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Abstract
Organisms adapted to physiochemical stressors provide ideal systems to study evolutionary mechanisms that drive adaptation and speciation. This review paper focuses on livebearing fishes of the Poecilia mexicana species complex (Poeciliidae), members of which have repeatedly colonized hydrogen sulfide (H2S) rich springs. H2S is a potent respiratory toxicant that creates extreme environmental conditions in aquatic ecosystems. There is also a rich history of research on H2S in toxicology and biomedicine, which has facilitated the generation of a priori hypotheses about the proximate mechanisms of adaptation. Testing these hypotheses through the application of high-throughput genomic and transcriptomic analyses has led to the identification of the physiological underpinnings mediating adaptation to H2S-rich environments. In addition, systematic natural history studies have provided a nuanced understanding of how the presence of a physiochemical stressor interacts with other sources of selection to drive evolutionary change in a variety of organismal traits, including physiology, morphology, behavior, and life history. Adaptation to extreme environments in P. mexicana also coincides with ecological speciation, and evolutionarily independent lineages span almost the full range of the speciation continuum from panmixia to complete reproductive isolation. Multiple mechanisms of reproductive isolation are involved in reducing gene flow between adjacent populations that are adapted to contrasting environmental conditions. Comparative studies among evolutionarily-independent lineages within the P. mexicana species complex and, more recently, other members of the family Poeciliidae that have colonized H2S-rich environments will provide insights into the factors facilitating or impeding convergent evolution, providing tangible links between micro-evolutionary processes and macro-evolutionary patterns. 
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Introduction
Organisms adapted to extreme environmental conditions provide excellent systems to investigate basic questions about the origins of biodiversity. Extreme environments are characterized by the presence of physicochemical stressors that are lethal to most organisms (Waterman 1999; Bell 2012; Riesch et al. 2015). Most extreme environments harbor relatively simple biological communities with low levels of diversity, both because there are constraints for adaptation to physiochemical stressors and because resources are often scarce (e.g., Wall & Virginia 1999; Gibert & Deharveng 2002). Comparing highly specialized extremophiles to ancestral lineages in “normal” habitats provides unique opportunities to illuminate evolutionary processes that give rise to diversity, both in terms of phenotypic novelty that mediates organismal function under adverse environmental conditions and the origin of species. The clearly defined selective regimes in extreme environments enable hypothesis-driven tests of responses at all levels of biological organization and facilitate integrative approaches to study the causes and consequences of adaptive evolution (Nevo 2011; Tobler et al. 2015a). In addition, the availability of replicated lineages exposed to the same physicochemical stressors allows for evolutionary analyses in a comparative context, spanning vast geographic and phylogenetic distances (Riesch et al. 2014; Riesch et al. 2016). Here, we review recent research on fishes inhabiting hydrogen sulfide-rich springs that sheds light onto mechanisms of adaptation, speciation, and convergent evolution. 
Hydrogen sulfide (H2S) is a noxious gas that profoundly shaped the diversification of life on the planet. It served as a substrate for anaerobic energy production for early life forms that lived in the oxygen-poor oceans of the Proterozoic (Olson & Straub 2015) and caused mass extinctions after aerobic organisms diversified during the Cambrian explosion (Kump et al. 2005). In today’s well-oxygenated atmosphere, H2S is relatively rare, but it is produced through geochemical and biological processes in a variety of aquatic ecosystems (Tobler et al. 2016). The presence of H2S creates extreme environments for metazoans, because it interferes with fundamental biochemical and physiological processes that mediate the function of aerobic organisms (Bagarinao 1992). Most importantly, H2S binds to cytochrome c oxidase (COX), thereby interrupting the oxidative phosphorylation pathway (OXPHOS) in mitochondria and inhibiting the aerobic production of ATP (Cooper & Brown 2008). Consequently, H2S is highly toxic for most metazoans even in micromolar concentrations (Beauchamp et al. 1984; Reiffenstein et al. 1992).
In Southern Mexico, H2S occurs naturally in multiple freshwater spring complexes that are fed by groundwater sources (Rosales Lagarde 2012). These sulfide springs are distributed across multiple river drainages (Ríos Tacotalpa, Puyacatengo, Ixtapangajoya, and Pichucalco) that are part of the Río Grijalva basin (Fig. 1), and they exhibit H2S concentrations orders of magnitude higher than what is considered lethal for most metazoans (Tobler et al. 2011). All springs directly drain into adjacent streams or rivers, where H2S is immediately diluted. Thus, there are contrasting sulfidic and non-sulfidic habitat types that lack physical separation. Despite the high levels of toxicity, multiple lineages of small, livebearing fish of the Poecilia mexicana species complex (subgenus Mollienesia, family Poeciliidae) have independently colonized the H2S-rich springs in each of the river drainages. Members of this species complex inhabit a variety of freshwater and brackish habitats from northern Mexico south to Panama (Alda et al. 2013; Palacios et al. 2016), and the nominal species, P. mexicana, is common in non-sulfidic habitats surrounding the sulfide springs. In the eastern two drainages with sulfide springs (Ríos Tacotalpa and Puyacatengo), colonization of the H2S-rich habitats has occurred relatively recently (<100,000 years ago; Pfenninger et al. 2014), and H2S-adapted populations are closely related to – and taxonomically considered the same species as – P. mexicana in adjacent non-sulfidic habitats (Palacios et al. 2013). In the western two drainages (Ríos Ixtapangajoya and Pichucalco), sulfide springs have been colonized earlier (>200,000 years ago; Pfenninger et al. 2014), and sulfide spring populations in these drainages are more closely related to P. limantouri, which primarily occurs north of the Trans-Mexican Volcanic Belt in northeastern Mexico (Palacios et al. 2013; Palacios et al. 2016; Brown et al. 2017). These older extremophile lineages have been described as distinct species that are endemic to sulfide springs: P. thermalis (Steindachner 1863) in the Ixtapangajoya and P. sulphuraria (Alvarez del Villar 1948) in the Pichucalco river drainage. All sulfide spring populations – irrespective of their taxonomic status – represent locally adapted ecotypes that diverged in a variety of phenotypic traits (Tobler et al. 2011; Riesch et al. 2016). Sulfide spring ecotypes can tolerate high H2S concentrations, whereas ecotypes from adjacent non-sulfidic sites succumb to the toxic effects of H2S over short periods of time (Tobler et al. 2011; Plath et al. 2013), indicating strong survival selection that impacts fitness across small spatial scales. Consequently, high tolerance to environmental H2S in sulfide spring fish can be viewed as an evolutionary innovation that facilitated the colonization of unoccupied ecological niches. 
The sulfide spring fish of the P. mexicana species complex provide an ideal system for an integrative approach to studying adaptation and speciation for several reasons. H2S provides a strong source of selection with predictable physiological effects and known biochemical consequences (Bagarinao 1992; Li et al. 2011; Tobler et al. 2016), which facilitates hypothesis-driven approaches to studying mechanisms underlying physiological adaptation. In addition, the environmental gradients are clearly defined and replicated, which allows for an assessment of convergent patterns of evolution across independent lineages that have colonized the same habitat type. The ease of cultivation of livebearing fish in the laboratory also permits experimental approaches to corroborate patterns documented in the field and establish causal relationships between specific sources of selection and the evolution of specific traits. Finally, growing genomic resources for fish of the family Poeciliidae facilitate genetic analyses (Kelley et al. 2012; Schartl et al. 2013; Küstner et al. 2016).

