic diversification.
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Tables
Table 1. Multivariate analysis of covariance (MANCOVA) on body shape divergence of P. januarius that were repeatedly collected in four coastal lagoons.
	Factors
	F
	Degrees of Freedom
	P
	Partial η2
	Relative η2

	Centroid size
	16.622
	2, 231
	<0.001
	0.126
	0.333

	Sex
	70.283
	2, 231
	<0.001
	0.378
	1.000

	Lagoon
	4.452
	6, 462
	<0.001
	0.055
	0.146

	Date(lagoon)
	2.426
	12, 462
	0.005
	0.059
	0.156

	Sex × lagoon
	5.004
	6, 462
	<0.001
	0.052
	0.137

	Sex × date(lagoon)
	2.314
	8, 462
	0.019
	0.039
	0.103

	Centroid size × lagoon
	4.261
	6, 462
	<0.001
	0.052
	0.137




Table 2. Summary results from model averaging on phenotypic divergence. Reported are relative importance values (RIV) and model averaged coefficients (bMA) for females; values in parenthesis represent the results of male traits. Predictors with significant effects are highlighted in bold.
	 
	 
	Predators
	O2
	pH
	Salinity
	Temperature
	Chlorophyll a

	RW1
	RIV
	0.50
	0.98
	0.34
	0.82
	0.38
	0.98

	
	bMA
	-0.010
	-0.004
	0.003
	-0.001
	-0.001
	0.001

	RW2
	RIV
	0.37
	0.52
	0.75
	0.35
	0.80
	0.27

	
	bMA
	-0.007
	-0.002
	-0.007
	0.001
	0.001
	0.001

	SL
	RIV
	0.94
(0.27)
	0.23
(0.25)
	0.94
(0.23)
	0.94
(0.31)
	0.17
(0.19)
	0.63
(0.22)

	
	bMA
	-3.395
(0.405)
	-0.040
(0.180)
	1.762
(0.269)
	0.067
(0.014)
	-0.027
(0.016)
	-0.007
(-0.002)

	Lean weight
	RIV
	0.90
(0.65)
	0.76
(0.13)
	0.90
(0.65)
	0.90
(0.79)
	0.23
(0.15)
	0.30
(0.18)

	
	bMA
	-0.597
(-1.302)
	0.036
(-0.017)
	0.293
(0.674)
	0.027
(0.038)
	0.001
(0.001)
	0.001
(0.001)

	Fat content
	RIV
	0.53
(0.22)
	0.46
(0.19)
	0.88
(0.24)
	0.64
(0.21)
	0.56
(0.20)
	0.94
(0.25)

	
	bMA
	-2.123
(0.144)
	0.217
(0.024)
	0.893
(0.183)
	0.060
(-0.005)
	-0.135
(0.023)
	0.015
(-0.007)

	Fecundity
	RIV
	0.50
	0.98
	0.46
	0.52
	0.97
	0.96

	
	bMA
	0.725
	-0.252
	0.299
	-0.017
	-0.092
	0.009

	Est. offspring weight at birth
	RIV
	0.57
	0.55
	0.14
	0.98
	0.38
	0.28

	
	bMA
	-0.484
	-0.077
	-0.137
	0.051
	0.049
	-0.002

	MI
	RIV
	0.38
	0.62
	0.22
	0.81
	0.39
	0.41

	
	bMA
	-0.259
	-0.125
	-0.084
	0.030
	0.010
	0.005

	Superfetation
	RIV
	0.96
	0.96
	0.23
	0.96
	0.96
	0.91

	
	bMA
	1.253
	-0.288
	-0.059
	-0.066
	-0.259
	0.008

	Embryo fat content
	RIV
	0.43
	0.99
	0.30
	0.27
	0.44
	0.99

	
	bMA
	0.466
	0.197
	-0.056
	0.002
	0.043
	0.018

	RA
(GSI)
	RIV
	0.09
(0.51)
	0.97
(0.99)
	0.97
(0.99)
	0.97
(0.39)
	0.97
(0.99)
	0.35
(0.99)

	
	bMA
	0.119
(-0.842)
	-0.527
(-0.607)
	0.581
(1.008)
	-0.053
(-0.022)
	-0.253
(-0.404)
	-0.003
(0.033)



Table 3. Multivariate analysis of covariance (MANCOVA) on (a) female and (b) male life-history traits and proxies of P. januarius from four coastal lagoons. 
	Factors
	F
	Degrees of Freedom
	P
	Partial η2
	Relative η2

	(a) Female life histories
	
	
	
	

	SL
	114.898
	8, 173
	<0.001
	0.842
	1.000

	Lagoon
	10.167
	24, 502
	<0.001
	0.318
	0.427

	Date(lagoon)
	5.224
	48, 855
	<0.001
	0.190
	0.243

	SL × lagoon
	1.831
	24, 502
	0.010
	0.078
	0.142

	SL × date(lagoon)
	1.88
	48, 855
	<0.001
	0.079
	0.092

	(b) Male life histories
	
	
	
	

	SL
	39.67
	3, 30
	<0.001
	0.799
	1.000

	Lagoon
	5.43
	9, 73
	<0.001
	0.340
	0.426

	Date(lagoon)
	3.20
	12, 80
	0.001
	0.293
	0.367

	SL × lagoon
	2.739
	9, 73
	0.008
	0.210
	0.263


.

Figures
[image: ]Fig.1. (A) Study area in the state of Rio de Janeiro; map created with the R-package maps (Becker, 2017). (B) Locations of the lagoons; map created using OpenStreetMap (https://www.openstreetmap.org, accessed on 14 December 2017): (1) Bezerra, (2) Maria Menina, (3) Catingosa and (4) Pitanga. Lagoons with piscivorous predators are presented in red and those without predators in blue. (C) Female (top) and male (below) adult Phalloptychus januarius. 
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Fig. 2. Body-shape variation (Mean ± SE) in P. januarius. Bezerra: squares, Catingosa: triangles, Maria Menina: circles, Pitanga: diamonds; multiple symbols represent the repeated sampling in each lagoon. Thin-plate spline transformation grids visualize morphological variation across the two relative warps, whereby RW1 mainly separates males (left) from females (right), whereas RW2 describes differences in body roundness and depth. 

[image: ]
Fig. 3. Mean ± SE of female life-history traits and proxies (A: SL, B: adult lean weight, C: superfetation, D: estimated offspring weight at birth) in populations exposed to different predation regimes. Bezerra: squares, Catingosa: triangles, Maria Menina: circles, Pitanga: diamonds; multiple symbols reflect the repeated sampling in each lagoon. Red symbols represent the overall mean across high-predation lagoons, while blue represents the overall mean across low-predation lagoons. 
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Fig. 4. Partial regression plots (residuals corrected for all other environmental variables) of female phenotypic variation due to different environmental variables. Shown are temperature-effects on A: superfetation and B: fecundity, C: variation in lean weight due to pH, salinity-effects on D: RA and E: adult fat content, as well as effects of dissolved oxygen on F: embryo fat content, G: fecundity, and H: superfetation. 
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