Uncovering proximate mechanisms of adaptation
Recent technological and analytical breakthroughs have revolutionized the genome-wide quantification of genetic variation and gene expression (Wang et al. 2009; Metzker 2010), facilitating the identification of genetic, biochemical, and physiological underpinnings of adaptation to physiochemical stressors in natural systems. The rapid generation of large datasets allows for inductive inference of putative mechanisms underlying adaptation even in systems without a priori predictions (Kell & Oliver 2004). However, genetic and gene expression data alone are insufficient to infer adaptation at specific loci, because neutral evolutionary processes, demographic history, and genetic hitchhiking can generate false positives in genome-wide analyses of selection and gene expression (e.g., Barton 1998; Whitehead & Crawford 2006; Ramirez-Soriano et al. 2008). This underscores the importance of generating a priori hypotheses about the molecular underpinnings of adaptation, and testing whether genetic and gene expression variation at specific loci actually affects organismal performance under different environmental conditions (Dalziel et al. 2009; Storz & Wheat 2010).

Developing and testing a priori hypotheses
There is a rich history of research in toxicology and biomedicine that has investigated the molecular targets of H2S, illuminating the mechanisms of H2S toxicity and detoxification in model organisms and human cell cultures (see Li et al. 2011; Olson et al. 2012; Wang 2012; Wallace & Wang 2015 for recent reviews). In a recent attempt of “separating hype and hope” in potential biomedical applications of H2S, Olson (2011) lamented that H2S “seemingly affects all organ systems and biological processes in which it has been investigated”. While it often remains unclear whether the documented effects are a direct consequence of H2S exposure or a result of the disruption of cellular homeostasis, this body of work provides fruitful grounds for the development of hypotheses about the molecular mechanisms underlying adaptation to H2S-rich environments that can then be tested using genome scans for selection and analyses of gene expression variation between sulfide-adapted and non-adapted populations (see Table 1 for an overview). Most importantly, candidates include direct toxicity targets involved in OXPHOS (Cooper & Brown 2008) and oxygen transport (Pietri et al. 2011), anaerobic metabolism (Dubilier et al. 2005) and oxidative stress response systems (Eghbal et al. 2004) that may help mitigate adverse consequences of H2S exposure, as well as pathways involved in enzymatic H2S detoxification, sulfur processing, and sulfur excretion (Hildebrandt & Grieshaber 2008). It is important to note that H2S is also produced endogenously by metazoans in the cytosol and in mitochondria through enzymatic reactions associated with the reverse trans-sulfuration pathway (Stipanuk 2004; Stipanuk & Ueki 2011). At concentrations well below the toxicity threshold, endogenously produced H2S serves as a cellular signaling molecule that modulates physiological processes, including the function of ion channels that underlie smooth muscle control and the function of neural cells (Peers et al. 2012), and it interacts with transcription factors that control inflammation, cell survival and proliferation, the expression of cellular protective enzymes, and hypoxia responses (Li et al. 2011; Wang 2012; Wallace & Wang 2015). Organisms may thus not strive to merely eliminate H2S from their system and avoid effects of toxicity. Instead, they are likely selected for maintaining optimal endogenous concentrations that facilitate H2S-mediated signaling and assure proper physiological functioning. As a consequence, endogenous H2S production pathways and targets of H2S signaling may also be modified during adaptation to environmental H2S.
A series of studies in members of the P. mexicana species complex have tested hypotheses about the molecular underpinnings of H2S adaptation by analyzing patterns of molecular evolution in candidate genes (Pfenninger et al. 2014; Barts et al. 2018), deploying genome-wide scans for selection based on FST outliers (Pfenninger et al. 2015), and quantifying genome-wide patterns of gene expression (Kelley et al. 2016; Passow et al. 2017c). Collectively, the results of these studies have indicated a striking congruence between candidate genes inferred from toxicological and biomedical research, and genes with empirical evidence for selection and/or differential expression between at least some of the adjacent H2S-adapted and non-adapted populations (Table 1). (1) There was evidence for selection on genes encoding the primary toxicity target of H2S, COX (complex IV in OXPHOS; Pfenninger et al. 2014). In addition, genes encoding other components and assembly factors of OXPHOS are either under selection or differentially expressed in sulfide spring populations (Pfenninger et al. 2015; Kelley et al. 2016). Evidence for selection and differential expression was also uncovered for subunits of hemoglobin, whose function is directly impaired by H2S (Barts et al. 2018). (2) Genes involved in anaerobic ATP production and in coping with oxidative stress exhibited evidence for selection and differential expression, suggesting a shift toward alternative sources of ATP production and an increased ability to withstand reactive oxygen species that are produced as a byproduct of OXPHOS inhibition by H2S (Pfenninger et al. 2015; Kelley et al. 2016). (3) There is overwhelming evidence for selection on and differential regulation of genes encoding components of the sulfide:quinone oxidoreductase pathway, which mediates enzymatic H2S detoxification in metazoans (Pfenninger et al. 2015; Kelley et al. 2016). In addition, there is evidence for upregulation of genes encoding transporters of oxidized sulfur species, which are putatively involved in sulfur excretion (Kelley et al. 2016).
These results suggest that adaptation to H2S-rich environments in members of the P. mexicana species complex involve both an increased ability to cope with elevated endogenous H2S and an increased ability to keep endogenous H2S concentrations low through detoxification and excretion. However, there is a noticeable absence of evidence for genes and physiological pathways associated with endogenous H2S production and H2S-mediated cell signaling being involved in adaptation (see Pfenninger et al. 2015; Kelley et al. 2016). There are three non-mutually exclusive hypotheses that could explain this finding. First, the ability of populations from sulfidic habitats to regulate endogenous H2S through detoxification may be sufficient to maintain normal H2S-mediated signaling. Second, compared to the ability for detoxification and for mitigation of direct toxic effects in terms of ATP-production and oxidative stress, H2S’s influence on cell signaling may have relatively low fitness consequences, with concomitantly smaller evolutionary responses. Last, inferences from biomedical studies about the causal relationship between endogenously produced H2S and various physiological functions may be weak, and some documented physiological effects may instead be an indirect consequence of the disruption of homeostasis that cascades through interconnected pathways operating in a cell. In this case, evolutionary studies on natural systems exposed to H2S may provide important insights in terms of prioritizing research on biomedically relevant aspects of H2S biology. Studying ancestral populations susceptible to H2S will allow for quantifying consequences of disruptions in H2S homeostasis at all levels of biological organization (like in presently available animal models). Adding derived H2S tolerant populations will further allow for the detection of critical modifications in physiological processes affected by H2S. Consequently, such a comparative approach may provide a powerful tool to disentangle direct and indirect physiological consequences of deviations in H2S homeostasis, which is currently difficult in traditional biomedical models.
Despite some of these discrepancies, the studies exploring mechanisms underlying H2S tolerance in sulfide spring fishes highlight the utility of research in toxicology and biomedicine in generating testable hypotheses about evolutionary processes. Biomedical studies on metabolic disorders (Aspiras et al. 2015), stress responses (Rohner et al. 2013), responses to low oxygen (Eales et al. 2016), and effects of xenobiotics (Stockinger et al. 2014) have also facilitated our understanding of adaptive evolution in other natural systems. Considering the increasingly specialized and fragmented research areas in the life sciences, interdisciplinary approaches and reciprocal exchange of ideas and methodologies continue to be critical for facilitating breakthroughs in basic and applied research on biomedical models and natural systems (Nesse & Stearns 2008; Carroll et al. 2014; Schartl 2014). 

Convergent and non-convergent evolution in independent lineages
Our discussion of putative candidate genes that are under selection and/or differentially expressed in sulfide spring populations so far focused on general patterns documented across evolutionarily independent lineages in different river drainages. Selection scans (Pfenninger et al. 2015) and analyses of differential gene expression (Kelley et al. 2016) have indicated high congruence of biological processes associated with candidate genes across lineages in different river drainages, indicating that evolution has repeatedly and predictably modified the same physiological pathways during adaptation to environmental H2S. However, the signal of evolutionary convergence among sulfide spring lineages decreases with the level of organismal organization (from physiological pathways down to genomic regions, genes, and individual SNPs in selection scans: Pfenninger et al. 2015; from physiological pathways down to genes and transcripts in expression studies: Passow et al. 2017b), indicating that different lineages have often modified the same physiological pathways in different ways. While knowledge about the biochemical and physiological consequences of H2S may enable us to predict the physiological pathways in which adaptive modifications occur, it may be impossible to predict specific modifications within those pathways. This contrasts with a common expectation in the field that convergent evolution of molecular mechanisms underlying phenotypic traits (i.e., parallel evolution) necessarily hinges on modification of the same loci across lineages, as found in some of the best-known examples of parallelism (Grant et al. 2004; Colosimo et al. 2005; Feldman et al. 2012). However, modification of the same loci may only be common under particular circumstances (Rosenblum et al. 2014), for example when selection acts on standing genetic variation (Colosimo et al. 2005), when adaptive alleles are introgressed across population boundaries through gene flow (Grant et al. 2004), or when there are strong genetic constraints (Feldman et al. 2012). Exploration of molecular mechanisms underlying convergent evolution in many systems may therefore be better approached from the perspective of interacting genes that are organized in pathways, in which alternative genetic changes can have equivalent functional consequences (i.e., functional redundancy). Developing and testing hypotheses about parallel evolution at the pathway level will hinge on improving genome annotations (Pavey et al. 2012) and provide a more nuanced understanding of the factors determining the predictability of evolution at different levels of organismal organization (Rosenblum et al. 2014). 
Despite evidence for convergent evolution in some candidate physiological pathways, it also needs to be emphasized that this does not apply to all P. mexicana lineages or to all candidate physiological pathways associated with H2S adaptation investigated to date. Non-convergent evolution – evidenced by unique, lineage-specific signals of selection and differential expression – may be indicative of unique molecular mechanisms to cope with H2S toxicity. For example, signatures of positive selection on COX – H2S’s primary toxicity target – can be found in sulfide spring lineages of the Puyacatengo and Pichucalco river drainages (a lineage with recent divergence time and a lineage with older divergence time, respectively), but not in those of the Tacotalpa drainage (Pfenninger et al. 2014). The presence of non-convergent genetic and gene expression differences between populations from sulfidic and non-sulfidic habitats in different river drainages highlight the limitations of inferences that can be drawn based on datasets generated with high-throughput DNA and RNA sequencing. The potential importance of modifications at candidate loci – or the lack thereof – can only be assessed through functional assays that document how alternative alleles and changes in gene expression actually affect organismal performance. The functional consequences of genetic and gene expression variation at most candidate loci remain to be investigated. However, enzyme activity assays have indicated that COX maintains its activity with increasing H2S concentrations in the two sulfide spring populations with evidence for positive selection on mitochondrially encoded subunits (Puyacatengo and Pichucalco; Pfenninger et al. 2014). Key amino acid substitutions occur in the D-pathway channel of COX1, which putatively narrow the channel width and reduce H2S’s access to the binuclear center of the protein. Consequently, some lineages of P. mexicana exhibit an H2S-resistant COX that can maintain its activity and aerobic ATP-production even if endogenous H2S concentrations are elevated. In contrast, COX activity in sulfide spring fish of the Tacotalpa river drainage and in fish from non-sulfidic habitats decreases when H2S is present, which is consistent with mechanisms of H2S toxicity (Pfenninger et al. 2014). In vitro assays on isolated mitochondria have nonetheless indicated that an H2S-resistant COX is not necessary to maintain aerobic ATP-production during H2S exposure. Unlike in populations from non-sulfidic habitats, mitochondrial spare respiratory capacity is maintained in the presence of H2S even in the Tacotalpa sulfide-spring populations that lack an H2S-resistant COX (Henpita, Tobler & Shaw, unpublished data). This may indicate that modification of detoxification pathways in sulfide spring fishes is sufficient to maintain mitochondrial function and aerobic ATP-production.

Ensuing challenges: linking genotypes to fitness
Understanding the mechanistic basis of adaptation requires linking genotypic variation to phenotypic traits that ultimately shape fitness along selective gradients. The evolution of H2S tolerance in sulfide spring fishes appears to be a consequence of modifications in many genes and many physiological pathways, whose functions interact to eliminate H2S from the system, minimize effects of elevated endogenous concentrations on direct toxicity targets, and mitigate adverse effects that cascade through cellular metabolism during disruption of homeostasis (Table 1). Such complex genetic changes are likely common during adaptation and have been documented in other systems that involve major evolutionary shifts, including the emergence of parasitic lifestyles (Werren et al. 2010), eusociality (Simola et al. 2013), asexual reproduction (Fradin et al. 2017), and internal gestation with livebearing (Schartl et al. 2013). Consequently, complementary approaches will be required to uncover the molecular mechanisms of adaptation to H2S in the future: 
(1) The involvement of many genes and physiological pathways in shaping tolerance emphasizes the importance of quantitative genetic approaches that leverage experimental crosses between H2S tolerant and non-tolerant populations and test whether tolerance – and adaptive trait modifications that contribute to it – is explained by a few major effects loci or whether it is a consequence of a number of genes with small effects (Klerks et al. 2011; Saltz et al. 2017). Combining analyses of phenotype-fitness associations and their underlying genetic mechanisms via QTL mapping with the results of selection scans from population genomic analyses (Pfenninger et al. 2015) will allow for an integrative understanding of how selection acting on the genome results in phenotypic variation that mediates adaptation to different environments (Stinchcombe & Hoekstra 2008). From a functional perspective, breaking up correlations between different physiological traits (associated with resistance, mitigation, and regulation; Table 1) in F2 crosses will further allow testing what molecular mechanisms are necessary for tolerance, whether there are alternative strategies with equivalent fitness benefits, and whether there are complementary modifications with additive effects on tolerance. 
(2) Considering the number of genes and physiological pathways likely involved in H2S tolerance, assessing the functional consequences of genetic and gene expression variation is a daunting task. At the same time, such functional tests can significantly contribute to closing the genotype-to-phenotype gap, because physiochemical stress responses can be assessed along the continuum of organismal organization (Gjuvsland et al. 2013). Standardized assays can be used to quantify the biochemical makeup of organelles, cells, and tissues (e.g., protein abundance and enzyme activity), physiological performance in vitro and in vivo (e.g., rates of H2S detoxification, ATP production, and reactive oxygen production), and fitness-relevant proxies of whole organism performance (e.g., H2S tolerance; Fig. 2). This highlights the importance of methods development for the quantification of complex phenotypic traits or even whole phenomes that can keep pace with rapid data generation through high-throughput sequencing (Houle et al. 2010; Ritchie et al. 2015). In addition, genotype-phenotype links established through such correlative approaches will ideally be verified through targeted gene editing. While gene editing with CRISPR–Cas9 is now routinely employed in model organisms (Doudna & Charpentier 2014; Shalem et al. 2015), applying this technology to non-models still remains challenging, especially in livebearing species like poeciliid fishes where in vitro culture of embryos is not routinely employed (Martyn et al. 2006). Nonetheless, the effects of specific mutations can potentially be verified through the establishment and manipulation of cells in culture (Liu et al. 2014) or by generating transgenics (Lin et al. 2016).
(3) Organismal responses to physiochemical stressors occur at multiple hierarchical levels that can be plastically modulated in response to endogenous and exogenous cues (Whitehead 2012). Understanding adaptation to physiochemical stressors consequently requires disentangling the effects of genetic variation, developmental plasticity, and short-term acclimation in gene expression patterns on the emerging physiological processes. Common garden experiments on sulfide spring fishes have shown that many genes differentially expressed between populations from sulfidic and non-sulfidic habitats in nature remain differentially expressed in laboratory-reared fish that have never been exposed to H2S, indicating evolved differences in constitutive gene expression (Passow et al. 2017c). At the same time, expression patterns in the laboratory also exhibit evidence for plasticity in response to short-term H2S exposure (Passow et al. 2017c). Some of these plastic responses are shared between populations from sulfidic and non-sulfidic habitats (likely representing shared ancestral plasticity), while others have been lost or gained during sulfide spring colonization. A core challenge for future research is to overcome logistical constraints that have so far prevented long-term H2S exposures of fish in the laboratory. Exposing individuals throughout development will be required to test how developmental plasticity and short-term acclimation shape responses to H2S in individuals from adapted and non-adapted populations. Finally, the next big scientific advance in this context will also require the identification of regulatory mechanisms that shape expression differences during adaptation, including sequence changes in transcription factors and their binding sites, patterns of DNA methylation and chromatin accessibility, as well as the production of microRNAs and competing endogenous RNAs that can modulate transcript abundance (López-Maury et al. 2008; Flores et al. 2013; Silva et al. 2017). In addition, the role of alternative splicing and other post-transcriptional and post-translational modifications in mediating adaptation remains understudied by evolutionary biologists (Ast 2004; Bush et al. 2017). This is particularly relevant, because H2S has been hypothesized to play a role in the posttranslational modification of proteins with sulfur-containing amino acids through sulfhydration (Mustafa et al. 2009).
Bridging the genotypes-phenotype gap remains one of the major challenges in biology (Gjuvsland et al. 2013; Ritchie et al. 2015) and will provide opportunities to understand how organisms function in the face of environmental stress and how evolution shapes these functions during adaptation to different environmental conditions. Establishing the molecular mechanisms of adaptation across replicated lineages exposed to the same sources of selection will also provide insights how evolutionary history, demography, and genetics shape convergent evolutionary outcomes, providing a better understanding at what hierarchical levels of organismal organization evolutionary change may actually be predictable (Rosenblum et al. 2014). 

Complex organisms in a complex world: disentangling the tangled bank
Mechanisms of adaptation can be studied through bottom-up (screening for genetic modifications that allow for inferences about relevant phenotypic traits) and top-down approaches (assessing fitness-relevant phenotypic differences among populations without knowledge about the genetic basis) (see Schluter 2009). Over the years, genomic and transcriptomic studies on sulfide spring populations of the P. mexicana species complex have been complemented with analyses of phenotypic variation. Just as genetic analyses have indicated that adaptation to H2S is mediated by the modification and modulation of many genes associated with multiple physiological pathways, phenotypic studies uncovered a variety of differences between populations from sulfidic and non-sulfidic environments. Many of these phenotypic differences have evolved in convergence across replicated sulfide spring lineages in different river drainages. Examples include modifications of morphological (body shape and organ size; Tobler et al. 2011; Tobler et al. 2015b; Schulz-Mirbach et al. 2016), physiological (tolerance and metabolic rates; Tobler et al. 2011; Passow et al. 2017a), behavioral (agression and personality; Riesch et al. 2009; Bierbach et al. 2012; Sommer-Trembo et al. 2016; Bierbach et al. 2018), and life-history traits (fecundity and offspring size; Riesch et al. 2010b; Riesch et al. 2014). Hence, proximate populations in different habitat types have diverged in complex phenotypes that span many different suites of traits, and a key question is how divergence in multivariate phenotypes arises. In theory, H2S could be a key source of selection driving multivariate phenotypic divergence, either because it directly exerts selection on a multitude of traits that are independently modified to reach new fitness peaks, or because selection on a few fitness-relevant traits causes simultaneous changes in correlated characteristics. Neither explanation seems sufficient, because many of the divergent traits between populations from sulfidic and non-sulfidic environments have no clear – or at best tenuous – links to H2S-toxicity and detoxification, and there is only limited evidence for within-population correlations between different traits groups (Riesch et al. 2016).
Evolutionary analyses frequently focus on seemingly simple sources of selection, juxtaposing populations that are assigned to discrete habitat types to understand the evolution of specific traits (Kaeuffer et al. 2012). But as Darwin (1859) already observed in his “tangled bank” allegory, selection in natural systems is rarely univariate, but multifarious selective regimes contribute to trait divergence even among populations that occur along apparently simple environmental gradients. Unquantified environmental variation that is subsumed in the categorization of habitat types can profoundly affect trait variation in natural systems (Stuart et al. 2017), highlighting the importance of considering and testing alternative hypotheses about the cause-and-effect relationship between specific sources of selection and evolution of specific traits. Thus, accurate natural history observations that consider organisms as holistic entities consisting of interacting traits in the context of the abiotic and biotic factors comprising their environment are critical to inform the design and interpretation of empirical research in natural systems (Greene 2005). Indeed, adjacent sulfidic and non-sulfidic habitat types do not merely differ in the presence or absence of H2S, but also in a variety of other abiotic and biotic factors (Fig. 2). Unlike non-sulfidic habitats, sulfide springs in southern Mexico are characterized by extreme hypoxia, elevated salinity, and lower pH (Tobler et al. 2011; Rosales Lagarde 2012). In addition, the presence of physiochemical stressors affects the biotic communities in these sulfide springs. Species richness of aquatic invertebrates and vertebrates is drastically reduced as a consequence of H2S toxicity (Greenway et al. 2014), and primary production appears to be driven in part by chemoautotrophic bacteria that use H2S as an energy source, rather than just by autochthonous and allochthonous photosynthetic organisms (Roach et al. 2011). These changes in the biotic environment affect the relative importance of intra- vs. interspecific competition, trophic resource use, and exposure to predators and parasites (Riesch et al. 2010a; Tobler et al. 2014; Tobler et al. 2015b).
	
Alternative drivers of trait evolution 
Acknowledging the complexity of selective regimes in sulfide springs allows for a more nuanced understanding of trait evolution and for the development of alternative hypotheses about the ultimate mechanisms that cause divergence in specific genetic and phenotypic traits. In some instances, sources of selection other than H2S can plausibly explain trait divergence between populations from sulfidic and non-sulfidic habitats. For example, hypoxia likely drives increases in head size and gill surface area (Tobler et al. 2011), changes in the ionic composition of the water can explain differential expression of genes associated with osmoregulation (Kelley et al. 2016), and shifts in trophic resource use are associated with modifications of the gastrointestinal system (Tobler et al. 2015b). In other cases, disentangling alternative hypotheses is not trivial, because selection mediated by H2S and other environmental factors are predicted to affect trait modifications in similar ways. Shifts toward anaerobic metabolism in sulfide spring fish could be the consequence of inhibition of aerobic ATP-production by H2S or by constraints in oxygen availability. Similarly, reproductive life-history shifts toward the production of larger but fewer offspring could be driven by H2S (decreasing offspring’s surface:volume ratio to minimize the diffusion of H2S into the body; Powell 1989), by habitat differences in the quality and quantity of predation that can affect size-specific rates of extrinsic mortality (Jorgensen et al. 2011), or by energetic constraints (see below). While comparisons across different selective regimes can shed light into the ultimate drivers of trait evolution (Moore et al. 2016), isolating the effects of different sources of selection may not be possible, because they could act in concert and facilitate increases of organismal performance in multiple contexts (Ghalambor et al. 2003).
When multifarious selection shapes multivariate phenotypic evolution, it is important to also consider the role of trade-offs, both in terms of trait expression (increased investment in one trait may impose constraints on the expression of other traits) and in terms of trait function (optimizing the trait for one function may impair the trait’s utility for other functions). For example, selection on large offspring size in sulfide spring fishes has inadvertent consequences for fecundity (Riesch et al. 2014), and selection for increased gill surface areas due to hypoxia simultaneously increases exposure to environmental H2S (Tobler et al. 2011). Thus, the outcome of phenotypic evolution is ultimately a result of balancing competing needs in a manner that optimizes trait expression and organismal function in multiple contexts to maximize fitness (Arnold 1983), and the presence of trade-offs can have cascading, indirect effects, with selection on one or a few traits leading to the modification of a multitude of apparently unrelated characteristics. 
In this context, bioenergetics may represent a nexus in the evolution of complex traits observed in sulfide spring fish and other extreme environments. Living in and adapting to sulfide springs imposes constraints on organismal energy availability (Plath et al. 2007), with according trade-offs for energy allocation. Energy limitation in sulfide springs does not arise from a scarcity of food resources (chemoautotrophic bacteria eaten by the fish are abundant in sulfide springs; Tobler et al. 2015b), but from behavioral and physiological adaptation. A primary survival strategy for fish in the toxic and hypoxic springs is to engage in aquatic surface respiration, where individuals breathe directly at the water surface to maximize oxygen uptake and minimize H2S exposure. This behavior mediates short-term survival (Plath et al. 2007), but it also constrains energy acquisition for benthic foragers like P. mexicana (Tobler et al. 2009) and increases susceptibility to bird predation (Riesch et al. 2010a). Costly investments into H2S detoxification and tissue repair, as well as a shift from aerobic to less efficient anaerobic metabolism further constrain energy allocation to other functions (Passow et al. 2015). Theory predicts that energetic constraints – whether mediated by limitations in the rate of resource acquisition or in the rate of energy allocation to reproduction (as opposed to maintenance or growth) – should exert selection for a reduction of organismal energy budgets, which allows for the maximization of residual energy allocation for the production of offspring (Brown et al. 1993). Several lines of evidence support the hypothesis that energy limitation plays a critical role in phenotypic evolution of sulfide spring fish. Compared to individuals in non-sulfidic environments, fish in sulfide springs have significantly lower routine energy demands, which is mediated both by reductions of body size and mass-specific metabolism (Passow et al. 2017a). Reductions in other traits, such as energetically costly behaviors (Plath 2008; Bierbach et al. 2012) and the size of energy-demanding organs (Schulz-Mirbach et al. 2016), may also contribute to the reduced energy demands, and shifts in reproductive life-history traits (Riesch et al. 2014) are consistent with selection from energy limitation (Reznick & Yang 1993).

Ensuing challenges: Disentangling environmental and organismal complexities
Future research needs to empirically address how multifarious selective regimes shape the evolution of organisms with complex phenotypes. We have made great advances in our understanding of how specific traits evolve and mediate adaptation (e.g., morphology: Chan et al. 2010; coloration: Dasmahapatra et al. 2012; sensory organs: Cartwright et al. 2017), and we have a thorough understanding of how single environmental factors can shape organismal responses (e.g., climatic conditions: Johnston & Bennett 1996; predation: Langerhans 2007; competition: Pfennig & Pfennig 2012). In contrast, our understanding of phenotypic evolution in response to multifarious selection is comparatively limited, especially because interactive effects of different environmental factors can lead to organismal and evolutionary responses that are unpredictable based on experiments that manipulate single environmental variables in isolation (Todgham & Stillman 2013; Gunderson et al. 2016). Future research thus needs to acknowledge the complexities of environments and organismal design and address them explicitly in empirical investigations to gain a robust understanding of biological diversification (Culumber & Tobler 2017; Stuart et al. 2017). 

Linking adaptation to speciation
So far, we primarily explored the causes of adaptive evolution, but what are its consequences? Theory predicts that adaptation to local environmental conditions can lead to speciation, because reproductive isolation emerges incidentally as a byproduct (ecological speciation; Nosil 2012). Population genetic analyses of Poecilia spp. in sulfide springs and adjacent populations in non-sulfidic environments have indicated strong genetic differentiation across small spatial scales (in some instances less than 100 m) and in the absence of physical barriers that would prevent fish movement (Plath et al. 2013). In addition, population genetic structuring has been shown to be stable even in the face of major environmental disturbance (catastrophic flood event; Plath et al. 2010). Population genetic differentiation between adjacent sulfide-adapted and non-adapted populations is indicative of ongoing ecological speciation (Box 1), but different population pairs from sulfidic and non-sulfidic waters have made variable progress along the speciation continuum towards complete reproductive isolation (Plath et al. 2013). This prompts questions about the mechanisms involved in reducing gene flow along the environmental gradient connecting the two habitat types.

Prezygotic mechanisms of reproductive isolation
The simplest form of reproductive isolation between locally adapted population arises from selection against migrants between habitat types (Nosil et al. 2005). Translocation experiments in natural habitats have indicated strong survival selection against migrants, especially those translocated from non-sulfidic to sulfidic habitats (Plath et al. 2013). Fish translocated from non-sulfidic environments face high mortality within short periods of time (<24 hours), which is likely caused by H2S toxicity and hypoxia in sulfide springs. Hence, low gene flow from populations inhabiting non-sulfidic waters into populations inhabiting sulfidic habitats is simply explained by a lack of adaptation to the extreme environmental conditions. At least in some drainages, there is also appreciable mortality for sulfide spring fish translocated to non-sulfidic habitats, although mechanisms causing inviability are unclear and the strength of selection appears to be lower (Plath et al. 2013). If survival selection against immigrants was the sole source of reproductive isolation, this should result in unidirectional gene flow from H2S-adapted to non-adapted populations, but population genetic analyses provided no evidence for this, implying that additional mechanisms are at work (Plath et al. 2013).. 
One such mechanism could be intersexual selection, and mate choice experiments have indicated that migrants from sulfidic to non-sulfidic habitats are at a significant disadvantage, with fish from non-sulfidic habitats avoiding potential mating partners from sulfidic ones (Plath et al. 2013; Sommer-Trembo et al. 2016; Zimmer et al. submitted). Such assortative mating has been found to be critical during ecological speciation, because it counteracts the homogenizing effects of gene flow (van Doorn et al. 2009); yet, how assortative mating patterns arise often remains unclear. In theory, assortative mating can arise through a variety of processes (Nosil 2012). “Magic trait” mechanisms, where mating preferences evolve as a byproduct of divergent selection on ecological traits that serve as cues, have recently garnered much attention (Servedio et al. 2011). Consistent with magic trait mechanisms, assortative mating in P. mexicana appears to be linked to adaptive population differences in body shape, which serve as cues to distinguish potential mating partners from different habitats (Greenway et al. 2016). However, neither sulfide spring fish (which are unlikely to encounter migrants from non-sulfidic habitats due to H2S toxicity) nor allopatric P. mexicana from non-sulfidic waters (which have never experienced migrants from sulfide-spring populations) exhibit a preference for mating partners from their own ecotype, suggesting that assortative mating in this system is a product of reinforcement (i.e., direct selection for assortative mating; Greenway et al. 2016). This is different from classic magic traits mechanisms, because assortative mating is not a mere byproduct of adaptation, but adaptive traits have instead been coopted as mating signals in response to selection on mating preferences (Maan & Seehausen 2012). Moreover, males of some H2S-adapted populations have reduced aggressive behavior (Bierbach et al. 2012; Bierbach et al. 2018). In staged contests of size-matched males from different ecotypes, intruders had a significantly lower likelihood to establish dominance than resident males, independent of whether or not they showed reduced aggressiveness overall. Hence, intrasexual selection may represent another mechanism mediating reproductive isolation between locally adapted ecotypes. Overall, H2S-adapted poeciliids allow disentangling the relative contributions of different forms of ecological and sexual selection – and their interdependency – during ecological speciation.

Ensuing challenges: quantifying postzygotic mechanisms of reproductive isolation
In contrast to prezygotic mechanisms, little is known about postzygotic mechanisms of reproductive isolation that potentially act to reduce gene flow between adjacent populations in sulfidic and non-sulfidic habitats. Putative hybrids between sulfidic and non-sulfidic ecotypes have occasionally been observed in non-sulfidic habitats immediately adjacent to confluences with sulfide springs (Riesch, Plath and Tobler, personal observations), but it remains unclear whether and through what mechanisms such hybrids exhibit reduced fitness compared to parentals. 
Direct selection of mitochondrially encoded genes in the presence of H2S (Pfenninger et al. 2014) should be accompanied by co-evolution at nuclear loci that directly interact with mitochondrial gene products in the formation of protein complexes involved in the OXPHOS pathway (Willett & Burton 2004; Sunnucks et al. 2017). Disruption of co-evolved gene complexes in hybrids should therefore lead to intrinsic fitness reductions through mito-nuclear incompatibilities (Burton et al. 2013; Wolff et al. 2014), which have been hypothesized to be a key driver in speciation (Gershoni et al. 2009; Chou & Leu 2010). Empirical tests of these ideas remain to be conducted in sulfide spring fishes, just like studies on potential ecological and sexual selection against hybrids that arise from inter-population mating events. 

Perspectives: Life in sulfidic environments beyond P. mexicana
Research on sulfide spring fishes of the P. mexicana species complex in Mexico has provided insights into mechanisms underlying adaptation and the links between adaptation and speciation. Sulfide springs do not only occur in Mexico, however, but are found worldwide and have been colonized by 24 evolutionarily independent fish lineages in North America, the Neotropics, and the Middle East (Greenway et al. 2014). The vast majority of lineages belong to the order Cyprinidontiformes (95%) and livebearing members of the family Poeciliidae in particular (80%). This potentially indicates that internal gestation of young has facilitated the colonization of extreme environments, because it shields developing embryos from physiochemical stressors (Blackburn 1999). Among the Poeciliidae, sulfide spring fishes include members of the genera Brachyrhaphis, Gambusia, Poeciliopsis, Priapichthys, Pseudoxiphophorus, Xiphophorus, as well as multiple subgenera of Poecilia (Fig. 3; Greenway et al. 2014), spanning over 40 million years of evolution (based on Reznick et al. 2017). 
A handful of studies have started to address molecular and phenotypic evolution across a broader taxon sampling of sulfide spring fishes, finding evidence for convergent evolution in morphology (Tobler & Hastings 2011; Riesch et al. 2016), life history traits (Riesch et al. 2010b; Riesch et al. 2014), and oxygen transport genes (Barts et al. 2018). In addition, ecological speciation in response to adaptation to H2S-rich environments has also been documented in sulfide spring poeciliids other than P. mexicana (Riesch et al. 2016). These studies have laid a fruitful foundation for the investigation of mechanisms of adaptation to H2S-rich springs from genes to phenotypic traits, linking micro-evolutionary processes to macro-evolutionary patterns.
The availability of broad-scale evolutionary replication of populations that have invaded habitats with the same physiochemical stressors allows for addressing some of the ensuing challenges discussed above and investigating the factors that give rise to predictable evolutionary outcomes. Convergent evolution is a common – but not omnipresent – theme in adaptive evolution, and multiple factors can determine the degree of convergence among replicated lineages exposed to the same sources of selection (Landry & Bernatchez 2010; Rosenblum & Harmon 2011; Kaeuffer et al. 2012; Oke et al. 2017). Thus, leveraging replicated lineages that have colonized sulfide springs to assess molecular mechanisms underlying convergent phenotypic changes, analyze how environmental heterogeneity among sulfide spring habitats causes lineage specific patterns of trait evolution, and test whether and by what mechanisms adaptation to extreme environments is linked to speciation will provide insights into how ecological, genetic, and functional factors contribute to evolutionary convergence at different levels of organismal organization (Rosenblum et al. 2014). An expanded taxon sampling with population pairs that span almost the full range of the speciation continuum from panmixia to complete reproductive isolation (Riesch et al. 2016) will also help addressing questions about temporal aspects of H2S adaptation. In particular, comparing younger to older lineages will provide insights about the order at which genetic and phenotypic modifications accrue during the adaptation process.
Animals have also invaded H2S-rich habitats in other aquatic ecosystems, including cold seeps and deep-sea hydrothermal vents (Tobler et al. 2016). Adaptation to H2S in the P. mexicana species complex has involved modification of physiological pathways associated with H2S toxicity (OXPHOS pathway) and detoxification (sulfide:quinone oxidoreductase pathway), which have been highly conserved during the diversification of life on Earth (Saraste 1999; Shahak & Hauska 2008). The high replicability of H2S as an environmental factor that shaped animal evolution across vastly different ecological contexts consequently offers the opportunity to investigate whether selection mediated by the presence of H2S has repeatedly modified these conserved physiological pathways across animal phyla that have diverged during the Cambrian explosion, spanning over 500 million years of evolution. Such comparisons would provide unprecedented insights into the effects of a single physiochemical stressor on evolutionary change irrespective of ecological or phylogenetic contexts. 

Conclusions
H2S-rich environments and their inhabitants represent useful models for research in organismal biology, ecology, and evolution, illustrating both opportunities (e.g., strong and explicit source of selection, evolutionary replication) and challenges (e.g., complexity of environments and organismal responses) in asking basic question about the origins of biodiversity. Understanding how organisms thrive in apparently unhospitable environments will provide us with insights into life’s capacities and limitations to adapt to novel environments (Waterman 1999). This is particularly relevant considering that human activities substantially contribute to the exacerbation of physiochemical stressors at local, regional, and global scales, impacting ecological and evolutionary dynamics (Norberg et al. 2012; Alberti 2015). Thus, a focus on ecological and evolutionary consequences of natural stressors that push organisms to the brink of their physiological capacities may be instrumental to predict consequences of anthropogenic environmental change.
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Table 1. Adaptation to H2S can occur through three principle mechanisms: (1) Resistance involves direct toxicity targets whose functions are impaired by H2S. Adaptive modifications of these toxicity targets are predicted to assure proper function despite the presence of H2S. (2) Mitigation involves alternative physiological pathways that compensate for the inhibition of direct toxicity targets. Adaptive modifications of these alternative physiological pathways are predicted to allow for the maintenance of organismal function by other means. (3) Regulation involves physiological pathways associated with the maintenance of endogenous H2S homeostasis. Adaptive modifications of regulatory pathways are predicted to maintain low endogenous concentrations despite continuous flux of H2S from the environment into the body.
	Candidate pathways
	Evidence

	(1) Resistance
	

	OXPHOS
	· Positive selection on COX in some lineages of P. mexicana (Puyacatengo and Pichucalco)1 as well as some other genera of sulfide spring poeciliids2. COX amino acid substitutions in P. mexicana allow for maintenance of function in presence of H2S1.
· Upregulation of cytochrome c and some COX subunits as well as downregulation of components of complex I in all sulfide spring lineages of P. mexicana, indicating complex changes in aerobic ATP production3.

	Oxygen transport genes
	· Positive selection on and upregulation of several oxygen transport genes (including myoglobin and multiple hemoglobin subunits) in sulfide spring lineages of the genera Gambusia, Limia, Poecilia, and Pseudoxiphophorus, indicating modifications to putatively maintain oxygen transport in presence of H2S4.

	(2) Mitigation
	

	Anaerobic metabolism
	· Upregulation of genes associated with glycolysis and gluconeogenesis in all sulfide spring lineages of P. mexicana, indicating increased capacity of anaerobic ATP production3

	Oxidative stress responses
	· Upregulation of genes associated with oxidative stress responses in all sulfide spring lineages of P. mexicana, indicating increased capacity to cope with H2S-induced oxidative stress3

	(3) Regulation
	

	H2S detoxification
	· Positive selection on and upregulation of several genes associated with enzymatic H2S detoxification in all sulfide spring lineages of P. mexicana3,5. Upregulation of H2S detoxification enzymes in other sulfide spring lineages of the genera Gambusia, Limia, Poecilia, Pseudoxiphophorus, and Xiphophorus2. This indicates an increased ability to maintain low endogenous H2S concentrations during exposure.

	H2S production
	· No evidence for modifications of genes associated with enzymatic production of H2S3.


1Pfenninger et al. (2014); 2Greenway, Kelley & Tobler, unpublished data; 3Kelley et al. (2016); 4Barts et al. (2018); 5Pfenninger et al. (2015)


Figure captions
Figure 1: Overview of the distribution of sulfide springs and their inhabitants in Southern Mexico. A. Map depicting the four river drainages (Pichucalco, Ixtapangajoya, Puyacatengo, and Tacotalpa) that exhibit sulfide springs inhabited by members of the P. mexicana species complex. The locations of sulfide springs are indicated with yellow triangles; black triangles represent commonly used field sites for the collection of ecotypes from non-sulfidic waters. Note that roads (black lines) and major towns (gray shaded areas) were added for orientation. The inset highlights the location of the study region within Mexico. B.-D. Examples of H2S-rich habitats in the Pichucalco (B), Puyacatengo (C), and Tacotalpa (D) river drainages. E. Representative individuals from the non-sulfidic (top) and the sulfidic (bottom) ecotypes from the Pichucalco river drainage.

Figure 2: Understanding how organisms function in the context of their environment is a core question in evolutionary biology, yet the complexities associated with organismal function and environmental variation provide significant challenges. High-throughput sequencing has allowed for the identification of candidate genes subject to selection and differential expression during adaptation to H2S. The next step is to bridge the genotype-to-phenotype gap by quantifying the integrated responses to H2S across the continuum of organismal organization, including biochemical phenotypes, physiological functions, whole organism performance, and ultimately fitness. In addition, understanding adaptation to H2S-rich environments will also require acknowledging H2S’s relation to other abiotic and biotic environmental variables, which can exert selection and modulate aspects of organismal function. This will allow for the establishment of cause-and-effect relationships between specific sources of selection and evolutionary change in specific traits and contribute to our understanding of organismal function in natural systems.

Figure 3: Phylogeny of the family Poeciliidae (adopted from Culumber & Tobler 2017). Various lineages in the genera Poecilia (subgenera Acanthophacelus, Limia, and Mollienesia), Priapichthys, Brachyrhaphis, Poeciliopsis, Xiphophorus, Pseudoxiphophorus, and Gambusia have colonized H2S-rich springs in different parts of the Americas (see Greenway et al. 2014). Lineages highlighted in yellow represent endemic species restricted to H2S-rich springs, while red lineages represent species in which some populations have invaded sulfidic habitats. Pictures depict a representative of each focal genus/subgenus. 


Box 1: Speciation in sulfide springs and conservation biology
Adaptation to H2S-rich environments in poeciliids coincides with ecological speciation, giving rise to phenotypically distinct and reproductively isolated lineages. In some instances, this has led to the evolution of highly distinct, micro-endemic species, including Poecilia sulphuraria and P. thermalis, Limia sulphurophila, and Gambusia eurystoma (Fig. 3). Except for P. sulphuraria, which is found in two spring complexes of the Río Pichucalco drainage of Mexico (Tobler & Plath 2009b), the distributions of these sulfide spring endemics are restricted to single localities that include only small areas of suitable habitat. For example, the largest sulfide spring complex (the Baños del Azufre in southern Mexico, which harbors P. sulphuraria and G. eurystoma) include ~18,000 m2 of suitable habitat (equivalent to <3.5 football fields), while one of the smallest (La Esperanza springs harboring P. thermalis) merely covers ~600 m2 (just over a tenth of a football field; Brown et al. 2017). Accordingly, some sulfide spring endemics are considered critically endangered (IUCN 2012) and protected by law (SEDESOL 1994).
Many threatened species with restricted ranges exhibit low genetic diversity and high incidences of inbreeding (Willi et al. 2006; Bouzat 2010). In contrast, at least P. sulphuraria and P. thermalis – the only species investigated to date – actually exhibit relatively high effective population sizes (Ne = 1200-3800, depending on the population) and no evidence for inbreeding (FIS <0) (Brown et al. 2017). This is likely a consequence of the long-term stability of sulfide springs, and the high productivity and low levels of interspecific competition also support unusually high fish densities, and thus, population census sizes (Culumber et al. 2016; Brown et al. 2017). Nonetheless, sulfide spring endemics are threatened by habitat destruction, which is mediated primarily by the modification of springs for recreational purposes, deforestation and conversion of land for agriculture, and most recently high-intensity palm oil plantations (Tobler & Plath 2009b, a). Despite the official protection of sulfide spring endemics, there have been no tangible conservation measures that foster the sustainable development of land around sulfide springs with the well-being of the endemic fishes in mind.
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